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Abstract. The global variation of ice-nucleating particle (INP) concentrations is an important modulator of the cloud-phase
feedback, where the albedo of mixed-phase clouds increases in a warming climate. Shallow clouds such as those observed in
cold-air outbreaks (CAOs) are particularly important for cloud-phase feedbacks and highly sensitive to INPs. To investigate the
sources and concentrations of INPs in CAOs, we made airborne measurements over the Norwegian and Barents seas as part
of the March 2022 Arctic Cold-Air Outbreak (ACAO) field campaign. Aerosol samples were collected on filters at locations
above, below and upwind-upstream of CAO cloud decks. Throughout the campaign, INP concentrations were comparable to
the highest previously observed in the Arctic. Scanning electron microscopy analysis of samples taken tpwind-upstream of
cloud decks showed that super-micron aerosol was dominated by mineral dusts. Analysis of aerosol particle size measurements
to obtain an INP active site density suggested sea spray was unlikely to be the dominant INP type. These site densities were also
too great for mineral components alone to be the dominant INP type above -20 °C. Accordingly, it is likely that the dominant
INP type was mineral dust mixed with other ice nucleating materials, possibly of biogenic origin. Back-trajectory analysis and
meteorological conditions suggested a lack of local INP sources. We therefore hypothesise that the high INP concentration
is most likely to be associated with aged aerosol in Arctic haze that has undergone long-range transport from lower latitude

regions.

1 Introduction

Marine cold-air outbreaks (CAOs) are frequent high-intensity weather events in the mid- to high-latitudes where cold polar air
is drawn equatorwards over an increasingly warmer ocean (Fletcher et al., 2016b). The relative warmth of the ocean compared
to the airmass causes the polar airmass-air to become warmer and more moist, resulting in extensive mixed-phase cloud systems
(Briimmer, 1996; Fletcher et al., 2016a; Abel et al., 2017). In these cloud systems, stratiform clouds form at the sea-ice edge,
which transition into open cumulus cells as the airmass moves equatorward. These often take the form of “cloud streets”,

streaks of stratocumulus cloud in the direction of the prevailing wind (Pithan et al., 2018; Murray-Watson et al., 2023).
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The presence of supercooled liquid water in these mixed-phase CAO clouds makes them sensitive to the presence of ice-
nucleating particles (INPs). INPs are a subset of aerosol that allow droplets of supercooled liquid water in clouds to freeze
at temperatures above -35 °C (Murray et al., 2012b; Kanji et al., 2017), where homogeneous freezing does not occur at
appreciable rates (Ickes et al., 2015; Herbert et al., 2015). Globally significant INP species include mineral dust, sea-spray
aerosol and biological material such as bacteria and fungal spores (Kanji et al., 2017). Where ice and liquid coexist in mixed-
phase clouds, ice particles are able to grow by vapour deposition at the expense of liquid droplets since the saturation vapour

pressure over liquid is greater than the saturation vapour pressure over ice (Wegener, 1911). Sinee-ice-erystal-coneentrations
e-typically lower-thanliquid-droplet-coneentrations-in-mixed-phase-eloeudsThrough this process, ice crystals are able to grow

through-this-proeess-to sizes at which they can precipitate, enhancing precipitation (Bergeron, 1935; Findeisen, 1938). Since ice
crystal concentrations are typically lower than liquid droplet concentrations in mixed-phase clouds, this process can be highly.
efficient. Ice crystals that have formed through ice nucleation may also grow by subsequent microphysical processes such as
riming, where supercooled droplets are collected by ice crystals. Additionally the ice crystal concentration may increase by
secondary ice processes such as rime splintering (Field et al., 2017; Hallett and Mossop, 1974; Korolev and Leisner, 2020).
Consequently, the concentration of INPs can act as a strong control on the ratio of liquid and ice in a mixed-phase cloud.
Since increased proportions of ice are associated with reduced albedo, the concentration of INPs can influence the albedo
of the cloud (Garrett et al., 2001; Korolev et al., 2017). In simulations of a Southern Hemisphere CAO, Vergara-Temprado
et al. (2018) showed that the reflectivity of clouds in CAO systems decreases with increasing INP concentration since low
INP concentrations suppressed droplet freezing and precipitation and increased cloud lifetime. Additionally, simulations of a
Northern Hemisphere CAO by Abel et al. (2017) showed that precipitation can influence the rate of cloud transition between
the more reflective stratiform state and the less reflective cumuliform state, while simulations of CAOs by Tornow et al. (2021)
have shown that INPs can influence the onset of precipitation and thus the initiation of the reduction in cloud cover due to
the cloud transition. In a warming climate, ice crystals in mixed-phase clouds will be susceptible to replacement by liquid
water, increasing cloud albedo resulting in a cooling feedback (Storelvmo et al., 2015). Since INP concentration can modulate

the concentration of ice, the availability of INPs in CAO clouds could influence the magnitude of this cloud-phase feedback

(Murray et al., 2021). The cloud-phase feedback is likely to be particularly sensitive to CAO clouds since they form over the
relatively dark ocean, so microphysical adjustments to cloud albedo have the potential to be more impactful than for clouds

over higher-albedo surfaces such as sea ice.
INP concentrations vary substantially both spatially and temporally, but some of the greatest variability observed anywhere

on Earth occurs in the Arctic. Measurements of INPs in the Arctic reveal some of the lowest INP concentrations on Earth,
comparable with the Southern Ocean, to some of the greatest, comparable with mid-latitude locations where terrestrial bio-
logical INP types dominate (Murray et al., 2021). Variability occurs en-beth-both on seasonal scales (Wex et al., 2019; Sze
et al., 2023) and strongly on timescales of hours to days (Porter et al., 2022). This indicates that the sources of INPs within and
transported to the Arctic are variable, but also that removal processes are important, since periods of high INP concentration

can be followed by periods of low INP concentration.
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Figure 1a shows the potential sources of INPs for CAO clouds in the Northern Hemisphere. Potential Arctic sources of
INPs are biogenic material from sea-spray (Wilson et al., 2015; DeMott et al., 2016; McCluskey et al., 2018b) and terrestrial
INPs from high-latitude sources (Kawai et al., 2023). Potential terrestrial sources of INP include glacial outwash sediments
(Tobo et al., 2019; Xi et al., 2022; Barr et al., 2023), sandy deserts in Iceland (Sanchez-Marroquin et al., 2020), boreal forests
(Brasseur et al., 2022), Arctic surface vegetation (Pereira Freitas et al., 2023) and thawing permafrost (Creamean et al., 2020).
In addition, Arctic aerosol can have lifetimes of many weeks, which results in th-the build-up of Arctic Haze in winter and
spring (Stohl, 2006). Accordingly, it is also possible that INPs entering CAOs may have been transported into the Arctic from
lower-latitudes where they reside in the stable Arctic atmosphere before being transported out again in CAOs (Carslaw, 2022).
Sinee-different-Different types of INPs have different characteristic ranges of freezing temperatures (Kanji et al., 2017);-, This
means understanding the aerosol sources that contribute to the INP population in CAO clouds can reduce the uncertainty in the
cloud-phase feedback.

