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Abstract.

Ice nucleating particles (INPs) in the Central Arctic contribute to local climate feedback mechanisms through their impacts
on cloud radiative properties and formation. Despite their importance, the contributions of local and remote aerosol sources
to Arctic INP populations are currently poorly understood. One potential source of INPs during winter and spring is the
sublimation of snow particles during blowing snow events (BSEs) over sea ice, which could constitute a significant local source
in an otherwise remote region. We investigated the impact of BSEs on Central Arctic INPs using year-round observations
taken during the Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAiC) campaign from October
2019 to October 2020. Based on our observations of atmospheric INP and surface snow samples as well as their major ion
composition we did not find an impact of BSEs on INP concentrations, but we did observe an increase in INP activation
temperatures. Additionally, we found overlapping INP activation temperatures in both surface snow and aerosol, and observed
that BSEs brought the enrichment factors of SOi_, K™, and Br~ with respect to Na™ closer to those observed in surface snow,
indicating that sublimating snow is a source of non-sea-salt aecrosol. However, our analysis also indicates contributions from
long-range transportation during BSEs. We conclude that aerosol populations during BSEs are influenced by a case-dependant
combination of sublimating snow and long-range transportation, and we recommend that further work at a higher temporal

resolution is needed to fully understand the impact of BSEs on INPs.

1 Introduction

The Arctic is the fastest warming region on Earth, at rates nearly four times greater than the global average (Rantanen et al.,
2022). This phenomenon, known as Arctic Amplification, is the result of a complex web of atmosphere-ocean-cryosphere
feedback mechanisms (Overland et al., 2019; Serreze and Barry, 2011), most notably in the form of substantial sea ice loss
contributing to a decreasing surface albedo. Aerosol also impact the Arctic surface energy budget, through direct radiative
effects by absorbing and reflecting radiation, and indirect radiative effects by altering cloud formation and properties (Lubin
and Vogelmann, 2006) such as phase, lifetime (Albrecht, 1989), and reflectivity (Twomey, 1977), and represent a major uncer-

tainty in our understanding of Arctic Amplification (Schmale et al., 2021). Low-level mixed phase clouds impact the surface



25

30

35

40

45

50

55

https://doi.org/10.5194/egusphere-2026-5047
Preprint. Discussion started: 26 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

energy budget through both short-wave and long-wave radiation, and their properties are governed by atmospheric concentra-
tions of a subset of aerosol known as cloud condensation nuclei (CCNs) and ice nucleating particles (INPs), which facilitate
water droplet and ice crystal formation respectively (Kanji et al., 2017). In particular, INPs represent only a small fraction
of total atmospheric aerosol, with Li et al. (2025), for example, observing 1 in 105 aerosol particles acting as INPs at —15
°C, but they disproportionally influence the phase of clouds, as ice crystals grow at the expense of water droplets through the
Wegener—Bergeron—Findeisen process (Korolev and Field, 2008). In regions with low baseline aerosol concentrations, such as
the Arctic, even small alterations to INP concentrations and species can have a profound impact on cloud phase, and resultant
cloud radiative properties (Morrison et al., 2011; Eirund et al., 2019).

Despite this, INP sources and concentrations in the Arctic are poorly understood, with few studies capturing seasonal change,
and even fewer occurring in marine regions dominated by sea ice (Schmale et al., 2021). The Arctic aerosol regime has a distinct
seasonal cycle, with aerosol mass concentrations peaking during the springtime Arctic haze period, during which an expansion
of the polar front allows for long-range transportation of anthropogenic aerosol from lower latitudes (Shaw, 1995). A retreat
of that same polar front in summer results in a seasonal minimum in aerosol mass concentration, but a maximum in total
number concentration, with a shift to locally-sourced ultrafine aerosol from the open ocean as sea ice coverage decreases and
biological productivity increases (Strom et al., 2003). Whether INP concentrations follow the same seasonal cycle as overall
aerosol concentrations is not yet known in detail, as only a small number of year-round INP studies in the Central Arctic
exist in the literature. Year-round studies at Arctic terrestrial sites can be found in Tobo et al. (2024), Wex et al. (2019), and
Freitas et al. (2023), with broad agreement across sites regarding concentrations, and increases in INPs with warmer activation
temperatures (> —15 °C) during the summer season. More recently, Creamean et al. (2022) is the first study to present a year-
round dataset of INPs above the Arctic Ocean, taken during the Multidisciplinary drifting Observatory for the Study of Arctic
Climate (MOSAIiC) campaign. They reported INP concentrations at a 3-day resolution and found a strong seasonality, with
higher concentrations observed during summer and associated with marine biological productivity, and lower concentrations
during winter and spring. This dataset was further analysed in Barry et al. (2025), who found good agreement between the
INP concentrations measured during MOSAIC and INPs measured at a terrestrial site at Zeppelin Observatory in Svalbard,
suggesting that the INP populations at these sites were influenced by a variety of mixed sources with broad regional influence.

Globally, sea salt aerosol (SSA) is associated with open ocean sources such as wave breaking and bubble bursting (e.g.Nilsson
et al. (2001)). However, SSA maxima have been observed in polar regions during winter and spring when the open ocean is
furthest away (e.g. Sirois and Barrie (1999), Wagenbach et al. (1998)), and during glacial periods observed in ice core records
(Wolff et al., 2003), and these maxima have not been captured in climate and aerosol models using exclusively open-ocean
emissions as SSA sources (Huang and Jaeglé, 2017; Lapere et al., 2023). To account for this discrepancy, local sea ice sources
of aerosol have been proposed. In particular, blowing snow events (BSEs), in which saline snow lofted during periods of high
wind speeds sublimates and leaves behind impurities as aerosol, have been proposed as a significant local source of sea salt
aerosol (Yang et al., 2008). Snow on sea ice acquires sea salt through a combination of the upward migration of brine from the
sea ice surface, the integration of frost flowers to the bottom of the snowpack, and the advection and deposition of SSA from

open ocean sources (Domine et al., 2004). In addition, snow on sea ice has been observed to contain extracellular polymeric



60

65

70

75

80

85

90

https://doi.org/10.5194/egusphere-2026-5047
Preprint. Discussion started: 26 August 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

substances and bacteria in large quantities (Ewert et al., 2013), which may also be released into the atmosphere through the
sublimation of surface snow. Research into blowing snow as a particle source has been motivated by modelling studies that in-
cluded blowing snow as a ice aerosol source, and found an improved match between model simulations and SSA observations
as a result (Levine et al., 2014; Huang and Jaeglé, 2017; Yang et al., 2019; Rhodes et al., 2017). The hypothesised production
of SSA from blowing snow has subsequently recently been validated by direct observations in both the Arctic (Gong et al.,
2023; Ranjithkumar et al., 2025; Bergner et al., 2025; Heutte et al., 2025) and the Antarctic (Frey et al., 2020). A synthesis of
the current understanding of blowing snow over sea ice as a source of aerosol is included in Creamean et al. (2026).

The relevance of SSA from BSEs for both cloud properties and the polar energy budgets is not yet understood. The hygro-
scopicity of SSA allows it to act as an effective CCN (King et al., 2012), so that increases in SSA can lead to optically thicker
clouds, which in turn can produce a surface warming effect in polar regions during winter and spring by trapping longwave
radiation emitted at the surface. Gong et al. (2023) observed SSA production in the Central Arctic from BSEs concurrent to in-
creases in CCNG, and calculated a resultant contribution to surface warming by SSA from BSEs of +2.30 Wm ™2 under cloudy
conditions from November to April at latitudes north of 70°N. SSA has also been shown to act as an INP when combined with
organic material (Alpert et al., 2022; DeMott et al., 2016), and surface snow may also contain additional INPs advected and
deposited from regions beyond the sea ice, or from precipitation. The effect of BSEs on INPs has previously been addressed
by Bergner et al. (2025), who observed concurrent increases in both SSA and CCNs during BSEs in the Central Arctic, and
increases in INP concentrations at —20 °C for 4 BSEs out of a total of 9 analysed, using the INP dataset presented in Creamean
et al. (2022). However, they did not see a systematic relationship between INPs and BSEs across all BSEs observed.

In this paper, we investigate the relationship between BSEs and Arctic INPs in greater detail. We present year-round ob-
servations of INPs and major ions in the Central Arctic from October 2019 to October 2020, using filters taken during the
MOSAIC campaign (Shupe et al., 2022), and improving upon the resolution measured in Creamean et al. (2022) from 3 days
to 2 days. We performed INP analysis on samples of surface snow taken from the snowpack on sea ice and estimate their
potential contribution to atmospheric INP concentrations. To constrain potential source contributions to INP populations, we
assess the ion composition of filters taken at 1 week resolution, and of surface snow samples, and we compare these to those
analysed from aerosol to assess the degree to which changes in aerosol compositions during BSEs can be attributed to the snow
as a source. Finally, we present a series of case studies, and discuss the potential contributions to INPs during BSEs from both

long-range transportation and the local sublimation of blowing snow.

