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Abstract Ice nucleating particles (INPs) affect the radiative properties of cold clouds. Knowledge
concerning their concentration above ground level and their potential sources is scarce. Here we present
the first highly temperature resolved ice nucleation spectra of airborne samples from an aircraft campaign
during late winter in 2018. Most INP spectra featured low concentration levels (<3 · 10−4 L−1 at −15°C).
However, we also found INP concentrations of up to 1.8·10−2 L−1 at −15°C and freezing onsets as high as
−7.5°C for samples mainly from the marine boundary layer. Shape and onset temperature of the ice
nucleation spectra of those samples as well as heat sensitivity hint at biogenic INP. Colocated measurements
additionally indicate a local marine influence rather than long‐range transport. Our results suggest that
even in late winter above 80°N a local marine source for biogenic INP, which can efficiently nucleate ice at
high temperatures, is present.

Plain Language Summary Clouds are a key factor in the energy budget of the Arctic atmosphere.
Ice nucleating particles (INPs) can modify the radiation properties and lifetime of clouds by affecting the
relative abundance of liquid and frozen droplets in a cloud. Despite this important ability, knowledge about
the INP concentration above ground level is limited as airborne INP measurements are very scarce in the
Arctic. Here we present results from an aircraft campaign, which took place during the late winter of 2018 in
latitudes above 80°N. We found INP concentrations at above −15°C, which are similar to those found in
midlatitudes. These INPs also initiate freezing already at high temperatures. We found indications that the
INPs are biogenic and originate from a local, marine source, rather than being transported frommidlatitudes
into the Arctic. Due to the presence of numerous cracks, open leads and polynyas in the sea ice in the
investigation area, the ocean may provide a source for these biogenic INP in an environment, where sources
on land are still shrouded in snow and ice. However, in a warming Arctic contributions from different
sources might change, making the characterization of the current state important.

1. Introduction

No other region on the Earth is affected more severely by global warming than the Arctic, a phenomenon
which is typically referred to as Arctic amplification. The interaction, strength, and relative importance of
the processes relevant for Arctic amplification are not yet fully understood, and hence, models fail to
reproduce and predict the changes in the Arctic (Pithan & Mauritsen, 2014; Serreze & Barry, 2011).

Clouds play a significant role in the global climate system and are especially important for the energy budget
of the Arctic boundary layer (Intrieri, 2002; IPCC, 2014). They can have a cooling effect by reflecting short-
wave solar radiation or lead to a warming effect if they reflect terrestrial longwave radiation. The net
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radiative effect of a cloud depends on various parameters, for example, altitude, size, thickness, the relative
abundance of liquid and frozen water, and season (Intrieri, 2002; Shupe & Intrieri, 2004; Turner et al., 2018).
In the Arctic, where the underlying ground has a high albedo, the net cloud radiative effect results in warm-
ing, enhancing the melting of snow and sea ice (Stramler et al., 2011; Vavrus et al., 2011). Despite their
importance, clouds and their properties are still not well represented in larger‐scale atmospheric models,
ultimately leading to radiation biases (English et al., 2014, 2015; Tjernström et al., 2008). Uncertainties
are, for example, associated with cloud properties in the Arctic and the influences of cloud condensation
nuclei (CCN) and ice nucleating particles (INP) on these properties. CCN and INP control the phase of
the cloud, that is, the amount of liquid droplets and ice crystals and hence the optical properties, lifetime
and the ability to precipitate the cloud. Perturbations of CCN and INP have an especially huge impact on
mixed phase clouds. Loewe et al. (2017), Ovchinnikov et al. (2014), Prenni, DeMott, Kreidenweis, et al.
(2007), and Shupe and Intrieri (2004) showed that liquid‐only clouds have a 3 times stronger longwave radia-
tive effect than pure ice clouds in the Arctic. Also, the impact of changes in INP is thought to dominate over
those in CCN on the cloud phase partitioning (Solomon et al., 2018). Cloud temperatures inMarch and April
vary between −11°C and −19°C (Shupe et al., 2006), therefore INP which initiate primary ice formation at
higher temperatures are expected to have the greatest influence on cloud phase.