To understand the sources of INPs into CAO clouds, there is a need for localised airborne aerosol measurements to capture
INP concentrations throughout a cold-air outbreak, especially in the Northern Hemisphere. Previously, Northern Hemisphere
aircraft campaigns have characterised the dynamics of cold-air outbreaks (Briimmer, 1996) over the Norwegian Sea and made
airborne measurements of aerosol and cloud without INP measurements in mid-latitude cold-air outbreak conditions (Young
et al., 2016; Sorooshian et al., 2019). INP measurements have been made in CAOs from the ground in the northern hemisphere
{Geerts-etal52022)(Geerts et al., 2022; Gjelsvik et al., 2024) and from aircraft in the the Southern Hemisphere (McFarquhar
etal., 2021; McCluskey et al., 2018a). In this study, we focus on cold-air outbreaks over the Norwegian and Barents seas to re-
port the first airborne measurements of INPs in Northern Hemisphere cold-air outbreaks. Having reported these measurements,
we characterise the INP concentrations observed and try to identify the primary INP source(s) through a process of elimination

of potential sources.

2 Methodology
2.1 The Arctic Cold-Air Outbreak campaign

The Arctic Cold-Air Outbreak flight campaign (ACAO) took place over the Norwegian and Barents seas in March 2022.
The campaign used the BAe-146 aircraft of the Facility for Airborne and Atmospheric Measurement (FAAM) to make mea-
surements in cold-air outbreaks. A key aim was to investigate the development and evolution of the cloud systems and the
associated aerosol and cloud microphysical properties. Twelve flights were performed over nine days between 11 March 2022
and 30 March 2022. The tracks of these flights are depicted in Figure 1c. Where possible, flight days and locations were chosen
to capture cold-air outbreaks with characteristics such as cloud streets that were clearly positioned away from fronts to ensure
well-defined air flows and airmasses. Cold-air-outbreak-CAQO conditions, of varying strength, occurred on eight of the nine fly-
ing days. On the other day (flight €272¢272), a warm-air intrusion (an injection of mid-latitude air into the Arctic (Pithan et al.,
2018)) occurred and was measured as a contrasting case. Flights €271 and-e273 ¢271 and c273 probed CAOs with westerly
flows with air flowing off Greenland, while the flow during €274 ¢274 was northwesterly. Flights €275—e282 ¢275-c282



INP in Arctic haze
entrained into CAO .

INP from Arctic Sea spray INP

80°N

80°N _

= = N N - § S

—F @74 |\ e Q27900eX
|— c275/c276 —:- 280
| =~ C281/c282

T —— n

78N| 78°N|

76°N |/ 1 76°N |

74°N | 74°N |

72°N 72°N |

170°N|

| 68N \-[
N— Above croud f1lter
} — Below-cloud filter B “ \ : ‘ \
?:A = P K e ! — e "’ A 0‘ “ :
5°E 10°E 15°E 0 5° E 10° E 15 E 20°E 25°E 30°E

Mm sea |ce extent

Figure 1. Panel a shows a schematic representation of an Arctic cold-air outbreak and the-potential sources of aerosol to the cloud system.

Stratiform-cloud—forms-offthesea-ice-edge-Green and
abiological-HINP-are-represented-by-green—and-red circles depict biological and abiological INPs respectively, while grey and white circles
depict aerosols that do not aetivetynucleate ice in CAOsare-represented-by-grey-and-white-eireles. Panel b shows a-satellite image-imagery
taken on 36-29 March 2022 by the Moderate Reetution-Resolution Imaging Spectroradiometer (MODIS) of a typical CAO measured during
the ACAO campaign (MODIS Land Science Team, 2020). The path of flight c280, which probed this CAO, is overlaid along with the
locations of INP filter samples, which were taken between 30 min and 2 h before the image time. Sea-level pressure isobars from ERAS
reanalysis are also overlaid (C3S, 2018). Panel ¢ shows flight tracks-paths from the-all nine flying days during the campaign. Blue, pink and

brown flight paths represent CAOs with predominantly N, NW and W flows respectively. Flight ¢272 probed a warm-air intrusion and is

coloured grey. Sea-ice extent in this and other maps was obtained froth the Multisensor Analyzed Sea Ice Extent dataset (U.S. National Ice

Center et al., 2010). The flight track for flight 278 ¢278 is incomplete due to equipment failure.



90

95

100

105

110

115

120

probed CAOs with northerly or north by northeasterly flows. Aerosol measurements were made online (i.e. continuously) using

under-wing optical probes and filter samples were collected for specific periods for later-subsequent offline analysis.
2.2 Filter samples for INP analysis

Fikter- In this system, filter samples were collected using the aircraft inlet system characterised by Sanchez-Marroquin et al.
(2019). Two parallel inlets are aligned with the heading of the aircraft and the airflow through each inlet is assisted by a vacuum
pump. The inlet system is designed to minimise turbulence and flow separation when flying at low Mach number (Andreae
et al., 1988, 2000) and has a bypass to remove droplets and ice crystals (Talbot et al., 1990). The bypass also increases the
flow rate, reducing the sub-isokinetic enhancement of larger particles (Sanchez-Marroquin et al., 2019). A different type of
filter was used in each inlet in-order-so that different types of analysis could be performed on aerosol samples from the same
location and time. Polytetrafluoroethylene (PTFE) membrane filters were used for INP concentration measurements via droplet
freezing assays, while polycarbonate track-etched membrane filters were used for scanning electron microscopy with energy
dispersive X-ray spectroscopy (SEM-EDS) aerosol composition analysis.

Air entering each inlet passes through a sampling line into a filter holder previously described by Price et al. (2018) and
Sanchez-Marroquin et al. (2019). Air that passes through the filter holder is measured by a mass flow meter, which reports the
flow in standard litres (273.15 K, 101.325 kPa). Inside the filter holder, the filter sits on a stainless steel support mesh. The
PTEFE filter (Sartorius, product number 11803-47-N) had pore size 1.2 um, while the polycarbonate filter (Whatman, product
number 111107) had pore size 0.4 um. The PTFE filter allowed more throughput for INP analysis while the polycarbonate
filter had less throughput. Two types of steel mesh were used during the campaign - one manufactured by Millipore (product
number XX4304707) and one manufactured by MesaLabs (product number 1584). Using the MesaLabs meshes enhanced
the flow through the filter, though flow rates were consistently greater through PTFE filters than polycarbonate filters. Flow
through the filter was also dependent on altitude, with higher flow rates at lower altitudes. The largest volume of air sampled
by a PTFE filter was (17304 30) L, while the smallest volume of air sampled was (473 +9) L. For polycarbonate filters,
the largest volume sampled was (990 & 20) L, while the smallest was (276 £ 6) L. There was no correlation between the INP
concentrations measured and the volume of air sampled by each filter. Handling blanks were collected to determine the baseline
ice-nucleating activity of the procedure and equipment used. Fhis-was-achieved-These handling blanks were collected during
the flight by loading filters as normal into the aircraft filter holder system, opening the filter system up to air flow for 1-2 s,
then closing the filter system and removing the filters as normal. Handling blank filters were processed for INP analysis in the
same manner as the aerosol sample filters.

Figure 2a shows the location of the filter sample measurements over the Norwegian and Barents seas between 71-79°N. The
altitude of filter measurements was between +6—466640-3400 m and all samples were taken in air with no cloud or precipita-
tion. The majority of samples were taken above or below the CAO clouds, although two samples (e276+2 and-c278+2¢c276r2
and ¢2781r2) were taken upstream of the cloud onset. Sampling periods were approximately-20typically between 18-28 min

excluding pauses in sampling where the inlets were temporarily closed when the aircraft turned or flew through precipitation.