2 Methods
2.1 Sample collection and preparation

All samples and data used in this paper were collected during the MOSAIC expedition, in which the research vessel (RV)
Polarstern was frozen into Arctic sea ice and allowed to drift over the course of a year. MOSAIC began in September 2019,
when RV Polarstern was frozen into sea ice located just north of the Laptev Sea, and allowed to passively drift along the

Transpolar Drift Stream for most of the following 12 months, with a few transit periods. The drift and transit trajectories can
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Figure 1. Map showing the MOSAIC trajectory, including both drift and transit periods. Air filter sampling sites are indicated at the coor-
dinates corresponding to the median time during their 2-day filter exposure periods. Produced by the Mapping and Geographic Information

Centre, British Antarctic Survey, 2026. Sea ice data taken from Fetterer et al. (2025)

be seen in Fig. 1. An overview of the MOSAIC journey and the atmospheric observations taken, including descriptions of Met
City, the temporary atmospheric observatory station set up on the sea ice, can be found in Shupe et al. (2022).

Filter samples were collected at a 2-day resolution during MOSAIC, from 2 October 2019 to 3 October 2020. Track-etched
polycarbonate filters (Whatman Nuclepore, 0.2 um pore size, WHA111106) were used, which were cleaned using ultra-high-
purity (UHP) water, microwaved for 2 minutes, and sonicated in an ultra-sonic bath for 10 minutes. The UHP water was then
replaced and the filter was sonicated again. This step was repeated 4 times, left to soak overnight, and then sonicated again
the following day. The filters were then dried in a desiccator, and packed into polythene bags, all in a class 100 cleanroom at
the British Antarctic Survey (BAS) (Cambridge, United Kingdom). 16 samples were set aside and stored in the cleanroom to
be used as procedural blanks. Samples were taken using an automatic filter sampler (Digitel DPA14 LoVol, Part-No. 13361)
connected to a Total Suspended Particle (TSP) inlet in the BAS Atmospheric Container Laboratory, located at the bow of RV

Polarstern, at approximately 10 m above the sea surface. The automatic sampler had a capacity of 30 filters, and once all filters
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were used they were exchanged in a class 10 laminar flow hood. 186 filters were sampled in total, including 11 field blanks,
which were sampled every 15 filters and were subjected to the pump running for 1 minute, but otherwise handled and processed
identically to the samples. Typical volumes of sampled air from 2-day runs at standard temperature and pressure (1" = 0°C,
p =105 Pa) were 50 — 60 m® with an average flow rate of 18.56 L - min~!, although some filters experienced significantly
lower sampling times and yield volumes due to shutdowns from the pump reaching capacity. In particular, from 18 October
to 19 November 2019, issues with frequent pump shutdowns resulted in the majority of filters being exposed to a reduced air
volume, (average V,;, = 24.12 m?), which was frequently <50% of typical values of V;, for the rest of the year (average
Viir = 43.42 m®, median V,;, = 53.05 m?, excluding the pump shutdown period). 186 filters were taken in total, including
11 filters taken as field blanks. These field blanks were subjected to the pump running for 1 minute, but otherwise experienced
identical storage and processing. The filters were packed and transported frozen at —20 °C for analysis at a laboratory at BAS.
Measurement gaps exist during 2020 from the end of January to the start of March due a delay in the resupply of filters to
the ship, from mid-April to early May due to a fault with the pump, and from mid-August to early September during a team
transition period.

In total, a subset of 75 of the 2-day aerosol filters from a total of 186 were analysed to determine atmospheric INP con-
centrations as a function of activation temperature. For periods of time where filters were available, a filter from each week
of MOSAIC was analysed, to get an understanding of the overall annual cycle. In addition, a higher density of filters during
winter and spring were analysed to cover periods influenced by BSEs. A subset of 4 of the field blanks and 4 of the procedural
blanks were also analysed. To prepare the filter samples for INP analysis, each filter was extracted using 4 ml of UHP water
produced using an in-house Milli-Q system (Milli-Q Direct Water Purification System 8, Millipore) with a 0.2 ym end filter
pore size, and a resistivity of 18.2 M- cm at 25 °C. Each filter was shaken in UHP water for 20 minutes using a vortex
mixer (Vortex-Genie 2, Scientific Industries), and removed after extraction. Some samples were extracted and processed for
INP analysis on the same day, but when this was not possible, they were stored frozen at —20 °C.

Snow samples were taken from a series of centrally-organised snow pit sampling sites during MOSAIC to allow for the direct
comparison of physical and chemical snow properties across a broad scope of analyses. Further information on snow sampling,
the scope of analysis, and measurements sites can be found in Nicolaus et al. (2022) and Macfarlane et al. (2023). Snow was
sampled at a 3 cm depth resolution, and stored frozen in 50 mL polypropylene tubes with screw caps (Corning CenriStar),
which had been cleaned through rinsing with UHP water, and dried in a class 100 clean laboratory at BAS. 450 snow samples
from a variety of depths across the entire year were analysed for major ion composition (Brown et al., 2025), with a subset of
59 surface samples analysed in this paper. 8 surface snow samples were analysed for INP concentration, representative of 1
week resolution each, and selected from November 2019 to April 2020 to cover periods affected by BSEs.

The size-resolved aerosol number concentration was measured using a Compact Lightweight Aerosol Spectrometer Probe
(CLASP) at 2 m above the sea ice, at the NOAA meteorological tower mounted at the Met City site. The CLASP is a closed
path optical spectrometer with a short 0.3 m intake tube designed to minimise particle loss to tube walls, and a 3 L-m~!
flow rate (Hill et al. (2008); Norris et al. (2008)). The CLASP measures aerosol number concentration across 16 size channels,

spanning sizes d, = 0.5 um - 20 um at ambient humidity, and has previously been used above Antarctic sea ice during winter
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(Frey et al., 2020). Concentrations were initially measured at a rate of 10 Hz, but later averaged to 10 minute intervals. Further

details on the NOAA meteorological tower can be found in Cox et al. (2023).
2.2 INP analysis

Temperature-resolved INP concentrations were measured using an offline immersion freezing droplet assay technique, based
on the method described in Budke and Koop (2015), in which 1 pL-sized sample droplets are cooled down at a constant rate
until freezing, and the temperatures at which they freeze are recorded. From the recorded freezing temperatures, temperature-
resolved INP concentrations are then calculated using the method outlined in Vali (1971). Each INP is characterised by an
activation temperature, and it is assumed that a droplet containing that INP freezes immediately after reaching the respective
activation temperature. The concentration of INPs at a temperature 7 is given by:

ZTL(]. - fice (T)) . Vwash
Vdroplet Vair

[INP)p = — (1)

where f;.. represents the frozen fraction of droplets at temperature T, Vg,opict represents the volume of the droplet, Viyqash
represents the volume of the UHP water used in extracting the filter, and Vj;, represents the volume of air drawn through the
filter during collection. We report our INP concentrations at standard temperature and pressure.

Sample droplets were pipetted onto hydrophobic glass slides (Marienfeld, 0895040), and our method introduces a custom-
built plastic spacer separating the droplets to prevent the Wegener—Bergeron—Findeisen process (Murphy and Koop, 2005).
Images of the droplets were taken at a rate of 1 s~! using a mounted camera (Microsoft Lifecam), and the detection of droplet
freezing events was then automated from the visual contrast between liquid and frozen droplets in the images. All of the cold
stage and sample preparation, including the pipetting of the samples and the cleaning of the glass slides with isopropanol (IPA,
> 99.5% for HPLC, Thermoscientific) was carried out in a laminar flow hood (ISO Class 10 clean air conditions using HEPA
filters, Monmouth Scientific).

For each run, 60 droplets were cooled down to —35 °C at a rate of 1 °C per minute. A minimum of 2 runs per sample
were implemented. If there was a significant deviation between the two runs identified through a quick visual inspection of
their freezing spectra, a third run was implemented. A daily blank run consisting of 60 droplets of UHP water was analysed to
monitor any drift in the background level of contamination. Despite mitigating efforts, freezing of UHP water almost always
occurred at temperatures above homogeneous freezing (mean UHP freezing temperature = —28.47 °C, ¢ = 2.67 °C, homo-
geneous freezing temperature ~ —35°C). This is due to the many potential sources of contamination and uncertainty from the
freezing assay droplet method, including, but not limited to, droplet contact angle with the glass slides, laboratory environment,
and even small particulate contaminants present in UHP water with diameters below the filter pore size (< 0.2 um). Further
discussion on the sources of systematic errors in droplet freezing experiments can be found in Polen et al. (2018).