Local sources of aerosol particles in the Arctic are limited, even more in the winter season than in summer.
Open water surfaces within the pack ice are of particular importance as source for aerosol particles in a
region lacking other sources. It is known that particle generation exists in open leads independent of wind
(Held et al., 2011; Norris et al., 2011). This provides a mechanism for the transfer of material from the sea
into the Arctic atmosphere. Numerous studies suggest that biological material from the sea surface micro-
layer (SML) can act as a highly ice active INP (Alpert et al., 2011a, 2011b; Bigg, 1996, 2011a; Bigg & Leck,
2008; Irish et al., 2017; Knopf et al., 2011; Leck & Bigg, 2005; Schnell & Vali, 1976; Wilson et al., 2015;
Zeppenfeld et al., 2019). Microorganisms and their resting spores are also found within and below the sea
ice (Rózańska et al., 2008) and blooms of ice algae at the ice water interface, probably initiated by light
(Werner et al., 2007), can occur (Cota et al., 1991). Therefore, the open water surfaces within the pack ice
can be seen as potential source for biogenic INP. The recent publication by Kirpes et al. (2019) supports this
further. They name locally produced sea spray aerosol from open leads the dominant aerosol source in win-
ter. The investigated sea spray aerosol particles featured thick organic coatings, consisting of marine sacchar-
ides, amino acids, fatty acids, and divalent cations which are known from exopolymeric secretions produced
by sea ice algae and bacteria. Some of these substances were also found in the aforementioned highly ice
active SML, suggesting that open leads may also be a source fro INP.

Despite the fact that airborne biogenic material is known to nucleate ice (Burrows et al., 2009; Hara et al.,
2015; Lu et al., 2016; Moffett, 2015; Moffett et al., 2015; Mortazavi et al., 2015; Šantl‐Temkiv et al., 2015,
2019; Smets et al., 2016), abundance and origin of atmospheric INP over the Arctic Ocean is still not well
known due to a scarcity of data. Especially, studies of airborne INP measurements near cloud level are still
rare, and the origin of INP remains unclear over ice covered regions like the central Arctic Ocean.

It is evident that the sources and activity of Arctic INPs are not well understood. However, to estimate the
radiative properties of Arctic clouds in the future, understanding INP as the base for their cloud‐phase‐
driven optical properties, is important.

2. Methods
2.1. Project Overview and Ice Conditions

The PAMARCMiP 2018 campaign (Polar Airborne Measurements and Arctic Regional Climate Model
Simulation Project 2018) combined ground‐based and airborne measurements at and in the vicinity of the
Villum Research Station (81°36′N, 16°40′W; Greenland). The present study focuses on airborne INP. The
respective activities were carried out with the research aircraft Polar 5 (Wesche et al., 2016) from 23
March 2018 to 4 April 2018. A total of 14 research flights were performed during the campaign with the main
area of operation being above the sea ice in the Arctic ocean and the Fram Strait. For the master flight tracks
refer to Herber (2018).
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The campaign coincided with the existence of an unusual, large, refrozen polynya along the northeast coast
of Greenland north of Station Nord, over which several flights were performed. This polynya opened in late
February 2018, and closed by refreezing and convergence in the weeks after (Ludwig et al., 2019). At the time
of the campaign the one month old ice in the refrozen polynya already had a modal and mean thickness of
0.9 m and 2m respectively resulting from thermodynamic and dynamic growth (Ludwig et al., 2019).
However, due to the relatively thin ice and dynamic ice conditions there weremany open and refrozen leads.

2.2. INP Sampling and Measurement

Filter sampling of aerosol particles combined with off‐line analysis of the collected filter samples were
applied for determining the temperature‐dependent number concentrations (NINP) of atmospheric INP.
The filter samples were collected on board the Polar 5 aircraft with a prototype of the High Volume
Aerosol Sampler (HERA). HERA is a self‐developed automated filter sampler, which has been specifically
designed for aircraft operations. PAMARCMiP was the first deployment of HERA. Aerosol particles were
sampled into the aircraft through the shrouded inlet diffuser (diameter 0.35 cm at intake point) as described
in Leaitch et al. (2010, 2016). The aspiration of the sample air was almost isokinetic (U0/U = 1.04). The inlet
was connected to HERA by an≈6m long, horizontal stainless steel tube. Within HERA, the aerosol particles
were collected on polycarbonate pore filters (0.2 μm pore size; 47 mm diameter; Nuclepore, Whatman) with
a constant sample air flow of around 10 Lmin−1 at ambient temperature and pressure conditions. Since
low‐particle concentrations were expected, sampling took place during the whole flight without sampling
during taxiing, take‐off, and landing. The respective sample collection times ranged from 3.5 to 7.2 hr, result-
ing in sampled air volumes between 2,076 and 4,347 L. Each of the individual filter samples was accompa-
nied by a blank sample, which was treated in the same manner as the samples including the time spent
inside HERA (without air flow through the filter). Due to operational reasons only during 12 of the 14 flights
filters were sampled, and two times, two consecutive flights were sampled onto the same filter (for more
details refer to Table S1 in the supporting information). Flight no. 1 was aborted after only 30 min of sam-
pling; therefore, this samples was excluded from the investigations. All samples were removed from the sam-
pler and stored at −20°C immediately after the flight and kept frozen during the transport until analysis at
the Leibniz Institute for Tropospheric Research (TROPOS).