Only one of the samples (c273r2) had a shorter sampling time of 14 min, while one of the samples (c273rl) had a longer



125

130

135

140

145

150

155

sampling time of 37 min. However, both of these filters sampled volumes of air that were not at the extremities of the volume

range sampled.
To derive INP concentrations from the samples, droplet freezing assays were performed according to a drop-on technique

described fully by Price et al. (2018), which makes use of the uL. Nucleation by Immersed Particle Instrument (Whale et al.,
2015). Filters were processed in a field laboratory set up in a hotel room to minimise the storage and transport effects that
are known to lead to loss of INP (Beall et al., 2020). All but
one of the filters was processed within 24 h of collection. In these experiments, rectangular glass cover slips (48 mm x 64

mm, no. 1.5 thickness, Agar Scientific, UK) were washed with purified water (high performance liquid chromatography-grade,
Sigma-Aldrich, UK) and isopropanol (VWR, UK) then immersed for 1 h in a petri dish containing Turtle Wax ClearVue Rain
Repellent solution (Rapid Electronics, UK) to render them hydrophobic. The slides were removed from the ClearVue solution,
rinsed with isopropanol and water, then dried with particle-free air from an oil-free air compressor (24 L, model HY7524,
Hyundai, UK, with a HEPA filter in line). In a laminar flow hood, a filter onto which aerosol had been sampled was placed
onto a hydrophobic slide, and between 60 and 70 droplets of purified water with volume 2 ul. were pipetted directly on to
the filter using a manual electronic pipette. The hydrophobic glass slide/filter assembly was then placed onto the cold plate
of an Asymptote EF600 Stirling engine-based cold stage with a drop of silicone oil in-between to aid thermal contact. A
flow of HEPA-filtered compressed air that had been passed through a drying column (Drierite 26800, Sigma-Aldrich, UK)
was used to flush the volume above the droplets to prevent frost formation. The filter was then cooled at a rate of 1 K min!
until all droplets froze. The cooling was recorded by a camera and the temperature of the cold plate measured concurrently.
Software, written in Python, was used to automatically detect freezing events and determine the temperature at which each
droplet froze (Barr, 2023). The same procedure was used for handling blanks from the aircraft. In addition, filter blanks
were run each day, consisting of purified water droplets pipetted onto new, unhandled filters to ensure that the procedure and
equipment were operating correctly and without unacceptable contamination (or the system cleaned and procedures improved
until contamination levels were deemed acceptable).

An alternative assay technique is to wash aerosol material off the filters in a larger volume of deionised water and take mi-
crolitre droplets from this volume for freezing experiments (O’Sullivan et al., 2018). Given the relatively short collection time
for aerosols on the filters, the drop-on technique was chosen because it utilises a greater fraction of aerosols collected during the
sampling period (approximately 30 times more aerosol per droplet). This gives greater sensitivity to the relatively small fraction
of all aerosols that are able to nucleate ice (Sanchez-Marroquin et al., 2021). Cemparison-Using filters collected in parallel,
comparison between the wash-off and drop-on techniques with-fitters-collected-in-parallelin-shows good agreement in the INP

concentration range-ove Heh—they-overmap ROV goot-agreementinmany-—<€ase ancnez-ivirarroguin-—<ct-a 0 Tanges

where the techniques overlap (Sanchez-Marroquin et al., 2021). However, in one-third of the cases th
duced lower INP concentrations that-at temperatures above 7' = —20°C, temperatures at which biological and biologically-

e wash-off technique pro-

enhanced INPs are active (Sanchez-Marroquin et al., 2021). The wash-off technique agrees well with other online and offline

INP analysis techniques for mineral dusts (DeMott et al., 2018) but produced lower INP concentrations for a cellulose sample

compared to other techniques (Hiranuma et al., 2019). Similarly, the wash-off technique has produced lower INP concentrations
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than a liquid impinger technique when measuring INP in the Arctic, which was attributed to the larger size cut-off of the
impinger technique (Li et al., 2023).

From droplet freezing temperatures, INP temperature spectra were derived using the framework of Vali (1971, 2019). For

each assay, freezing events were grouped into temperature bins of size AT = 1 K to calculate the differential nucleus spectrum,

1 AN
kassay(T) = —mln <1 - n(j’)>7 (1)

where Vj is the droplet volume (2 pL), AN is the number of droplets that freeze in a temperature interval and n(7T) is the
number of droplets unfrozen at 7', the upper limit of the bin’s temperature range. The error on AN according to the Poisson
distribution was propagated to find the error on kassay (') for the individual spectrum. The average differential INP spectrum of
the background filters, ks, was subtracted from the spectra for an individual assay to get the ‘true’ differential INP spectrum

for a sample,
E(T) = kassay (T') — kng (T). 2)

From this, the INP concentration, Ninp, was calculated as

ViA d
Nixp(T) = vd A; AT k(T), 3)
a 0

where V, is the volume of air sampled, Ay is the surface area of the filter exposed to aerosolH—, (11 +2 ch%,N and Aq is
the surface area of the filter in contact with a droplet(-04357-, (0.014 & 0.002) cm?}-—A-and-, Ay were-was calculated using

spherical cap geometry with a contact angle of 126° as in Price et al. (2018).
2.3 Scanning electron microscopy

Using the method described by Sanchez-Marroquin et al. (2019), SEM-EDS was used on two filters to ascertain the size-
resolved elemental composition of aerosol captured on the polycarbonate filters. The elemental eempostition-composition was
used to estimate the fraction of aerosol from terrestrial dust and marine sources. Portions of filter-the filters were mounted on 25
mm-diameterstubsand-mm diameter stubs, sputter-coated with 30 nm of platinum and analysed at the University of Leeds with
a Tescan Vega3 XM electron microscope fitted with an Oxford Instruments X-max 150 SSD energy-dispersive X-ray spectrom-
eter. Using AZtec 3.3 feature recognition software, the filters were scanned for aerosol particles, and a prescribed algorithm
was used to automatically classify particles into types-categories (e.g. mineral dust and sea-spray) using their elemental compo-
sition. This classification algorithm is further described in Sanchez-Marroquin et al. (2019). The elassified-particles-were-then

nned ordineo—to-the an ant oenher diamete A Miarmum—-diameter—ofO acchocen omfortab
a ttva a a a H a wa a A
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particles includes those which contain no elements other than those O and C, and therefore does not distinguish between or-
ganic or elemental carbon. Biological particles are therefore not explicitly classified using this method but can be qualitatively

identified on the basis on size and morphology (Sanchez-Marroquin et al., 2021). The classified particles were then binned

according to their equivalent spherical diameter. A minimum diameter of 0.3 m was chosen as it is comfortably above the
size threshold at which the feature recognition software detects erroneously features. The total surface area of aerosol sampled
in each composition category was normalised by the fraction of filter area analysed and the volume of air sampled during the
sampling run.

2.4 Optical probes

Two under-wing optical probes were used to measure aerosol number, surface area and volume concentrations during the
flight. These were the Passive Cavity Aerosol Spectrometer Probe 100-X (PCASP, Droplet Measurement Technologies with
SPP200 electronics) and Cloud Droplet Probe (CDP, Droplet Measurement Technologies). Both probes operate by measuring
the intensity of radiation from a laser that is scattered by incident particles. For the CDP, sampled particles pass directly
through the beam, while for the PCASP, a sample is enclosed in clean air before entering an optical chamber. Both probes use
the magnitude of the scattered radiation to assign the particle to one of 30 bins associated with the diameter of the particle
(Rosenberg et al., 2012). Although the CDP is designed to measure droplets, it has previously been used to measure coarse-
mode aerosol by adjusting the calibration of the probe to assume a refractive index representative of the aerosol sampled
(Sanchez-Marroquin et al., 2020). To do this, the calibration method of Rosenberg et al. (2012) was used to calculate the
particle diameters measured by each bin when given a refractive index. For this study, particle size distributions were first
obtained using real refractive indices ranging from 1.5-1.7 and imaginary components from 0-0.003i as in Sanchez-Marroquin
et al. (2020). Since the error associated with refractive index was small, a refractive index value of 1.56 4 0i was chosen for
consistency with Sanchez-Marroquin et al. (2020). When using a refractive index of 1.56, the PCASP measures particles with
a diameter range of 0.1-3 um, while the CDP measures particles with a diameter range of 4.5-70 um.