When analysing INP concentrations from freezing droplet assay methods, and when comparing between methods and stud-
ies, we note that it is important to consider the upper and lower boundaries of the method resolution. This resolution is limited

by the values of Viropiet, Vivashs Vair, and the number of droplets. Only one dilution ratio, R, was used for our samples, so



170

175

180

185

190

195

200

https://doi.org/10.5194/egusphere-2026-5047
Preprint. Discussion started: 26 August 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

that

R= Vwash

2

Viroplet
This means that, for our method setup, for a median value of V,;,. = 53.05 m?, the minimum resolvable INP concentration was
0.0013 L', and the maximum was 0.31 L', calculated using Eq. (1). In addition, if all of the activation temperatures of a
sample are consistently warmer than the activation temperatures of the background, taken in this study to be the daily UHP
water blank run, then we can infer that INP concentrations are high enough for saturation to have occurred. In droplet freezing
experiments, saturation occurs when the number of INPs per droplet is high compared with the total number of droplets, so
that all of the droplets freeze at warmer activation temperatures, and INPs active at colder temperatures go undetected. This
results in an underestimation of reported INP concentrations, which worsens for colder activation temperatures, and cannot be

quantified without further dilutions of each sample.
2.3 Ion chromatography

Ton chromatography analysis for major ion composition was implemented for weekly surface snow samples taken during
MOSAIC. Each snow sample was melted, and an aliquot was taken and diluted using UHP water by at least a factor of 100 to
keep the samples within the instrument calibration range. An ion chromatography system with reagent-free eluent generation
(ICS-4000 Integrion) was used, with cation analysis implemented using an isocratic methylsulfonic acid elution through a
CS12A separator column, and anion analysis implemented using a gradient elution with potassium hydroxide through an
AS17 separator column. European reference materials ERM-CA408 for simulated rain water and CA616 for groundwater
were analysed, and gave measurement accuracies within 5%.

Due to instrument malfunctions, it was not possible to perform the same analysis on the aerosol filter samples taken for INP
analysis. Instead, we use an alternative dataset of major ion composition of filter samples with 1-week resolution taken from the
roof of the BAS Atmospheric Container Laboratory during MOSAIC and analysed at the Atmospheric Chemistry Department
(ACD) of the Leibniz Institute for Tropospheric Research (TROPOS) in Leipzig, as reported in Zeppenfeld et al. (2024). The
ions discussed in this study are Na*, CI=, NO; , NHJ, Br~, CH3S0; , and K.

2.4 Ancillary data

Blowing snow observations during MOSAIiC were reported by Ranjithkumar et al. (2025), who characterised blowing snow

events using a 10 m threshold wind speed Uy 10.,, determined from the ambient temperature 77, and a minimum threshold

wind speed of Uy = 6.9 m-s~!

using an empirically-derived expression presented in Li and Pomeroy (1997), and a snow
particle signal detected using an open path snow particle counter (SPC-95, Niigata Electric Co.,Ltd) (Nishimura et al. (2014);
Frey et al. (2020)) mounted 0.08 m above the snow surface. Snow particle concentrations were measured in the size range
of 36 < d, <490 um, and were also used in this study. From October 2019 to May 2020, 33 BSEs were detected, with an

1

average duration of 2.16 days. The average 10 m wind speed during drifting and blowing snow was Uy, = 7.6 m-s~*, and

the average ambient temperature at 2 m was 15, = —21.9 °C (Ranjithkumar et al., 2025). Due to the dependency of U; 19, on
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Figure 2. Atmospheric INP concentrations for 75 2-day aerosol filter samples taken during MOSAIC as a function of activation temperature.
Filters were collected from 2 October 2019 to 3 October 2020. Three other INP studies have been plotted for comparison, showing INPs
measured at Zeppelin Observatory (78.9 °N, 11.9 °E, 474 m above mean sea level) in Svalbard during a similar time period as MOSAIC
(1 September 2019 to 3 October 2020) (Tobo et al., 2024), INPs also measured at Zeppelin Observatory for the period 5 January 2017 to 4
January 2020 (Freitas et al., 2023), and INPs observed from 3-day aerosol filters collected during MOSAIC (23 October 2019 to 1 October

2020) and analysed using an Ice Spectrometer (Creamean et al., 2022).

T, and the reduced chance of a snow particle signal when 7%, > 0 °C and snow becomes too wet to become lofted by high
wind speeds, no BSEs were detected during summer. Therefore, in this paper, we refer to the period encompassing October
through May as the period affected by blowing snow events.

Additional meteorological data taken during MOSAiC were also used, with wind speed at 10 m, Uy 19, and temperature
at 2 m, T5,,, measured at the NOAA meteorological tower mounted at the Met City site, and accessed from Cox et al. (2023).
Trajectory analyses from the FLEXPART model simulations, performed by the FLEXPART group at the University of Vienna,

were also used (https://img.univie.ac.at/webdata/mosaic).

3 Results and discussion

3.1 Annual cycle of INPs

INP concentrations across all of the filters analysed can be seen in Fig. 2 (filters collected 2 October 2019 to 3 October
2020), and the fraction of droplets frozen prior to conversion to concentration can be seen in Fig. S1, alongside UHP blanks,

procedural blanks, and field blanks. The majority of filters did not share activation temperatures with those observed in the
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UHP background spectra, suggesting that our INP concentrations measured are underestimations, for the reasons discussed in
Sect. 2.2. Further evidence for this underestimation comes from filters taken during the period of 18 October to 19 November
2019, during which, as discussed in Sect. 2.1, frequent pump shutdowns resulted in filters being exposed to lower air volumes.
Despite this, freezing spectra significantly above background were still observed. As V,;, is used to calculate atmospheric INP
concentrations, the smaller values of V,;, explain the larger values of INP concentrations calculated during this period in Fig.
4.

Our overall INP concentration spectra broadly agreed with similar studies, seeing significant overlap with INP data presented
by Creamean et al. (2022) and Tobo et al. (2024) at activation temperatures below —20 °C. Creamean et al. (2022) investigated
INPs using 3-day filter samples collected during MOSAiC and analysed using an Ice Spectrometer at Colorado State University.
This method involved freezing larger sample volumes of 50 pL, allowing for an increased sensitivity to rarer INPs active at
warmer temperatures. This accounts for the difference between this study’s dataset and the results presented by Creamean et al.
(2022) for INPs active at temperatures > —20 °C (Fig. 2). The dataset presented in Tobo et al. (2024) is the result of aerosol
filters collected at 1-week resolution from 1 September 2019 to 3 October 2020, overlapping almost entirely with MOSAIC,
but at Zeppelin Observatory (78.9 °N, 11.9 °E, 474 m above mean sea level) in Svalbard. This allows for a comparison with
a terrestrial site in the Central Arctic. The samples were analysed in the immersion mode using the Cryogenic Refrigerator
Applied to Freezing Test (CRAFT) system, using droplet volumes of V' = 5 uL. Fig. 2 also shows INP concentrations collected
at 1-week resolution from Zeppelin Observatory for the period 5 January 2017 to 4 January 2020, but analysed using a different
technique, where 2 mm diameter holes were cut from the filters and immersed in UHP water (Freitas et al., 2023). This method
was generally more sensitive to rarer INPs at warmer activation temperatures than the dataset in our study, but showed generally
good agreement at temperatures where both studies were able to detect INPs (—15 °C < T < —10 °C).

In general, we observed a distinct seasonality of INPs, shown in the median activation temperatures for each sample in Fig.
3 and the concentrations of INPs at three activation temperatures (—15 °C, —20 °C, —25 °C) in Fig. 4. In summer, the number
of sample droplets freezing at warmer temperatures increased. We measured INPs with activation temperatures > —15 °C in
75% of samples during June, July, and August, compared with 19% of samples taken during October to May. The average INP
concentration at —15 °C during summer was 0.49 L™ (N =12, o = 1.45 L~1), but this was significantly influenced by two
consecutive filters in July with extremely enhanced INP concentrations above —15 °C, discussed further later in this section.
Excluding these filters, the average INP concentration at —15 °C during summer was 0.016 L= (N =10, o = 0.016 L™1).
This is still an order of magnitude higher than INP concentrations at —15 °C for the rest of the year, during October to May,
which averaged 0.0015 L=! (N =58, ¢ = 0.0047 L~!). Similar summer peaks at —15 °C during MOSAIC were observed
by Creamean et al. (2022), who reported that INPs active at temperatures > —15 °C were the most abundant during June and
July, and peaked at 0.02 L~1, and at Zeppelin Observatory by Tobo et al. (2024), who saw average concentrations of 0.01
L~! at —15 °C for June, July, and August, and also at studies conducted at Arctic terrestrial sites during other years (Wex
et al., 2019; Sze et al., 2023). INP activity at temperatures greater than —15 °C has been seen in primary biological aerosol
particles (PBAP), which are a subset of aerosol consisting of fragmented or intact biological cells (Poschl et al., 2010; Hoose

and Mobhler, 2012), and can originate from both marine and terrestrial sources (Després et al., 2012). These warm INP Arctic
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maxima have been linked specifically to local marine biological activity and PBAP through a number of avenues. Creamean
et al. (2022) observed elevated chlorophyll-a, a marine primary producer proxy, during warm INP peaks, as well as an increase
in the open water and melt pond fraction in the pack ice nearby. Barry et al. (2025) analysed aerosol filters from MOSAIC for
bioaerosol, and used the presence of the marine-dwelling psychrophile Polaribacter as a tracer for local marine air masses, and
the presence of fungi as a terrestrial tracer. They found an increase in the presence of both during summer INP peaks at —15
°(C, indicating a mixed contribution in summer of both local marine sources and regional transport from terrestrial sources.