The samples and blank samples were analyzed using the freezing array INDA, which is based on the design
ofHill et al. (2016) and described in Chen et al. (2018) and Hartmann et al. (2019). The determination of the
ambient NINP in the immersion freezing mode as a function of temperature T is based on Vali (1971). In
order to make samples and blank samples comparable, the blank samples were normalized with the same
air volume as the corresponding sample, though naturally no air was sucked through the blind samples.
In addition, the samples were tested for heat‐labile material by measuring the sample material before and
after heating (95°C for 60 min). More details on the INDA device are given in the supporting information.

2.3. Colocated Measurements
2.3.1. Transmission Electron Microscopy
Compositions and shapes of individual aerosol particles were measured using transmission electron micro-
scopy (TEM; JEM‐1400, JEOL, Tokyo, Japan) with energy dispersive X‐ray spectrometer (EDS; X‐max 80
mm, Oxford Instruments, Tokyo, Japan). Aerosol particles with ∼0.1–0.7 μm aerodynamic diameter (50%
cutoff diameter) were collected on TEM grids with formvar carbon substrate using an impactor sampler
(AWS‐16, Arios, Tokyo, Japan) with 19 min of sampling time. We either used three or four samples (depend-
ing on availability) from flights in 25–27, 30, and 31March and 4 April (totally 19 samples). In each flight, we
analyzed more than 200 particles per grid from randomly selected areas, resulting in measurements of 5,228
particles in total. Particles were classified into dust (particles containing both Fe and Al), sea salt (particles
containing both Na and Mg), sulfate (particles containing S), and others based on their compositions. Dust
particles were further classified into (mineral) dust, Fe‐bearing particles, and fly ash based on their composi-
tion and shapes using the same criteria as Moteki et al. (2017). In this study, Fe‐bearing particles and fly ash
particles were categorized into “other” so that “dust” are only mineral dust particles. Sulfate particles that
could be classified in more than two categories (e.g., sodium sulfate) were categorized in nonsulfate
categories.
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2.3.2. Sea Ice and Lead Fraction
The sea ice fraction and the subtype classification is based on images taken by a commercial digital camera
(Jäkel et al., 2019). To document the ice fraction over a large area, the camera was equipped with a 180° fish-
eye lens with a spatial resolution of 3,908 × 2,600 pixels. The camera was geometrically calibrated in the
laboratory. The images taken every 6 s were filtered for cloud‐free situations below the aircraft. The method
of image classification into thick and thin ice, as well as open water relies on manually selecting red, green,
and blue (RGB) thresholds, derived from training samples. For flight tracks which were not observed by the
fisheye camera due to instrumental failures, images were extracted from video camera data and classified on
a similar approach.

Flights on 30 and 31 March were carried out in combination with electromagnetic (EM) ice thickness mea-
surements (Haas et al., 2010). From the ice thickness measurements it was possible to extract the occurrence
and widths of leads along the flight tracks (see supporting information). The ice thickness surveys were also
special as they required low flying at altitudes of ≈70m, enabling air sampling at such low levels.

3. Results and Discussion

Cumulative spectra of NINP versus temperature for all samples and their corresponding field blanks are
shown in Figure 1. Three samples (25, 30, and 31 March; green, brown and orange, respectively in
Figure 1) show clearly elevated concentrations above −15°C in comparison to the corresponding blanks,
and are hereafter referred to as high INP samples. In the following we will mainly focus on these samples.
For the remaining ones (gray symbols in Figure 1) the measured concentrations are close to those deter-
mined for the field blanks. For these samples, the given values represent upper limits for the prevailing
INP concentrations.