Previous studies have found that the ENP-filte

number reported by the PCASP and CDP probes is suppressed relative to particles counted on filter samples using SEM
Sanchez-Marroquin et al., 2019; Barr, 2023). The use of larger pore filters results—in—a-greatersample—flow—which—further
s—and a fully-open bypass line (as described in Sect. 2.2) minimised this discrepanc

To ensure that no cloud droplets or swollen hygroscopic aerosol were reported by the CDP, CDP data has-have only been

used when relative humidity was below 80% and when cloud-free air was identified using the Nevzorov hot-wire instrument.
The Nevzorov instrument derives the liquid and total condensed water content (liquid and ice) based on the power required to
melt and evaporate hydrometeors collected by the instrument (Korolev et al., 1998; Abel et al., 2014). The power supplied to
the Nevzorov probe is significantly different in- and out-of-cloud. Using this variation in power supply, a 1 Hz cloud-flag was

derived to partition the data as in- or out-of-cloud in a similar manner to Barrett et al. (2020).
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Figure 2. Locations of all filter samples taken during the ACAO campaign. Panel a displays the location of the sample relative to the cloud
deck while panel b shows Ninp(—15°C), the temperature-at-which-an-INP concentration ef-0-5-was-measured-at -15 °C for each sample.
All filters were taken in CAO conditions except €272+6¢27216.

3 Results

Successful INP analysis was performed on 23 filter samples. All but filter e272+6 ¢272r6 were taken when mixed-phase
boundary layer clouds associated with cold-air outbreaks were present. 13 samples were taken above the cloud deck, eight
225 were taken below the cloud deck and two were taken upstream of the development of the cloud in clear air. These sampling
locations were considered to represent air below, above and before the development of the atmospheric boundary layer over
sea respectively. The locations, altitudes and purpose of each filter measurement is shown in Table 1. Figure 2a shows that the

filter tracks were distributed throughout the development of the cold-air outbreaks.
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3.1 INP concentration spectra

Figure 3a shows a composite of the INP concentration spectra (Ninp (7)) measured throughout the campaign. Measurements
on and after the 21st March (e274 ¢274 onwards, when the flows had a northerly component) form a tight band of INP spectra,
all falling within about one order of magnitude and centred at about 1 L~! at -15 °C. Spectra from the 11th March through
to the 19th March (flights c271 to c273), when the flow directions were from the west or south had much more variable INP
concentrations with one filter measurement recording an INP concentration below 0.1 L=! at -15 °C (e273+2)>-c273r2) (see

Fig A1). The median CAO INP concentration during the campaign, N was described by the function

- _ . b
Ninp = VINp €XP {a (Trmax —T) } ; “)

with fitting parameters 7iyp = 1.480 x 10 2 LY, T = 226.2 K, @ = 1.271 K95 and b = 0.5. The fitting procedure used

to obtain Nynp is described in Appendix B, along with similar four-parameter fits for each individual filter measurement.
Figure 4 shows that INP concentrations during the ACAO campaign were among the highest recorded in the high latitudes

of the Northern Hemisphere in springtime. They are comparable with the highest mid-latitude INP measurements collated by
Petters and Wright (2015) and INP concentrations measured by Sanchez-Marroquin et al. (2020) in autumnal Icelandic dust
plumes. They were also similar to the highest INP concentrations reported by Porter et al. (2022) at the North Pole in August
2018 when aerosol was transported from the Russian coast. Both Rogers et al. (2001) and Prenni et al. (2007) used an online
thermal gradient diffusion chamber to quantify INP from an aircraft north of Alaska during May and September-October,
respectively. While they often saw no detectable INPs, they also report periods when INP concentrations were comparable to
(or sometimes greater than) those found in ACAO. Sanchez-Marroquin et al. (2023) report airborne INP measurements from
March in northern Alaska using the same filter technique as used in ACAO, revealing INP concentrations at least 1-2 orders
lower than in ACAO, with a steeper slope (many measurements were consistent with the background). These flights were not
focused on CAO events.

The only previous airborne springtime INP measurements made in vicinity of Svalbard were made by Hartmann et al.
(2020), who flew over sea ice in the Arctic Ocean and Fram Straight in late March and early April 2018 and collected aerosol
onto polycarbonate filters for a wash-off droplet freezing assay. Hartmann et al. (2020) collected filter samples from an entire
flight rather than in specific locations and reported INP concentrations that were 1-2 orders of magnitude lower than observed
during ACAO in three out of nine samples. The other six samples had lower INP concentrations, often consistent with their
handling blanks. The three higher INP samples, which contained heat sensitive INP, were associated with airflows with a strong
northerly component and satellite imagery (MODIS Land Science Team, 2020) shows classic CAOs on these days. In contrast,
the other samples were associated with less well-defined air mass trajectories that were not CAO events or, in one case, a CAO
where the air originated from the west in the Canadian archipelago rather than the central Arctic.

Geerts et al. (2022) reported INP concentrations derived using the wash-off technique during CAOs from December 2019
to May 2020 at Andenes on the coast of northern Norway. The ground based measurements at this downstream site revealed

INP concentrations that were 2-3 orders of magnitude lower than in ACAO. This might be consistent with loss of INP in
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the precipitating clouds in the CAO. Ground measurements of INP concentrations made during 2012 by Wex et al. (2019)
in Ny—Alesund (upstream of the CAO clouds in ACAO), using a quartz filter technique, were also 2—3 orders of magnitude
lower than those observed during ACAO. However, the highest INP concentrations observed in this dataset occurred during
265 the summer, rather than the springtime. A similar seasonal dependence was also observed in the high Arctic by Creamean
et al. (2022), who observed INP concentrations 2—4 orders of magnitude below those in the ACAO campaign during their year-
round INP measurements. Creamean et al. (2022) used a technique that involved size selecting aerosol and impacting them
onto petrolatum and then recovering these particles into water for a droplet freezing assay. Ship-based measurements of INP

in the ocean around Svalbardmade-, made with the wash-off technique between May and July 2017, made-with-the-wash-off

270  teehniqueswere 1-2 orders of magnitude below those made during the ACAO campaign (Hartmann et al., 2021).

Rinaldi et al. (2021) used two offline methods to measure INP concentrations sampled at a ground-based site near Ny-Alesund.
between April and August 2018. They found that using a Dynamics Filter Processing Chamber to measure INP concentration
using condensation freezing yielded INP concentrations approximately eight times greater than those yielded by a droplet-freezing
assay measurement using a wash-off technigue. However, the highest concentrations measured by Rinaldi et al. (2021) were

275 lower than the lowest observed during ACAO and were typically 1-3 orders of magnitude below those made-during-the ACAO
eampaign-tHartmann-et-ak;202Hmeasured in this campaign. Similarly, Liet al. (2023) used several different techniques to
measure INP at a Ny-Alesund ground site during October and November 2019, These included an impinger sampling method.,
a continuous flow diffusion chamber (CFDC) and a polycarbonate filter wash-off technique. These measurements had a much
greater spread than those in ACAO and were typically 1-4 orders of magnitude lower. However, the measurement spread

280 reduced at lower temperatures, and if extrapolated log-linearly, wash-off measurements were consistent with measurements
made by the CFDC at T = —30 °C. Similarly, although the CFDC measurements were made at lower temperatures than INP
measurements in ACAO, the two were consistent if the ACAQ spectra were extrapolated log-linearly as the gradient of INP.
spectra in ACAQ was lower than those measured by Li et al. (2023).