Two consecutive July filters (covering 25 July 2020, 15:03:29 UTC to 27 July 2020, 18:16:54 UTC) stand out in particular,
with median activation temperatures of —11.27 °C and —13.24 °C, and elevated INP concentrations at —15 °C of 0.69 Lt
and 9.63 L. These can be clearly seen in Fig. 2. The origins for air masses 24 hours prior to arriving at Polarstern for these
filters based on the FLEXPART model simulations from the University of Vienna suggest a strong terrestrial influence from
over Svalbard, and coarse aerosol concentrations during this period were heightened in general, with a median of 13.82 cm ™3
for aerosol with d;, = 0.5—20 um for the duration covering both filters, compared with a median of 2.84 cm = for July. Aerosol
concentrations peaked at 18.64 cm~2 and 39.19 cm ™3 for the two filters respectively, with the second filter experiencing the
highest aerosol concentrations recorded by the CLASP during any filter sampling period across the entire campaign. INPs
active at temperatures greater than —10 °C in the Arctic were detected by Creamean et al. (2022), and were observed to covary
with hyperfluorescent aerosol, a tracer for PBAP, by Beck et al. (2024). However, these INPs were generally observed at lower
concentrations than those observed in our two consecutive July filters. Tobo et al. (2024) also reported INP concentrations at
Zeppelin Observatory in Svalbard for temperatures greater than —10 °C in early July, with the warmest freezing occurring at
—5 °C and linked these to terrestrial sources of vegetation or dust from glacial outflow sediments that become local sources
of INP in summer when surface air temperature rises above 0 °C and the proportion of snow-free surface increases. The
uniqueness of these two filters in our dataset suggests that summertime terrestrial sources of warm temperature INPs from
Svalbard rarely affect the aerosol population of the Central Arctic region over the sea ice.

During late autumn and early winter, median INP activation temperatures and concentrations were at their lowest. We
observed the lowest INP concentrations across all temperatures selected (—15 °C, —20 °C, —25 °C) during November and
December (Fig. 4). Some of the samples showed significant overlap with the UHP water background (Fig. S1), with 4 out of 17
samples during this time exhibiting median activation temperatures colder than 25% of the corresponding UHP blank activation
temperatures. The only time that INPs were detected throughout November and December at activation temperatures > —20
°C was during a December storm, which is discussed further in Sect. 3.6. After 1 January 2020, INP concentrations rose to
an average of 0.010 L™! (¢ = 0.0068 L~') at —20 °C during January, compared with an average of 0.0058 L~! (¢ = 0.014
L~1) during December. This increase initially coincided with another storm, but INP concentrations at —20 °C remained
elevated, compared with November and December, for the rest of the month. Arctic haze is a well-documented phenomenon
in which Arctic aerosol concentrations dramatically rise in late winter and early spring due to the expansion of the polar front
facilitating long-range transportation of pollution from lower latitudes (Shaw (1995)). During MOSAIC, Arctic haze arrived
earlier than usual, with peaks in accumulation-mode aerosol and equivalent black carbon mass concentrations observed in

January 2020, and attributed to an unusually strong positive phase of Arctic Oscillation (Boyer et al. (2023); Lawrence et al.
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Figure 3. Fraction of droplets frozen during the immersion-mode freezing droplet assay method for 2-day aerosol filter samples colour-coded

according to activation temperature.

(2020)). Increases in accumulation-mode aerosol from January onwards is also shown in Fig. 4.d, with lower concentrations
observed in November and December, with the exception of the aforementioned December storm. Contrary to our results,
the terrestrial study reported in Wex et al. (2019) found the lowest annual INP concentrations during the Arctic haze period,
citing the poor ice nucleating properties of anthropogenic pollution found in Chen et al. (2018). In addition, Greenland ice
core observations in Hartmann et al. (2019) showed that INP concentrations over the past 500 years did not increase in line
with pollution tracers. It is likely that the increased INP concentrations at —20 °C that we observed during this time were
not the direct result of anthropogenic pollution, but nonetheless still influenced by long-range transportation from terrestrial
sources. Due to a sampling gap, mentioned in Sect. 2.1, INP measurements from February are unavailable. In spring, after
measurements resumed on 2 March 2020, INPs during this time were characterised by concentrations at —20 °C averaging
0.14 L= (N =25, 0 = 0.021 L~1) during March, April, and May. However, similar to late autumn and early winter, INPs at

temperatures above —15 °C were rarely observed.
3.2 Atmospheric major ions and potential aerosol sources

The annual cycle of atmospheric major ions from filters taken with 1-week resolution gives context for our INP observations
by providing insight into potential aerosol sources (Fig. 5, Fig. S2.a-e). In general, we observe three distinct periods in ion
composition and concentration throughout the year. A summary of the key statistics for each ion observed for each period is
shown in Table 1. The first period, from October 2019 until measurements paused in January 2020, is characterised by a large

variability in concentrations for most ions, with the exception of Br~ and CH3SOj , which both exhibited minima during this
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Figure 4. a - ¢ show atmospheric INP concentrations for 2-day aerosol filter samples at three different temperatures. Filters for which no
INPs were detected at that temperature have been indicated in red, and plotted at half the limit of detection (LOD). The LOD was calculated
as the minimum resolvable INP concentration for the median value of V,;,, as discussed in Sect. 2.2. The periods of time spanning the four
case studies analysed in Sect. 3.6 are shown in purple, and the sampling gap due to a delay in the resupply of filters to the ship is shown in
grey. The concentration of accumulation mode aerosol (d, = 0.5 — 1 pm) measured using the CLASP is shown in d, alongside the potential
atmospheric INP concentration measured from surface snow, at —20 °C and —25 °C, and shown by horizontal bars spanning the 7-week
surface snow resolution. Potential atmospheric INP concentrations are calculated using the assumptions discussed in Sect. 3.4, and samples
for which no INPs were detected at —20 °C are shown in red and plotted at half the LOD for potential atmospheric INP concentrations,
which was taken as the minimum concentration calculated using the method outlined in Sect. 3.4. All snow samples exhibited INPs detected
—25°C.
12
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time. The second period, from March to May, is characterised by consistently high concentrations for the majority of ions,
and lower variability compared with the first period. This period would have been heavily affected by Arctic haze, in which
anthropogenic pollution drives the expected increase in SOZ_, NO3, and NHI, and the long-range transportation of K from
biomass burning, and Mg?* and Ca?* from terrestrial dust sources. Conversely, the concurrent peaks during this period in
Na™ and Cl~ are likely driven by local blowing snow (Huang and Jaeglé, 2017). The third period, from June to August, is
characterised by high concentrations of CH3SO5, but low concentrations for most other ions, and suppressed variability in
particular for Mg?™, KT, and Ca?* compared with the first period. When comparing the percentage contributions of each
ion to the total ion concentrations, we note that periods one and two shared similar percentage contributions despite the large
difference in absolute ion concentrations (Fig. S3). The relative contributions shifted during period 3, during which CH3SO4
grew in significance from 0.9% to 4.7% , and C1~ decreased in significance from 39.8% to 33.6% from period 2 to period 3.
The decrease in significance of CI™ during period 3 coincides with the end of the blowing snow season, as no blowing snow
events were observed during period 3. The increase in significance of CH3SO3 during period 3 is indicative of an increase in
local marine biogenic sources. In the aqueous phase, methanesulfonic acid (MSA) dissociates to methanesulfonate (CH3SO3),
and so our reported concentrations of CH3SOg are equivalent to concentrations of MSA. MSA is commonly used as a tracer for
local marine biogenic sources due to the production of MSA from the oxidation of dimethyl sulfide (DMS), which is produced
by phytoplankton near the ocean surface (Jongebloed et al., 2025).