NINP at−15°C were 1.8·10−2 L−1 (25March), 4.75·10−3 L−1 (30March), and 6.95·10−3 L−1 (31March). These
concentrations are well within the wide range of NINP given by Petters and Wright (2015) in midlatitudes
(gray‐shaded area in Figure 1). Compared to the few earlier studies of airborne NINP in the Arctic (Borys,
1989; Flyger et al., 1973, 1976; Rogers et al., 2001; Prenni, Petters, Kreidenweis, Demont, et al., 2007), the
values we report here were often lower (a factor of 50 at −15°C). However, it should be noted that none
of the other airborne studies took place at such high latitudes and as early in the year as PAMARCMiP.
The study by Borys (1989) is the most comparable to our own in terms of location and time of the year
and also reports the most similar NINP: 1.5·10

−2 L−1 and 0.46 L−1 at −15°C and −25°C, respectively, mea-
sured in April in latitudes up to 77°N.

Concerning potential contamination of the samples with combustion aerosol particles produced by the air-
craft itself it can be noted that previous aircraft‐based INP studies (Rogers et al., 2001), ship‐based INP mea-
surements (McCluskey et al., 2018; Thomson et al., 2018), or laboratory investigations (Diehl & Mitra, 1998;
Schill et al., 2016) either find no influence of exhaust at all, or find the particles to be only ice active in the
cirrus cloud temperature regime. Additionally, the trace gas (CO and CO2) and the Proton‐transfer‐reaction
mass spectrometry (PTR‐MS; benzene and toluene) measurements onboard the Polar 5 do not point toward
a contamination with exhaust particles on the high INP days. The low levels of CO and CO2 (CO lower
than 155 ppbv and CO2 lower than 416.7 ppmv for most of the flight time) also make long‐range transport
from midlatitudes unlikely on those days. The low levels of acetonitrile throughout the campaign
(<100 pmol/mol) can especially exclude significant contamination from biomass burning.

The shapes of the ice nucleation spectra of the three high INP samples, that is, steep slopes followed by pla-
teau regions, are indicative for distinct INP populations close to their source. This is in line with current lit-
erature, which also tends to see local sources as themain contributor toNINP above−25°C in the Arctic (Bigg
& Leck, 2001; Creamean et al., 2018; Šantl‐Temkiv et al., 2019; Tobo et al., 2019; Wex et al., 2019). These stu-
dies attribute high ice activity to the presence of biogenic INP. The shape and onset temperature of the ice
nucleation spectra of the high INP samples from our study are also hinting at biological INP (Beydoun et al.,
2017; O'Sullivan et al., 2018; Welti et al., 2018). The heat treatment of our samples lead to a reduction of ice
activity of around 6 K at fice = 0.1 (see supporting information for more details). This confirms the presence
of heat‐labile INP, which suggests a biogenic nature.
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The samples from 30 and 31 March are very similar in terms of their overall shape, freezing onset, and loca-
tion of the plateau region, while their main difference lies in the absolute concentration of INP. This is a
clear indication that the sampled INP populations are the same or at least very similar on both days. The
sample from Mar 25 differs from the other two high INP samples featuring a lower freezing onset
(−10.1°C on 25 March; −7.9°C on 30 March; −7.5°C on 31 March), a not so pronounced plateau region,
and a secondsteep increase in NINP, which follows shortly after the plateau. This is indicative of, compared
to the other two samples, different INP being present.

In the following we explore and constrain the origin(s) of the INP on the three high INP days.

The hybrid single‐particle Lagrangian integrated trajectory (HYSPLIT) model with GDAS1 meteorological
fields was used to calculate back trajectories of the air masses that were sampled along the flight track
(Rolph et al., 2017; Stein et al., 2015). Ten‐day back trajectories were calculated for each track. Since aircraft
measurements cover wide ranges of longitudes, latitudes, and altitudes, a single back trajectory would not
represent a sample adequately. Therefore, we calculated multiple back trajectories per flight and sample.
The starting points of the trajectories were equally distributed along the flight track. For the three high
INP samples, Figure 2 shows the back trajectories (3, 5, and 10 days back; circles with a bluish tone fading
with age) and the flight track (black line) on top of the AMSR2 sea ice concentration (Spreen et al., 2008)
of the respective day.