Comparison with the INP literature presents a somewhat confusing picture. It may simply be the case that there is strong

285 variability on a range of spactal-spatial and temporal scales. However, there may also be differences between techniques. As

noted in the methods section, intercomparison of assay techniques reveals similar results for some INP types (DeMott et al.,

2018; Wex et al., 2019), but substantial differences between different techniques for some INP types (Hiranuma et al., 2019).

(Beathetal;2620) Additionally, intercomparison of assay techniques on simultaneously-taken samples of ambient aerosol
2023; Lacher et al., 2024)

290 . Beall et al. (2020) report that biological INP can sometimes be lost on storage and transport, which we largely avoid by pro-

during field campaigns has shown both consistencies and inconsistencies between techniques (Li et al.,

cessing our filters during the campaign in a temporary laboratory. While the droplet-on-filter technique used here was not
included in the formal intercomparisons, it has shown different responses in other environments and the results are consistent
with what might be expected. For example, this technique produced INP concentrations several orders of magnitude smaller
than in ACAO during March 2018 near Alaska (Sanchez-Marroquin et al., 2023). In dust ptums-plumes emerging from Africa,
295 this technique produced much steeper INP spectra than in ACAO (Price et al., 2018) and the INP concentrations were consistent

with laboratory derived activity of K-feldspar in mineral dust (Harrison et al., 2019). Measurements in the UK revealed a strong
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Figure 4. INP concentrations measured in a number of different field campaigns in the  Arctic

Creamean et al., 2022; Geerts et al., 2022; Hartmann et al., 2020, 2021; Li et al., 2023; Prenni et al., 2007; Porter et al., 2022; Rogers et al., 2001; Rinal

. These are compared to mid-latitude INP measurements from precipitation samples collated by Petters and Wright (2015).

biological ~‘*hump’ consistent with ground-based measurements (Sanchez-Marroquin et al., 2021). In addition, measurements
in dust plumes emerging from Iceland produced active site densities consistent with laboratory measurements of Icelandic dust
(Sanchez-Marroquin et al., 2020) and other high latitude dusts (Barr et al., 2023). Continued efforts are needed to intercompare
INP assay techniques and better understand the influence of storage, but high Arctic INP concentrations have been observed
using various techniques by various groups.

Overall, the literature in combination with our new measurements indicates that INP concentrations during northerly CAOs

in this region, where the air is drawn from the central Arctic, can at least sometimes have mid-latitude like INP concentrations.
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Figure 5. Size distributions of a particle number, b particle surface area and ¢ particle volume measured with the PCASP and CDP probes

during each filter sample. Probe data was unavailable during flights €273 ¢271 and €272¢272. A version of this figure where each size

distribution is individually labelled according to the sample it is associated with can be found in Appendix A.

3.2 Aerosol environment in CAOs

To try to understand the sources and variation of the high INP concentrations observed during the campaign, we used observa-
tions from the PCASP and CDP underwing probes to investigate the aerosol environments during filter sampling.

Size distributions of aerosol particle number, /N, surface area, S, and volume, V/, are presented in Figures-Figure 5. To
derive surface area and volume, aerosols were assumed to be spherical. The size distributions of aerosol measured during
the campaign were mostly similar in shape, but with values of dN/dlog (D) that spanned 2 orders of magnitude. Number
concentrations of aerosol were dominated by sub-micron particles. Few super-coarse aerosol particles (diameter D > 10 pm)

were observed, though particles with diameters greater than 30 um were at the edge of the detection ability of the CDP. Sub-
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and super-micron particles contributed approximately equally to the total surface area of the aerosol. Number concentrations
of aerosol observed were consistent with those observed over the Norwegian Sea during the March—April 2013 Aerosol-
Cloud Coupling And Climate Interactions in the Arctic (ACCACIA) aircraft campaign using the PCASP and CDP instruments
by (Youngetal;26+6)Young et al. (2016). However, the number concentration of sub-micron aerosol was up to 2 orders of
magnitude greater than in March observations of aerosol using a ground-based aerodynamic particle sizer near to Ny-Alesund

made by Song et al. (2021) from 2015-2019. The number concentration of aerosol with diameter between 0.1-0.5 pm observed

during ACAO was also an order of magnitude greater than that measured at Ny-Alesund during the COMBLE campaign

though concentrations were similar between 0.5—1 um (Williams et al., 2024).
Figure 6 shows aerosol profiles from each of the flights where PCASP and CDP data was-were available. Measurements

of aerosol concentration where INP-coneentration-filter samples were made are highlighted in-orangeaccording to their INP
concentration, showing that the INP filter samples taken were subject to in aerosol concentrations representative of the aerosol
environment at these heights measured throughout the flight. Aerosol concentrations near the sea-surface (<500 m above sea
level) were consistently 100-200 cm™. These measurements were comparable to measurements made in early April 2022
near Svalbard during the HALO-AC? campaign (Wendisch et al., 2024). However, the vertical distribution of aerosol varied
much more between flight days. On three flying dayste274--e277/e278 and-e281/e282);, aerosol concentrations were
approximately constant from the surface up to 7500 m. These were ¢274, which had a northwesterly flow, and ¢277/c278
and ¢281/c282, which both had northerly flows. These contrasted with three days where the aerosol concentration decreased
with altitude in the boundary layer(e273;—e275/e276 and-c279)-and-one-day—where—, These were c273, which had a
westerly flow, and ¢275/c276 and c279, which both had northerly flows. Finally, acrosol concentrations increased with altitude
©280during flight ¢280, another day with a northerly flow.

3.3 Size-resolved aerosol composition

SEM analysis to determine size resolved composition was performed on two polycarbonate filters sampled during filter runs

€279+ and-e278+2c279r] and c278r2. These filters were selected to represent the aerosol upstream of the CAOs—Filter

e279¢3 , and had IV, —15°C) of (0.49+0.15) L1 and (1.4 + 0.4) L~! respectively. These represent INP concentrations

at the 33rd and 90th percentiles of samples taken in CAOs. Filter c279r1 was sampled at an altitude of 155 m over the marginal
sea ice zone, while filter e278+2 c278r2 was sampled at an altitude of 1725 m above the Svalbard archipelago and surrounding

sea ice, prior to cloud development. The size and elemental proportions of 1,101 and 451 particles respectively were analysed
on these filters.

Composition analysis and particle-size distributions derived using SEM for each of the filters are shown in Figure 7.
Both filters showed that a large proportion of the particles were consistent with mineral dusts, with Si-rich and Al/Si-rich
particles representing over half of the proportion of super-micron particles. There were also significant numbers of carbona-
ceous aerosol in the sub-micron range, although eur-this method cannot confirm if they were of biological origin. We did not

note any particles that were qualitatively of biological origin on the basis of size or morphology, as we-have-done-previously
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Figure 7. Particle-size distributions and particle composition derived from scanning electron microscopy for filters €279+% c279r1 (left)

and e278+2 c278r2 (right). Sample c278r2 was taken upstream of cloud development, while sample ¢279r1 was taken below the northern
extent of CAO cloud streets. Both were taken in northerly CAOs. Solid lines show particle-size distributions derived directly from the

SEM measurements, while dotted lines show the particle-size distribution derived from the underwing probes in the diameter ranges, as in
Fig. 5. Composition is shown for each size bin. Size bins with greater values of d/N/dlog (D) contain more particles. White regions of the
composition plots indicate that no particles were detected in this size range. Sea aerosol refers to aerosols likely to correspond to either fresh,

aged or mixed sea spray aerosols.