To investigate the relative source contributions from sea-salt (ss) and non-sea-salt (nss) sources, nss-concentrations of CaZt,

Mg?*, and SOZ_ were calculated using the following equation:

[ion)

[ion]nss = [ion}wml - [Na+]t0tal (W)RSW (3)

where [ion],ss is the nss-concentration of an ion, [ion]:otq; is the total concentration of that ion, and the ratio of the ion to Nat
in reference seawater (RSW), taken from Millero et al. (2008), is used to scale for the sea-salt contribution. The proportions
of sea-salt and non-sea-salt sources for Ca?*, Mg?*, and SO?{ for the three identified periods are shown in Fig. 5. During
periods 1 and 2, Ca?t and Mg?* were predominately associated with sea-salt, with non-sea-salt contributions likely from
continental dust. We observe similar relative contributions between periods 1 and 2 for sea-salt and non-sea-salt sources, but
a significant increase in total ion concentrations during period 2 (table 1), shown in Fig. 6.a for nss-Ca?* and nss-Mg?*, and
in Fig. 6.b. for nss-SOi*, suggesting a comparable increase in both sea ice and open ocean sea-salt sources, continental dust
sources, and anthropogenic pollution. Although the proportion of periods 1 and 2 affected by BSEs was very similar (24.6%
of period 1 and 25.2% of period 2), it is possible that aerosol populations during period 2 were more affected by BSEs due to
the increased sea ice coverage across the Arctic as a whole, which peaked during MOSAIC on 5 March 2020 (Perovich et al.,
2020). However, period 2 also saw an increase in open lead fraction around Polarstern compared with period 1 (Krumpen
et al., 2021), due to the ship drifting towards lower latitudes during this time. This could suggest that sea-salt aerosol release
during BSEs has region-wide impacts on aerosol populations in the Central Arctic. The proportion of both Ca?* and Mg?* that
were from nss sources compared with ss sources increased during period 3, indicating a greater importance of contributions

from terrestrial dust sources. However, total concentrations of both nss and ss Ca?* and Mg?* decreased during period 3
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Figure 5. Relative contributions of sea-salt (ss) and non-sea-salt (nss) sourced ions for CaZt, Mg2+, and SOZ‘ from 1-week filters during

the three periods identified in Sect. 3.2.
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Table 1. Mean and standard deviation for atmospheric concentrations of major ions in aerosol collected on filter samples at 1-week resolution.
SOi_, Ca?*, and MgQJr are split into total concentrations, and concentrations from non-sea-salt (nss) and sea-salt (ss) sources, calculated

using Eq. (3). Period 1 covers October 2019 to January 2020, period 2 covers March 2020 to May 2020, and period 3 covers June 2020 to

August 2020.

Period 1 Period 2 Period 3
(mean + o, ng - m~?) (mean + o, ng - m_3) (mean + o, ng - m_3)

(n=12) (n=13) (n=10)
Na* 255 £ 227 1.28 x 10% £ 520 307 4+ 523
Cl™ 433 +£419 2.16 x 10°4+1.14 x 103 456+ 871
NO; 30428.6 260+ 114 19+14
NH; 21.1£16.9 1774941 61.5437.6
Br~ 4.53 4 5.56 55.2 4 84.6 1.95+3.32
CH3SO3 0.279 +0.209 48.5445 63.6 439
K+ 10.4411.2 48.1+29.5 14.9422.1
SO2~ (total) 148 +136 1.07 x 10® £ 355 289 4+ 208
SO2~ (ss) 61.7+£52.2 3224131 77.34132
SO2~ (nss) 86.2+111 745 + 344 212+151
Ca*" (total) 16.7+£13.9 83.1+42.5 30.9+43
Ca®" (ss) 9.7+8.72 48.4+19.9 11.7420
Ca®" (nss) 6.98+7.74 34.7427.8 19.1431.8
Mg*" (total) 38.6+43 2174137 93 +£197
Mg** (ss) 29.3427.8 149 £64.6 34.2+63.3
Mg2" (nss) 9.24424.6 67.8483.9 58.9+ 176

335 compared with period 2, suggesting that, whilst ss-Ca?t and ss-Mg2* both decrease after the end of the blowing snow season
as expected, aerosol concentrations attributed to terrestrial dust sources also decrease, indicating a reduction in contributions
from long-range transportation.

SOZ* was predominately nss sourced across all three periods, with the lowest nss contribution in period 1, and comparable
nss contributions in periods 2 and 3. The increase in nss—SOi_ contributions, alongside increases an absolute concentrations, in

340 period 2 is indicative of the influence of Arctic haze, involving the transportation of anthropogenic SOi_ released from indus-
trial processes at lower latitudes. The proportion of nss-SO?f is maintained through to period 3, whilst absolute concentrations
decrease. We observed an increased correlation between nss-SO3~ and CH3SOj3 in period 3 (R? = 0.39, p = 0.0542) (Fig.
7) whilst we observed no correlation during period 2, indicating that, whilst the proportion of nss-SO; ™ is similar between

periods 2 and 3, the sources of nss-SOi_ shift from anthropogenic emissions to biogenic sources.
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Figure 6. Atmospheric concentrations of major ions in aerosol collected on filter samples at 1-week resolution. The width of each horizontal
bar represents the sampling duration of the filter. Plot a) shows the concentrations of nss-Ca®" and nss-Mg?*, and plot b) shows nss-SO3 ™,
with CH3SOj plotted alongside as a tracer for marine biogenic sources of aerosol. The sampling gap due to a delay in the resupply of filters
to the ship is shown in grey. Samples for which the calculated nss contribution was negative are plotted as dots on the x-axis, and treated as
below the LOD.

The three periods observed throughout the year for major ions align with the variability observed in our INP annual cycle
in Fig. 3. During the first period, we observed low activation temperatures occurring in late autumn and early winter (mean
T,=-24.39 °C, 0 = 3.58 °C from October 2020 to December 2020), alongside low INP concentrations at temperatures
above our detection limit (median INP concentration from October 2020 to December 2020 at —20 °C = 0.011 L~1) . The high
variability displayed by the ion concentrations is also reflected by the multiple filters exhibiting spuriously warmer activation
temperatures observed during this period. During the second period, INP concentrations at —20 °C were consistently elevated
compared to the first period (Fig. 4.b.), echoing the high concentrations and low variability exhibited by most ions during this
time. It is possible that the increases in INP concentrations at —20 °C are partially driven by increases in continental dust

sources during this time, with peaks in nss-Ca?* and nss-Mg?* during March (Fig. 6). In summer, INP concentrations above
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Figure 7. Concentrations of CH3SO3 versus nss-SO2~ for period 3 identified in Sect. 3.2. A line of best fit is shown using blue dotted lines,

with R? = 0.39 and p = 0.0542. No correlation was observed for periods 1 or 2.

—15 °C peaked, despite lower ion concentrations, but coinciding with a maxima in CH3SOj , and an increased contribution
from biogenic nss-SOi_, further enforcing the attribution of these warm INPs to local marine biogenic sources. Although
CH3SO; concentrations were also reasonably high during spring, in period 2, the majority of filters sampled during the same
period did not exhibit INP concentrations above —15 °C, and we observed no correlation between CH3SOj; and nss-SO3 .

Each filter at 1-week resolution was compared with the periods affected by BSEs to determine how much each filter over-
lapped with blowing snow. Major ion concentrations as a function of the overlap with BSEs can be seen in Fig. S4. Statistically
significant (p < 0.05) positive correlations between ion concentrations and overlap with blowing snow periods were observed
for C1~ (R? = 0.23, p=0.017), KT (R? = 0.32, p = 0.004), and Mg?* (R? = 0.27, p = 0.009). We did not observe a statis-
tically significant dependence of ion concentration on blowing snow overlap for the remainder of our ions, although we note
that Na™ was close to the threshold (R? = 0.14, p = 0.076). When we grouped our filters into those with < 20% overlap with
BSEs and those with > 20% overlap, we also observed an increase in the percentage contribution to total ion concentration of
ClI~ from 34.0% to 45.5%, and of Na™ from 22.7% to 24.8% (Fig. S5). We expect increases in C1~ and Na*t during BSEs, as
strong correlations between BSEs and NaCl peaks have previously been observed in multiple blowing snow studies at higher
temporal resolution (< 30 minutes) (Gong et al., 2023; Bergner et al., 2025), or inferred from sodium concentrations (Frey
et al., 2020). This justifies our use of this ion dataset at a comparatively coarser temporal resolution to investigate the impact
of BSEs on atmospheric ion concentrations.