Since the spatial uncertainty of the back trajectories grows rapidly over time (Engström &Magnusson, 2009;
Harris et al., 2005; Kahl, 1993), the 10‐day back trajectories are presented only for completeness, while the
further evaluation is based on the 5‐day back trajectories. The back trajectories for the other flights can be
found in the supporting information. On 25 March most of the back trajectories end in the Chukchi Sea
and run over the East Siberian Sea and Laptev Sea and then along the 85° meridian straight to the aircraft.
On 30March the trajectories end in the Beaufort Sea and travel in parallel to the Northern coast of Canada to
the Polar 5 aircraft. The East Siberian Sea is the end region for the back trajectories on 31 March, from there
they run across the North Pole straight to the aircraft. In general, the pathway of the back trajectories is quite
uniform for the individual flights on 25, 30, and 31 March. However, except for the fact that they run almost
exclusively over ice‐covered sea and not over land, trajectories of the three samples differ considerably.
When also the height profile of the trajectories is considered, it can be seen that on 30 and 31 March most
back trajectories start and reside for the majority of their travel time at altitudes of a few 100m or below.
Low back trajectories can also be found on 25 March, but not as low and frequent as on the other two high
INP days.

Figure 1. Atmospheric INP concentrations, NINP, of all samples (dot symbols) and corresponding field blanks (minus
symbols) collected onboard the Polar 5 aircraft. The samples which are clearly different from their corresponding field
blank are colored, while all others are gray. The gray‐shaded area is the range of observed NINP by Petters and
Wright (2015). The 95% confidence intervals were derived using the formula of Agresti and Coull (1998). For visibility
reasons only the confidence intervals for the three high INP samples are shown.
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The temperatures along the back‐trajectories on the days with high INPs were compared to those of the low
INP days (see Figures S28 and S29 in the SI) to identify a possible difference between these two groups. The
idea is that in an air mass with a certain temperature (Tairmass), the chance is increased that INP, which are
ice active at temperatures above Tairmass are activated and removed from the atmosphere during transport.
Thus, the air mass may contain primarily INP which can only nucleate ice at temperatures below Tairmass,
when it reaches our collection site. However, we found that for the high INP as well as the low INP days,
the majority of the air masses mostly featured a temperature of ‐23°C, which is far below the temperature
at which we observed the increased INP concentrations on the high INP days (‐15°C and above).
Therefore, differences in Tairmass can not explain the different INP concentrations. We consider this a further
indication that the highly ice active biogenic INP we observed originate from a regional source rather than
long‐range transport.

Figure 3 reveals that the flights on the high INP days are characterized by very low flight altitudes for
extended amounts of time (a table with the flight characteristics can be found in the supporting information).
Especially, 30 and 31March feature very low average altitudes, since the aircraft alternated between legs at 70
and 170m for most of the flight because of the sea ice thickness measurements performed on these days.

Figure 4 shows normalized histograms of the fraction of thin ice determined from the surface type classifica-
tion based on images of the surface taken directly beneath the aircraft for the high INP days. This shows that
high fractions of thin ice were primarily present on the days when high INP concentrations were observed.

Figure 2. HYSPLIT back trajectories (3, 5, and 10 days back; circles with a bluish tone fading with age) along the flight
track (black line) and the underlying AMSR2 sea ice concentration (Spreen et al., 2008) for every day with a high INP
sample.
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Due to the low temperatures, the thin ice was most likely newly formed,
rather than by thawing of thicker ice. Therefore it is probable the surfaces
covered by thin ice are refrozen leads that were open water surfaces
shortly before. The sea ice thickness flights on 30 and 31 March corrobo-
rate this by showing the presence of up to several hundred meter long
leads, where the sea ice thickness is below the accuracy of the measure-
ment (see the supporting information). This confirms that on all high
INP days open water surfaces as potential source for INP were directly
beneath the flight path of the aircraft.

Open leads can act as a weak source for particles, which may become
important when other more dominant sources are not present. Also,
Rogers et al. (2001) hypothesized about a biological INP source from open
leads in close proximity, when they observed high INP concentrations at
low altitudes (∼100m) over pack ice. Recently, INP collected in the
Arctic during summer were also connected to a marine source, a phyto-
plankton bloom in this case, by Creamean et al. (2019). Impactor samples
which were also collected onboard the Polar 5 aircraft and subsequently
analyzed with TEM, contain high fractions of sea salt, which is a clear
indicator for a marine influence. Dust is also present on samples from
all high INP days, but at much lower concentrations compared to sea salt.
In Table S1 in the supporting information, flight and sample metrics, as
well as results from TEM analysis are compiled for every sample.