{Sanchez-Marrequin-et-al5s2021H;noted previously in Sanchez-Marroquin et al. (2021). However, due to the relatively small

fraction of filter analysed, their presence cannot be ruled out. Despite filter sample €278+2 c279r1 being taken close to the
marginal ice surface, less than a quarter of the particles showed clear signatures of sea-spray (such as the presence of both
sodium and chlorine), though some of the carbonaceous or sulfurous aerosol could be of marine origin. The total surface area
of mineral dust particles, being the sum of Si-rich, Si-Al rich, Si only and Ca-rich classes, was calculated as 1.0 umzcm_3
and 0.6 pm?cm 3 for €279+ 1 and-e278+x2¢279r] and c278r2, respectively. These values are consistent with measurements
of aerosol 91 — 375 m over the Norwegian Sea in March by Young et al. (2016) made during the ACCACIA campaign. Filter
e279++ ¢279r] showed very few particles with clear sea-spray signatures, consistent with its higher altitude and location over

sea ice. Metal-rich particles are present in the smaller size fraction, although these have been previously found as contaminant
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Figure 8. A comparison of Nixp /Saer measured during the ACAO campaign to measurements of active ice nucleation site density in the high
Arctic by Porter et al. (2022) and parametrisations of active ice nucleation site density (Chen et al., 2021; Harrison et al., 2019; McCluskey

et al., 2018b; Niemand et al., 2012; O’Sullivan et al., 2018; Sanchez-Marroquin et al., 2020; Steinke et al., 2016).

355 particles on blank filters. These were likely to be produced by the microscope mechanism so it is not clear if they are artefacts

or from the atmosphere.

The aerosol number measured by the SEM is generally 2-4 times below the aerosol number reported by the PCASP and
CDP probes, or shifted to about 30% smaller sizes. Previous studies using this technique have also found similar magnitudes
of discrepancy between the technigues. In these cases, SEM has sometimes measured more particles than the optical probes,
360 and sometimes less (Sanchez-Marroguin et al., 2020, 2021). Using a different SEM technique, Young et al. (2016) found the
PCASP and CDP probes reported concentrations up to 100 times greater than SEM and attributed this larger discrepancy to
measurements of cloud droplets or swollen aerosol since they sampled at high relative humidity (RH), often with RH > 90%.
We discarded PCASP measurements made in-cloud or above RH = 80% to bias against swollen aerosol. However, even at
RH = 80%; the diameter growth factor of typical organic aerosol has been reported between 20-50% (Martin et al., 2003; Latimer and Mart
365 . For sea salt, the diameter growth factor at RH = 80% has been reported between 60-100% (Tang et al., 1997; Martin et al., 2003; Murray
- Hygroscopic growth of these species might go some way to explaining our discrepancy. However, the measured size and
number of the mineral dust particles should not be affected by humidity.

3.4 Ice-nucleating activity of samples

To determine how ice-nucleating activity depends on the physical properties of the aerosols, the aerosol-size distributions pre-
370 sented in Figure 5 were used to calculate total aerosol number N,,, surface area, S,e;, and volume, Ve, for aerosols with

D > 0.1 pm, assuming spherical geometry. Figure 3 shows the INP concentrations normalised by aerosol number, area and
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volume. Normalising Ninp by N, failed to reduce the spread in values between measurements, while normalising by Sye;
and V., increased the spread between measurements. This indicates that the INP concentration does not scale with the overall
aerosol surface area or volume. This is consistent with the INP being a subset of the aerosol particle population with non-ice nu-
cleating components of the aerosol particle population being the primary driver of variability in S,er and Vie,. Other studies of
Arctic and high-latitude INP (e.g. Porter et al. (2022); Barr et al. (2023); Sanchez-Marroquin et al. (2023); Moore et al. (2024
) have also found that normalising by surface area fails to reduce the measurement spread.

In Figure 8, measurements of NiNp/Saer are compared to measurements of active site density reported for well-defined

samples as well as from other field campaigns. Both the magnitude and shape of the curve of Ninp/Saer values from ACAO
are similar to those measured by Porter et al. (2022) at the North Pole in late summer. This indicates that there is perhaps some
commonality in INP between these two campaigns, even though the timing and location were very different.

To compare NiNp/Saer to active site density for well-defined samples, such as mineral dusts or sea spray, we note that
these comprise only a fraction of the surface area in the aerosol samples in ACAO (see Figure 7). In the case of sea spray,
our Ninp/Saer Values are many orders of magnitude greater than the active site density for pristine sea spray reported by
McCluskey et al. (2018b), hence we conclude that the INPs we observe are not related to pristine sea spray.

Integration of the size distributions in Figure 7 reveals that 32% (e279p+c279pl) and 53% (e278p2c278p2) of the overall
aerosol surface area was mineral dust. Assuming that the aerosol composition was similar across the campaign, values of
Ninp/Saer would be 2-3 times smaller than values of active site density normalised to the mineral dust surface area rather
than the overall aerosol surface area. This allows us to compare with literature parametrisations of active site density for
minerals in mineral dust, desert dusts and soil dusts containing ice-active organic material in Figure 8. Comparison with K-
feldspar, the most active mineral component of atmospheric mineral dusts (Harrison et al., 2019; Vergara-Temprado et al.,
2017) shows that K-feldspar alone cannot account for the magnitude of the observed active site densities above -20 °C as
the temperature dependence is too steep. This implies that there is some other component in these samples that nucleate ice.
Above -20 °C, measurements fall between the active site densities reported for agricultural soil by Steinke et al. (2016), fertile
soils by O’Sullivan et al. (2018) and general mineral dusts (from fertile and infertile sources) by Niemand et al. (2012). The
measurements are also similar to the active site densities for super-micron Asian dust reported by Chen et al. (2021) and
Icelandic dust measured by Sanchez-Marroquin et al. (2020).

In conclusion, the high values of Ninp/Saer of the ACAO samples at temperatures greater than -20 °C suggests a strong

biogenic component to the INP population (Huang et al., 2021), potentially corresponding to mineral dust containing biological

components, such as fertile soils.
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3.5 Variation in INP properties with altitude and position in CAOs

To understand how the INP spectra varied with altitude in northerly CAOs (flights €274 te-e282¢274 to ¢282), Ninp(—15°C),
the INP concentration at -15 °C, as well as the same quantity normalised by surface area, is shown relative to altitude in Fig-
ure 9. This temperature was chosen to be representative of typical cloud temperatures in ACAO and as spectra with relatively
high INP concentrations at -15 °C had similarly high concentrations relative to other INP spectra in the campaign across all
temperatures.