In summary, we find three periods of distinct ion composition, which align with variation observed in our INP data. By using

MSA and nss- and ss- Mg?*+, Ca2*, and SOi_ as aerosol source tracers, we find that aerosol populations, and potentially INPs,
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during period 2 were strongly influenced by simultaneous increases in aerosol from both BSEs and long-range transportation.
We also find that elevated INP concentrations and activation temperatures during period 3 were driven by regional biogenic
sources, based on the positive correlation between MSA and nss-SOi_. Due to the similarity in percentage contributions from
nss- and ss- sources between periods 1 and 2, it is still an open question as to what degree increases in INP concentrations from

period 1 to period 2 are driven by BSEs or long-range transportation.
3.3 Comparisons with ions in surface snow

To investigate the impact of surface snow as a source of aerosol, we compare ion concentrations in surface snow with ion con-
centrations in the atmosphere using the enrichment of each ion relative to RSW, with Na™ as the reference ion. An enrichment

factor f was calculated for each ion, so that:

k
f=2 @
where

[ lion] + [ lion]
. ([N])’“ - ([Naﬂ>w v

so that k is the mass ratio of the ion to Na™ in the sample, and &’ is the mass ratio of the ion to Na™ in RSW. These ratios can be
seen in Fig. 8 for samples collected during the blowing snow season (October 2019 to May 2020). Statistically significant shifts
of f during BSEs (samples with > 20% overlap with BSEs) occurred for C1~, SO?[, and K™, according to Wilcoxon rank-sum
tests (p < 0.05). In general, C1~ was slightly depleted in both aerosol and snow relative to RSW, with BSEs minimizing this
depletion further. The depletion of CI~ in aerosol outside of BSEs (median f = 0.86) was very similar to the depletion found
in surface snow (median f = 0.87), whereas f during BSEs (median f = 0.96) was statistically significantly different from
surface snow (p = 0.0123). This weak increase in f of Cl~ associated with BSEs is therefore indicative of a non-local effect,
such as long-range transportation associated with storm activity during blowing snow events. However, the opposite effect
was observed for KT, with f representing a depletion for aerosol outside of BSEs (median f = 0.76), and a mild enrichment
both during BSEs (median f = 1.15) and surface snow (median f = 1.04), suggesting contributions to aerosol species from
sublimating snow during BSEs.

SOE_ was enriched in aerosol relative to RSW, (median f = 3.97), but this enrichment was diminished during BSEs (median
f =2.74), whilst surface snow on average showed little enrichment of SOi_ (median f = 1.09), but displayed a large varia-
tion encompassing both significant enrichment and depletion. In general, we expect enrichment of SO?[ in aerosol during the
blowing snow season, and particularly in spring, due to the transportation of anthropogenic SOZ* during Arctic haze from in-
dustrial centres. Heutte et al. (2025) found the highest monthly median mass concentrations of SOZ‘ during MOSAIC in April,
coinciding with when Boyer et al. (2023) found a large influence on aerosol populations from transport from Siberia. Heutte
et al. (2025) also found elevated SO?{ during two storm case studies encompassing blowing snow events, during November

2019 and March 2020. This appears to contradict the decreased enrichment of SOZ* during blowing snow events (Fig. 8).

18



405

410

415

420

425

430

435

https://doi.org/10.5194/egusphere-2026-5047
Preprint. Discussion started: 26 August 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

However, Heutte et al. (2025) also observed a decoupling of SO?{ peaks and wind speed peaks, alongside a high correlation
between SO?[ and equivalent black carbon concentrations, therefore arguing that the increased SO?[ during the blowing snow
events was due to concurrent long range transportation, rather than from local sublimating blowing snow. Depletion of SOZ‘
in surface snow can be explained by the precipitation of mirabilite (Frey et al., 2020), which competes in the Arctic with the ef-
fect of anthropogenic sulfate, resulting in the large spread of both enrichment and depletion of SOZ* observed in surface snow
(Fig. 8). This suggests that, whilst long range transportation may have produced SO?[ peaks during blowing snow case studies
presented by Heutte et al. (2025), blowing snow itself has a depleting effect on SOi_ in aerosol due to the comparatively lower
ratios of SO; ™~ :Na' in surface snow.

We did not observe a statistically significant impact on the enrichment factors of Mg+, Br~, or Ca?* by BSEs. For Br—, this
is unsurprising, as seasonal changes in atmospheric bromine concentrations in the Arctic are strongly influenced by springtime
bromine explosion events, driven by heterogeneous reactions on sea ice, snow, and aerosol surfaces during sunlit periods
(Richter et al., 1998; Fan and Jacob, 1992). However, we did observe a sizeable increase in the median values of f for Br—
(median f = 1.46 for samples with < 20% overlap with BSEs, median f = 3.04 for samples with > 20% overlap with BSEs),
with BSEs bringing aerosol enrichment of Br~ closer to that found in surface snow (median f = 3.38). This is in line with
model studies identifying blowing snow as a source of atmospheric bromine (Yang et al., 2008; Marelle et al., 2021), due
to heterogeneous reactions on SSA released through blowing snow. Frey et al. (2020) observed strong enrichment of Br™
in Antarctica for aerosol at 2 m above the sea ice surface, and depletion at 29 m. They concluded that SSA from blowing
snow constitutes a bromine reservoir that significantly depletes between 2 m and 29 m above the sea ice surface. Unlike the
results from this study, they did not observe overall enrichment in the snowpack, although they acknowledge a large scatter of
enrichment and depletion across their snowpack samples. However, Yang et al. (2024) observed significant Br~— enhancements
in surface snow at a coastal Arctic site, using data collected at both on-shore and off-shore sampling locations. For Mgt and
Ca?*, the lack of a statistically significant change in f during BSEs is likely due to the fact that the enrichment factors observed
in filters outside of BSEs already showed similar values to those found in snow for these ions.

Overall, we observe a complicated relationship across the ions measured between atmospheric and surface snow compo-
sition. Previous work on aerosol increases during BSEs have emphasised sublimating snow as a source of SSA (Gong et al.,
2023; Frey et al., 2020). However, changes in SSA concentrations have no impact on enrichment factors. Therefore, the shift
in enrichment factors observed for C1—, SOi_ , and K+ towards values found in surface snow are indicative of a non-SSA con-
tribution from surface snow to aerosol composition during BSEs. Our results also suggest that the effect of blowing snow on
aerosol chemical composition is driven by a combination of local emission from sublimating snow, and concurrent long-range

transportation, and is likely strongly case-dependant. This is investigated further through a series of case studies in Sect. 3.6.
3.4 INPs in surface snow

We saw a large variability in INP concentrations and activation temperatures across surface snow samples taken from November
2019 to April 2020 (Fig. 9.a and Fig. 4.d.). Five of our samples exhibited median activation temperatures between —25 °C

and —30 °C, and overlapped with the coldest observed activation temperatures for the filters, as well as some overlap with
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Figure 8. Enrichment factor f of major ions relative to Na™ with respect to RSW for filter samples with < 20% overlap with BSEs, for filter
samples with > 20% overlap with BSEs, and for surface snow samples. Filter and snow samples are restricted to those collected during the
blowing snow season (October 2019 to May 2020). For each box plot, the box boundaries span the interquartile range (IQR), and the median
is given by the black horizontal line. The whiskers indicate the most extreme data point within the range spanning 1.5 - IQR, and any data

points outside of this are shown as circular markers.

the two UHP water background runs observed on the days these samples were analysed. One surface snow sample had very

low activation temperatures, with a median activation temperature of —31.08 °C. Two surface snow samples showed elevated

activation temperatures. The sample taken on 1 March 2020 had a median activation temperature of —21.19 °C, and overlapped

440 consistently with the warmer activation temperatures observed in the filters. The sample taken on 27 December 2019 stands

out the most, with a median activation temperature of —15.26 °C. These two samples demonstrate a potential diversity of INPs
present in surface snow.