For two probed filters (301March and 2 April) aliphatic amines could bemeasured. Themeasurement is lim-
ited to these samples as performing the analysis prevented the conduction of the test for heat‐labile INP.
Aliphatic amines were detected in (blank‐corrected) concentrations of 15 ± 1.2 ngm−3 (sum of dimethyl
amine and diethyl amine). Amines in the atmosphere can have various origins, however, their presence
in remote marine locations has been attributed to local marine, biogenic sources (Ge et al., 2011). As dis-
solved gaseous compounds, they are released to the atmosphere and form or condense on aerosol particles.
Therefore, the presence of particulate amines is not necessarily connected to INP that are potentially trans-
ferred to the atmosphere during bubble bursting processes. However, the presence of aliphatic amines in the
Arctic in concentrations that are about 3 times higher compared to, for example, ground‐based aerosol par-
ticle amine concentrations in the tropical Atlantic Ocean (van Pinxteren et al., 2019) suggests the presence of
biological activity within the Arctic Ocean in late winter.

Satellite remote sensing products can provide insight on the underlying surface beneath the flight tracks and
back trajectories. The AMSR2 sea ice concentration data (Spreen et al., 2008) and the ArcLeads maps of open
leads (Willmes & Heinemann, 2015, 2016) show that throughout the whole investigation area large‐scale
cracks in the sea ice are present (Figure 2 and supporting information). The sea ice in the region east of

Villum in the Fram Strait displays a higher degree of fragmentation com-
pared to the region north of Villum. The ArcLeads maps also reveal one of
the prominent Arctic polynya, the Northeast Water polynya (≈81°N,
13°W, Preußer et al., 2016), opening up and growing in size, especially
since 20 March. It should be noted that the aircraft was never closer to
the polynya for longer than on 25 March.

However, the existence of open water surfaces is only a sufficient condi-
tion for the observation of highNINP, not a necessary or necessary and suf-
ficient condition. Therefore, we do not observe increased NINP on all 12
samples despite the fact, that open leads are present to some degree on
every day. Another point has to be stressed: The source strength for INP
in the Arctic is still unknown, as the sources themselves are still in discus-
sion. The discussed sources are likely to vary a lot and the same applies to
the known sources of INP in other regions (Creamean et al., 2019; Welti
et al., 2018).

Figure 4. Histogram of the the fraction of thin ice for the flights with high
INP concentrations and the other flights with available sea ice fraction
measurements (Flight 3 on 26 March; Flights 6 and 7 on 28 March).
Histograms are normalized.

Figure 3. Stacked bar plot of the sampling time in different height
intervals. The corresponding table shows the percentage of sampling time
for which sampling took place below a certain height.
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Overall, the presented chain of thought is as follows: For high NINP on some flights, no common air mass
origin was indicated by back trajectories; on these days, samples were taken at exceptional low flight alti-
tude, numerous open leads directly beneath and in the surroundings of the flight track and sea salt is present
in collected aerosol samples. This is highly suggestive for a local marine source of high temperature biogenic
INP in the Arctic, above 80°N, during late winter.

4. Summary and Conclusion

The INP measurements made during PAMARCMiP provide the first continuous ice nucleation spectra of
airborne INP in the Arctic. They also add valuable data to the the very small pool of airborne INP measure-
ments especially in late winter/early spring. On 3 of 12 samples we found INP concentrations above those of
the field blanks. NINP above −15°C were comparable to measurements in midlatitudes (Petters & Wright,
2015) and to Arctic airborne measurements, which were taken at similar latitude and season (Borys,
1989). Shape (steepness) and onset temperature of the freezing spectra for those days as well as the heat sen-
sitivity hint at biogenic INP from a local source. Trace gas and PTR‐MSmeasurements show that long‐range
transport and influence by the aircraft exhaust is unlikely. The flights during which the high INP samples
were taken feature low flight altitudes for extended amounts of time. TEM analysis of collocated impactor
samples supports a marine influence for those flights. Due to the presence of numerous cracks, open leads,
and polynyas in the sea ice of the investigation area, the ocean may provide a source for biogenic particles in
an environment, where terrestrial sources are still shrouded in snow and ice. Our results therefore suggest
the presence of a local marine source for high‐temperature biogenic INP in the Arctic, above 80°, during late
winter.

Data Availability Statement

Freezing spectra reported in the manuscript are available at this site (https://doi.pangaea.de/10.1594/
PANGAEA.899635).
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