Considering Ninp(—15°C), the samples fall into two groups, as shown in Figure 3. Samples taken above cloud and up-
stream of the clouds fall into a group where mean Ninp(—15°C) = 1.3 L~ above the cloud, whereas the below-cloud value
is 0.54 L~!. This indicates that the below cloud INP concentrations are approximately 2.4 times smaller than the above-
cloud measurements. This is consistent with a free tropospheric source of INP rather than a source from the surface. It is
also possible that there is a removal of INP in clouds, which we return to below. When normalised to the aerosol surface
area (NiNp(—15°C)/Saer), the gap between the two groups is even larger with above cloud values are-approximately—7-0

approximately 8.8 times larger than the below cloud values. Similar relationships between INP activity and altitude were found
by Moore et al. (2024) who observed INP concentrations normalised by surface area above cloud in the SOCRATES campaign
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Figure 9. Variation with altitude of a INP concentration at -15 °C and b INP concentration at -15 °C normalised by aerosol surface area in

northerly CAOs.

were greater than those below cloud. Additionally, Knopf et al. (2023) found that during measurements on INP in the Eastern

North Atlantic, the efficiency of deposition ice nucleation was greater for samples taken in the free troposphere than the marine
boundary layer. The reduced Ninp(—15°C)/Saer below cloud is due to the enhanced aerosol surface area below cloud in the

CAO that was most likely related to the enhanced sea spray production (consistent with the visual observations of extreme sea
states related to the high wind speeds in the CAOs that we flew in). The enhanced aerosol surface area below cloud compared to
above cloud is clear from Figure 5. This reduction in activity is consistent with the sea spray producing a negligible concentra-
tion of INPs (see section 3.4), but where this additional aerosol reduces the active site density. Using the average below-cloud
aerosol surface area with the parametrisation of (McCluskey et al., 2018b), the INP concentration at -15°C would be expected
to be 71024 x 10~* L~ if the only INPs below cloud were sea-spray. Our measured INP concentration is more than 3
orders of magnitude greater than this, again indicating that sea-spray is not an important INP type in these CAO events.

On three flights (Table 2) two below-cloud filter samples were made at different points in the CAO. We might expect aerosol

and INP scavenging to increase further south as CAOs develop, especially in the cumulus regime where intense precipitation

might efficiently remove particles. A downwind decrease in aerosol number concentration in Norwegian Sea CAOs attributed
to precipitation scavenging has previously been observed by Williams et al, (2024). Using the values of Nixp(—15°C) and

the total aerosol surface area Sy, the factors of change in INP concentration (Finp), ice-nucleating activity (Fs) and surface
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were calculated. These values are displayed in Table 2 with the difference in latitude between the measurements, A. Both
the INP concentration and the ice-nucleating activity decreased with latitude. The total surface area of the aerosol increased
in two flights by 70-and-9669 and 85%, but decreased slightly-by 25% in one pair. The upwind filters were sampled under
stratocumulus conditions, while the downwind filters were in a mixture of stratocumulus and cumulus, with precipitation in
two cases (e280+4 and-e282+3)—Thesec280r4 and c282r3).

During flight ¢280, two pairs of above and below-cloud filter samples were taken along the same wind trajectory (Figure 1b).
The northern pair were taken where the clouds had stratocumulus forms, whereas the southern pair were taken where the
clouds were in the cumulus regime. Comparing the INP spectra for these samples in Figure 10 shows that except at the
very highest temperatures, where the error is large, there is little difference between the samples taken above and below the
stratocumulus (c280rl and ¢280r2, respectively) and the sample taken above the cumulus (c280r3). Closeness between the
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three INP measurements may be expected if the main INP source entering the system is upwind of the CAO clouds. However.

the southern sample taken below cumulus (c280r4) has over five times fewer INPs at temperatures below —11°C.
Together, these results are consistent with INP being removed by cloud and precipitation scavenging in the CAO, al-

though this conclusion is based on only three cases. In—thefutarelf precipitation scavenging is strong, it is possible that
the INP concentrations measured during ACAO could be consistent with the INP concentrations measured at Andenes b
Geerts et al. (2022). As such, it would be helpful to have-test this with future aircraft INP measurements much deeper into

the cumulus regime (i.e. further south)to-tes

preeipitation—seavenging. This was not feasible in ACAO due to a combination of unfavourable meteorology, airspace restric-

tions and the prioritisation of tasks within the available flight time.
3.6 Backward trajectory analysis

To investigate the potential sources of sampled aerosol, backward trajectories were produced for each sample using the Hybrid
Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT) (Stein et al., 2015). Meteorological data from the Global
Data Assimilation System (GDAS) at 1° resolution was used to obtain the trajectories. The backward trajectories were run
for seven days and initiated along each flight track at three-minute intervals during each of the sampling periods to produce
multiple trajectories. Figure 11a shows these trajectories and Figure 11b shows the INP concentration at 7" = —15°C associated

with each airmass. The majority of the airmasses associated with northerly cold-air outbreaks circulated in the high Arctic for

several days.

associated with westerly eeld-air-outbreaks{e273;<274CAOQOs (c273, c274) typically passed over Greenland, the Atlantic

Ocean or Canada. There-Some of the airmasses associated with northerly CAOs passed over Asiatic mid-latitudes 6—7 days
rior to sampling. However, there was no clear correlation between INP concentration and airmass origin—This-is-consistent

with-there-beingno-distinet-sourees—, suggesting that the airmasses did not interact with a distinct source of INP in 7 days
transport. This might be consistent with a diffuse INP source across the whole of the Arctic region, or that the INP were

es-Alrmasses

emitted further back in time than 7 days ago and transported into the Arctic where they circulated around in the Arctic’s stable

atmosphere prior to being drawn out in CAO events. We return to these ideas in the next section.

4 Discussion of potential INP sources

The INP concentrations measured during the ACAO campaign were amongst some of the highest measured in the Arctic
(Figure 3 and associated discussion). We now discuss several possible explanations for these high concentrations and thus the
potential sources of INPs.

If the INP were of local origin, strong local sources of INPs would be required to explain the high INP concentrations.
Potential local sources of INPs in the region of the Norwegian Sea (Figure 1a) include upstream INP sources from Arctic land
such as the Svalbard archipelago, continental INPs from Europe, sea-spray aerosol from the open sea, polynyas and open leads.

However, there are several reasons why these Arctic sources are unlikely to play a major role.
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Figure 11. Seven-day backward trajectories of airmasses sampled. Two trajectories are shown for each sample, corresponding to the start
and end of the sampling periods. There was little variation in trajectories at intervals within the sampling periods. Panel a shows the alti-
tudes associated with the trajectories, while panel b shows the relative magnitude of INP concentration, vinp. Backward trajectories from

€272¥6¢272r6, measured in a warm-air intrusion, are not included.

The presence of dust indicated by the SEM analysis and the consistency of the measured active site densities shown in
Figure 8 with those previously measured for biologically-enhanced mineral dusts could indicate a local terrestrial source
of INPs. It has been shown that mineral dusts from high latitude sources contain ice-active biogenic materials (Barr et al.,
2023; Tobo et al., 2019; Xi et al., 2022), hence dust might be sourced from the Svalbard archipelago or Greenland. However,
back-trajectory analysis does not indicate that airmasses directly from Svalbard or Greenland are consistently associated with
the most active INP samples. Additionally, the pristine snow-cover over land in March means that emissions of aerosol are
strongly suppressed and are therefore unlikely to dominate the INP population observed during ACAO (Bullard et al., 2016;
Meinander et al., 2022). Although there have been reports of dust emission events on Svalbard happening as early in the year
as May (Dornbrack et al., 2010), these events in Svalbard are typically reported in autumn when snow cover is at its minimum

(Meinander et al., 2022; Rymer et al., 2022).
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It is also unlikely that transport of mid-latitude continental INPs from Europe directly into the cold-air outbreak regimes was
a dominant source of INPs since the cold-air outbreak conditions exhibited northerly or westerly flows. Early in the campaign,
there were prolonged warm-air intrusion conditions exhibiting south-westerly winds. However, some of the INP concentrations
measured in the cold-air outbreak immediately after the warm-air intrusion had subsided (e273+2¢273r2) were the lowest
measured in the campaign.