To assess the potential impact of INPs measured in the surface snow on atmospheric INP populations during blowing

snow events, we converted the INP concentration in the melted snow samples to potential atmospheric INPs. We assumed a

445 snow density of 0.3 g-cm™3, and that the top 0.1 cm of snow entirely sublimates during a blowing snow event, releasing

all of the INPs contained in that layer, which are then distributed throughout a boundary layer height of 230 m. To justify

these assumptions, we refer to Cheng et al. (2025), who reported a mean snow density of 0.283 £ 77 g-cm ™3 from surface

snow samples collected during MOSAIC from October 2019 to May 2020, and to Peng et al. (2023), who reported a mean

atmospheric boundary layer height during MOSAIC of 231 m. We also refer to Robinson et al. (2025), who reported a mean

450 blowing snow sublimation flux of 0.014 cm - SWE - day~! during MOSAIC from 1 November 2019 to 1 May 2020. For a

mean snow density of 0.3 g-cm ™3 and an average blowing snow duration of 2.16 days, this translates to a mean blowing
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Figure 9. Plot (a) shows the fraction of droplets frozen for surface snow and filter samples as a function of activation temperature. Surface
snow samples are plotted using X markers, and filter samples during the blowing snow period (October 2019 to May 2020) are plotted with
blue dots, with darker dots indicating filters with > 20% overlap with BSEs, and lighter dots indicating filter samples with < 20% overlap
with BSEs. The two UHP water blank samples corresponding to the days where the surface snow samples were analysed are plotted in black.
Plot (b) shows the potential atmospheric INP concentrations from snow samples, calculated assuming the sublimation of the top 0.1 cm of

surface snow, alongside atmospheric INP concentrations calculated from the filters.

snow sublimation flux of 0.1 cm of snow per BSE. Figure 9.b. shows the resultant potential atmospheric INP concentrations
from surface snow plotted alongside the atmospheric INP concentrations measured from filter samples. Potential atmospheric
INP concentrations from surface snow consistently showed similar or greater concentrations of INPs at equivalent activation
temperatures below —23 °C than the atmospheric INP concentrations from filters, with the two surface snow samples with
elevated activation temperatures exhibiting INP concentrations 1 to 2 orders of magnitude greater than those seen in all of the

filters at all activation temperatures, excepting the filter taken on 27 July 2020, discussed in Sect.3.1.
3.5 The impact of blowing snow events

When comparing filters during BSEs and filters outside of BSEs for the period in which we observed blowing snow (October
2019 to May 2020), we saw no statistically significant effect (p < 0.05) on INP concentrations for activation temperatures at

or above —20 °C and —25 °C, based on a Wilcoxon rank-sum test. This is shown in Fig. 10.a. We defined filters during BSEs
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as those with > 20% overlap between the sampling time period and BSE time periods. Our results are consistent with those
reported by Bergner et al. (2025), who found no statistically significant difference in INP concentrations at —15°C for filters
intersecting with BSEs.

However, we note that presenting INP concentrations at selected activation temperatures results in a loss of information,
as filters will only appear to differ if their freezing spectra differ over the selected activation temperature. Since the majority
of our filters were subject to similar air volumes, except for those discussed in Sect. 2.1 and taken during 18 October to 19
November 2019, and to identical laboratory analysis, it is valid to compare their freezing properties amongst the sample set
prior to using Eq. (1) for the conversion to concentration. As shown in Fig. 10.b., filters that overlapped with BSEs exhibited
warmer median droplet activation temperatures, which increased by an average of 0.78 °C for samples with a > 25% overlap,
1.33 °C for samples with a > 50% overlap, and 1.66 °C for samples with a > 75% overlap. This change is not significant
enough to be reflected in the comparisons between INP concentrations in Fig. 10.a, especially since the droplet freezing spectra
of samples do not always differ around the temperatures selected for comparisons (—20 °C and —25 °C in Fig. 10.a), but
nonetheless this ‘warm shift’ indicates a change in atmospheric INPs associated with BSEs. Although we observed an increase
in median activation temperatures for all three overlap percentages presented in Fig. 10.b, which increased with increasing
overlap, Wilcoxon rank-sum tests performed between the populations during BSEs and outside BSEs did not suggest statistical
significance (p < 0.05). It is possible that this increase in activation temperature is the product of noise; however, we note the
presence of distinct warm shifts in multiple blowing snow case studies, discussed later in Sect. 3.6, and shifts in activation
temperatures would also have been influenced by the seasonal changes noted in Sect. 3.1.

Increases in the median activation temperature with BSEs is surprising, as the INPs measured in the surface snow samples in
Sect. 3.4 typically exhibited colder or similar activation temperatures to those measured from the filters, barring two exceptions.
However, this increase is consistent with the surface snow as an INP source. If the underlying types of INPs remain the same
(i.e. a constant probability density function of activation temperatures), but total INP concentrations increase significantly,
then we would also see a shift to warmer median activation temperatures as the likelihood of a sample droplet containing
an INP active at warmer temperatures increases, and INPs active at colder temperatures in the same droplet go undetected.
de Almeida Ribeiro et al. (2023) tested the sensitivity of the freezing spectra derived from droplet-freezing experiments to the
number of droplets used per sample, and the range of dilutions of the sample tested. They showed that, for droplet experiments
with limited sampling (100 droplets per sample), if the lowest resolvable dilution (number of INPs per droplet = 1) is not
tested, then the estimation of the underlying distribution of activation temperatures becomes poor, and the median activation
temperature detected can increase by at least 0.5 °C, as colder INPs go undetected. If we assume that total INP concentrations
scale with total aerosol concentrations, then we can see this impact in the weak but statistically significant positive correlation
(R? =0.217, p-value p = 0.001) between aerosol concentration for d,, = 0.5 — 20 pm, and median droplet activation temper-
ature (Fig. S6). Because of the impact that increased INP concentrations have on the results of droplet freezing experiments,
moderate warm shifts in activation temperatures without significant changes in reported concentrations at selected activation

temperatures are compatible with an INP source that has a similar activation temperature distribution as the baseline INP distri-
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Figure 10. Plot (a) shows box plots comparing INP concentrations at —20 °C and —25 °C, for events with a > 20% temporal overlap with
BSEs shown in blue, and with a < 20% temporal overlap shown in orange. To allow for plotting on a logarithmic scale, zero values have
been replaced by 104 L. Plot (b) shows box plots of the median activation temperatures for INPs during and outside of BSEs, for three
different percentage overlaps that each sample has with BSEs (> 25%, > 50%, and > 75%). For each box plot, the box boundaries span the
interquartile range (IQR), and the median is given by the orange horizontal line. The whiskers indicate the most extreme data point within

the range spanning 1.5 - IQR, and any data points outside of this are shown as circular markers.

bution. This means that small increases in median activation temperatures observed in filters during BSEs are consistent with,

but not evidence for, sublimating surface snow during BSEs as a local source of INPs.

3.6 Case studies

To better understand the relationship between increases in activation temperatures and total aerosol during BSEs, four case
studies were selected to encompass both BSEs and background periods, to reflect seasonal diversity, and to maximise the
temporal density of filters available. Each case study contains at least one notable aerosol peak associated with a BSE. Median
aerosol concentrations for d, = 0.5—20 pm were 1.8 cm ™ during the period of 15 October 2019 to 9 May 2020 (Ranjithkumar
et al. (2025)), and all four of the most significant aerosol peaks in each case study in Fig. 11 show aerosol concentration

increases of at least an order of magnitude from this baseline, with concentrations of a) 20.93 cm ™2, b) 13.80 cm ™2, ¢) 13.03
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Figure 11. Four case studies selected during MOSAIC. For each case study, the upper plot shows 10 m wind speed, U1om, and 0.08 m
snow particle concentration for diameters d,, = 46 —478 um, N46_47s, and the lower plot shows aerosol number concentration for diameters
dp = 0.5 —20 um, No.5—20, and median activation temperatures for each aerosol filter sample analysed using the droplet assay method,

T'freeze. BSEs are indicated in the purple shaded areas.
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em ™3 and d) 15.15 cm 2. For case studies a, b, and d, the most significant acrosol peaks were all immediately followed by the
INP filter with the warmest median activation temperature, T’ ¢, throughout the case study. This pattern was not observed
in case study c. In addition, case studies a and b encompass blowing snow events also investigated in Bergner et al. (2025), who
observed enhanced INP concentrations at —20 °C for 10 November 2019 to 12 November 2019, and for 7 December 2019 to
10 December 2019.

To differentiate between possible source contributions to the INPs in each case study, we investigated the ion concentrations
for the filters encompassing the aerosol peak for each case study. These were compared against the average concentrations of
each ion for the corresponding background period excluding BSEs, identified in Sect. 3.2 as the three distinct periods in ion
concentrations observed throughout the year. For case studies a and b, this was period 1 (October 2019 to January 2020) and
for case studies ¢ and d this was period 2 (March 2020 to May 2020). The concentrations and relative changes for notable ions,
as well as the time periods for each case study, ion filter, and background period, can be seen in Fig. 12. We also differentiated
the four case studies by their 7-day air parcel histories, which varied significantly throughout, but did all include some Eurasian
terrestrial influence (Fig. S7).

From the ion concentrations presented (Fig. 12), we determine that case studies a, b, and c all experienced contributions
from both long-range transportation and local blowing snow to their aerosol composition. We use increases in Na™ and C1~
as indicators of sublimating snow as an aerosol source, nss-Ca2t and nss-Mg2Jr as tracers for terrestrial dust, and nss—SOif
as a tracer for anthropogenic pollution. Case studies a, b, and ¢ experienced sizeable increases in Nat and Cl—, with Na™
increasing by a) 91.1%, b) 68.0%, and ¢) 39.0% from the respective background periods. This indicates that sublimating
blowing snow was a significant aerosol contributor during these three case studies. Case study b showed extremely large
increases in nss-Ca%* (278%), nss-Mg?*+ (840%), and nss—SOif (318%) compared with the background period (Fig. 12.b),
suggesting influences from both terrestrial dust sources, and anthropogenic pollution, alongside a strong contribution to air
parcel history from northern Russia (Fig. S7.b). Gong et al. (2023) investigated a similar period to case study a, and reported
elevated concentrations of black carbon during the BSE coinciding with the INP warm shift, indicating the influence of aerosol
from long-range transportation of biomass-burning plumes. This is also demonstrated in the elevated nss-SOff (168% increase
from the background concentration) observed during this time (Fig. 12.a).

Case study d did not show significant changes in Na™ or Cl~ for the filter encompassing its aerosol peak, suggesting low
contributions from SSA, and therefore low contributions from blowing snow. However, the aerosol peak in case study d has
previously been extensively linked to long-range transportation, as it coincided with a warm air mass intrusion (WAMI) event,
during which pollutants from industrial centres in Northern Eurasia experienced anomalous transportation to the location of
Polarstern. This event is extensively documented in Dada et al. (2022), and involved an air temperature increase from —30.8
°C to —3.1 °C over a 2 day period. Particle concentrations also increased drastically, with the measurement site temporarily
experiencing concentrations in the size range d, < 1 pm equivalent to mid-latitudes. Barry et al. (2025) reported increased
INP concentrations at —15 °C during the April WAMI at the location of Polarstern, as well as the presence of fungi in
the bioaerosol population, which they used as a tracer for terrestrial origins of air masses and were not present in samples

taken before or after the WAMI. We observed enhanced concentrations of nss-SO?f which, during period 2, was primarily
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Figure 12. Ton concentrations from filters of 1-week resolution. For each case study, a filter was selected that sampled the time period
encompassing the aerosol peaks observed during the case studies a, b, ¢, and d (Fig. 11). The colour of each cell represents the percentage
change in ion concentration for that filter compared with the average ion concentration during the background period. The background

periods were identified in Sect. 3.2.

associated with anthropogenic pollution, but decreased concentrations of nss-Ca?* and nss-Mg?*, suggesting that this case
study was likely not affected by terrestrial dust sources (Fig. 12.d). We conclude that the INP warm shift associated with case
study d is attributable to long-range transportation, and not to sublimating blowing snow.

Case study c is the only case study to not show an INP warm shift associated with a blowing snow aerosol peak, and is also
the only case study to show a decrease in the concentration of nss-SO?[, compared with the background period (Fig. 12.c). As
discussed in Sect. 3.3, we observed on average a decrease in the enrichment of nss-SOj; ™ for filters affected by blowing snow
events across the whole of MOSAIC, approaching the lower enrichment values observed in surface snow on sea ice. This may
indicate that, of the four case studies, case study c is the most representative of aerosol sources dominated by blowing snow,
suggesting that blowing snow itself may not be the main contributor to the increase in activation temperatures associated with
BSEs.

4 Conclusions

Unravelling the impact of sublimating blowing snow as a source of INPs from the impact of long-range transportation is com-
plicated. Previous work has demonstrated BSEs to be a significant source of sea-salt aerosol (Gong et al., 2023; Ranjithkumar

et al., 2025; Bergner et al., 2025; Heutte et al., 2025; Frey et al., 2020), and found no clear relationship between INP concen-
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trations calculated from offline methods and BSEs (Bergner et al., 2025). In this work, using INP and major ion concentrations
measured from filters and surface snow, we present evidence for BSEs as a source of non-sea-salt aerosol, and argue that our
results are compatible with BSEs as a source of INPs.

We observed a connection between the ion composition of surface snow and aerosol during blowing snow events. Blowing
snow events had a statistically significant depleting effect for aerosol on SO?[, and a statistically significant enriching effect
on CI~ and K*. For SO;~, K', and Br~, blowing snow events brought the enrichment factors of these ions with respect to
Na™ closer to the values found in surface snow, indicating that the sublimation of snow is a source of non-sea-salt associated
ions. We also observed INPs in surface snow active at temperatures similar to those observed in aerosol, especially at colder
activation temperatures (1" < —23 °C). An estimation of potential atmospheric INP concentrations from the sublimation of
surface snow using a simple model suggested that the INPs observed in surface snow were present at concentrations significant
enough to account for observed atmospheric INP concentrations. This is a crude model, and ignores any removal of INPs from
deposition, but it demonstrates the potential of surface snow as a reservoir of INPs at concentrations significant for atmospheric
INP populations.

Although INP concentrations at activation temperatures of —20 °C and —25 °C were unaffected by blowing snow events,
as also observed in Bergner et al. (2025), we did see an increase in median activation temperatures of 1.66 °C for samples that
overlapped with blowing snow events for at least 75% of their sampling duration. Although this increase was not statistically
significant, when we analysed a series of 4 blowing snow case studies we observed increases in median activation temperatures
associated with aerosol peaks during blowing snow events for 3 of the case studies. We argue that these small activation
temperature increases are consistent with an increase in INP concentrations during BSEs at activation temperatures similar
or lower than those observed in aerosol during baseline periods. We also argue that such an increase would not impact our
reported INP concentrations at —20 °C and —25 °C due to the limitations of the droplet freezing assay method. However, we
also found evidence for influences of long-range transportation during BSEs using tracers of dust and anthropogenic aerosol,
as we observed increases in non-sea-salt sourced Ca®*, Mg?*, and SOi_ during case studies, and simultaneous increases in
aerosol sourced from BSEs and long-range transportation during March, April, and May, preventing us from attributing changes
in INP concentrations during this time to either source. We also observed a lack of increase in INP activation temperatures for
1 case study with ion composition that suggested that, of the 4 case studies observed, this one had the most significant influence
from blowing snow.

In addition to our evaluation of the impact of BSEs on Arctic aerosol populations, we also report on the seasonal cycle of
INPs and major ions in the Central Arctic, finding good agreement with previous Arctic INP studies (Creamean et al., 2022;
Tobo et al., 2024). INPs exhibit a strong seasonal cycle, with significantly enhanced INP concentrations at —15 °C in the
summer months, low INP concentrations at —20 °C and colder activation temperatures during late autumn and early winter,
and sustained concentrations at —20 °C during spring. This generally followed the annual trend also observed in atmospheric
ion concentrations, which was characterised by three distinct periods. By using MSA as a tracer for biogenic marine sources of
aerosol, INP peaks at warm activation temperatures in summer were linked to local open-ocean sources. The low ice nucleation

activity in late autumn and early winter followed trends of suppressed concentrations across most ions measured, suggesting
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that INP concentrations in the Central Arctic track general changes in the strength of various aerosol sources, including both
BSEs and long-range transportation. In addition, in this work we show that the correlation between MSA and nss—SO?f in
summer, and lack of correlation elsewhere, indicated a shift from high levels of anthropogenic sulfate in spring, to high levels
of biogenic sulfate in summer. Finally, although we observed high concentrations of INPs at warm activation temperatures
(T > —15 °C) for two samples associated with summertime terrestrial aerosol sources from Svalbard, we conclude that the
uniqueness of these two samples in our dataset indicate that these sources from Svalbard do not influence the rest of the central
Arctic region.

We conclude that, whilst the ion compositions measured suggest a snow-atmosphere connection during BSEs beyond pre-
viously reported emissions of SSA, and whilst BSEs did increase the median activation temperatures of INPs, it is not clear
that this impact on INPs are the result of sublimating blowing snow. INP observations with a higher temporal resolution are
required to better constrain the relationship between INPs and blowing snow events. In particular, higher resolution studies are
required to investigate the degree to which sublimation and deposition drive the connection between atmospheric and surface
snow INP populations. To further understand the mechanisms causing shifts in INP activation temperatures during BSEs in
future, and resultant climate implications of this potential particle source in an otherwise remote region, we recommend online
methods, such as the Portable Ice Nucleation Experiment (PINE) (Mohler et al., 2021), or the SPectrometer for Ice Nuclei
(SPIN) (Garimella et al., 2016).

Data availability. The filter and surface snow INP data, and major ion concentrations in surface snow will be made available, and respec-
tive DOIs are forthcoming. Major ion concentrations in filters with 1-week resolution can be found via the World Data Centre PANGAEA
(https://doi.org/10.1594/PANGAEA.973882, Zeppenfeld et al. (2024)). MOSAiC meteorological data is available via the Arctic Data Cen-
ter (https://arcticdata.io/catalog/view/doi%3A10.18739%2FA2PV6BS3F , Cox et al. (2023)). MOSAIC snow particle number densities and
aerosol particle number densities measured using the CLASP are available via Zenodo (https://doi.org/10.5281/zenodo.13760111, Ranjithku-
mar (2024)).
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