Several aspects of the measurements suggest that sea-spray aerosol from the open sea was neither the dominant INP source
nor a significant contributor to the ice-nucleating activity. Neither of the aerosol samples analysed with SEM showed that
aerosols with clear sea-spray origins dominated the aerosol number, with less than 20% of the aerosol in the sample taken at an
altitude of 155 m over the marginal ice zone having a sea-spray origin. In the boundary layer, the measured INP concentrations
were several orders of magnitude higher than those measured in similarly remote areas in the Southern Ocean or the North
Atlantic where sea-spray aerosol is the dominant INP source (McCluskey et al., 2018a, b; Schmale et al., 2019; McFarquhar
et al., 2021; Tatzelt et al., 2022). Furthermore, while the INP concentrations were similar above and below the cloud decks,
the samples with highest active site density were found above the cloud systems and particularly upstream of the outbreak
(Figure 9), environments unlikely to have large sea-spray components. Considering all these aspects, it is unlikely that sea-
spray aerosol was a dominant source of INP.

Anetherfinal-A final potential local source of INPs is the sea ice and leads in the sea ice. It has previously been hypothesised
that open leads could be a significant source of INPs in the Arctic (Bigg and Leck, 2001). However, observed INP concen-
trations from ship campaigns passing through leads have found INP concentrations several orders of magnitude below those
measured in ACAO (Bigg and Leck, 2001; Creamean et al., 2022). Furthermore, backward trajectories from the high Arctic
measurements of INPs by Porter et al. (2022) showed that airmasses which had spent the majority of the past week over sea
ice had the lowest INP concentrations. Snow blown from the surface of sea ice has been shown to be a source of sea salt
aerosol (Yang-et-al;-2008)(Yang et al., 2008; Gong et al., 2023), though there has been little investigation into this mechanism
as a potential INP source, and the reduced activity of INP samples below the cloud deck again suggests that this would be
unlikely to dominate the INP population. Together, these suggest that the sea ice was not a dominant source of INP during the
ACAOQ campaign.

Further evidence against a local surface source of INP is that INP concentrations in northerly CAOs were fairly constant
with altitude up to 3-5-km-3 km (Fig 9). A local surface source would lead to enhanced INP at the surface in the highly stable
stratified atmosphere of the Arctic in winter and early spring. However, high INP concentrations persistent during all flights
between 21st and 30th March across a wide area. Additionally, there are no large-scale ascending air masses exiting the Arctic
that would carry the aerosol to 3 km altitude, and convection is limited to altitudes lower than 2.5 km even in well-developed
CAOs.

Since it is unlikely that the dominant INPs had a local terrestrial or marine source, it follows that the high INP concentrations
are likely to have originated by long-range transport. During the boreal winter aerosol in the Arctic atmosphere can then have
lifetimes on the order of weeks or months as a result of the dry and stable conditions leading to weak aerosol scavenging

(Carslaw, 2022). Coupled to this, we know that transport into the Arctic over the winter months leads to the build up of
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pollution, dominantly from Eurasian sources that gives rise to the phenomenon of Arctic haze (Shaw, 1995; Stohl, 2006;
Ekman and Schmale, 2022). While the anthropogenic component of Arctic haze has received substantial attention, it is also
wel-know-than-well-known that other mid- and low-latitude aerosol are transported into the Arctic along with this pollution
aerosol, such as mineral dust from the African and Asian deserts (Rahn et al., 1977; Shi et al., 2022). Barrie (1986) suggested
that the Arctic front extends as far south as 40° N in winter over the Eurasian land mass, encompassing sources such as the
Asian deserts as well as numerous pollution sources. Arctic haze layers have been reported to occur up to approximately 9 km
altitude and have spacial extents on the order of 1000 km (Barrie, 1986). Our measurements of a widespread and vertically
uniform distribution of INPs exiting the Arctic during the second half of March 2022 are consistent with a vertically extensive
“reservoir” of INPs in the Arctic similar to pollution-related haze.

Previous airborne measurements of Arctic haze by Borys (1989) suggested that Arctic haze, when identified by large sig-
natures of anthropogenic pollutants, had 10-100 times fewer active INPs at -25°C than Arctic aerosol samples with fewer
pollutants. However, these low-pollutant samples may have been transported into the Arctic from low-latitude INP-rich envi-
ronments, like desert regions, without being mixed with anthropogenic sources. Accordingly, aerosol traditionally defined as
Arctic haze due to its large pollution signature may not be associated with aerosol of lower latitude origin that has a high INP
content. Springtime measurements of dust over the Norwegian Sea by Young et al. (2016) during the ACCACIA field cam-
paign were attributed to long-range transport and had elemental composition ratios similar to those from Asian dust. During
the ACCACIA campaign, plumes of aerosol from eastern and northern Asia were observed, which were hypothesised to have
transported dust to the region (Liu et al., 2015; Young et al., 2016). As mentioned above, Asian dust has been thought to be a
source of Arctic Haze since the 1970s (Rahn et al., 1977), while recent modelling by Shi et al. (2022) showed that during the
spring months, less than 20% of the Arctic dust load above 900 hPa was emitted in the Arctic and that approximately 50% of
the dust load at all heights came from Asia. Modelling by Groot Zwaaftink et al. (2016) also attributed approximately 38% of
the Arctic dust load to Asian sources. This is significant since Asian dust is known to contain ice-active biological components
(Creamean et al., 2013; Chen et al., 2021), which might be consistent with high ice-nucleating activities akin to those observed
in ACAO. Transport routes for such biogenic containing Asian dust have been demonstrated by Zhao et al. (2022), while year-
round LIDAR observations by Ansmann et al. (2023) in the high Arctic have suggested that a small fraction of dust aerosols
may control ice nucleation outside of the summer. Based on the above evidence, we suggest that the dominant INP observed
in ACAO was mineral dust internally mixed with ice nucleating biogenic materials that originated from the lower latitudes and

was transported into the Arctic through similar transport routes as Arctic haze.

The hypothesis of an INP reservoir appears to contradict previous remote sensing studies that use observations of Arctic
clouds to infer spatial variations in INP concentrations. For instance, Carlsen and David (2022) define a temperature, 7°7, at
which mixed-phase clouds become more frequent than liquid clouds, and use this as a proxy for freezing initiated by INP.
They find that in winter, when Arctic haze builds up, 77 is lower over the sea-ice than the open sea, which they attributed

ression of INP emissions (and concentrations) caused by sea-ice cover. However, differences in ice concentrations

between ice-covered and ice-free regions in high Arctic clouds may not reflect differences in INP concentration but rather
differences in cloud microphysics related to cloud dynamics. For example, clouds over ice are shallow, long-lived and relativel
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575  stable compared to the deeper clouds with colder tops over ocean regions (Morrison et al., 2012; Arteaga et al., 2024). The long
lifetime of these arctic clouds provides time for INP to be scavenged from the atmosphere, thus their small ice content may be a
consequence of their history rather than the INP concentration when they first formed. Similarly, Murray-Watson and Gryspeerdt (2024)
used satellite observations to suggest that increasing ice concentrations downwind in CAOs imply increased INP concentrations
downwind, associating this with increased emissions of sea-spray INP. This contrasts with our linked in-situ measurements of

580  below-cloud INP that reveal a decrease in INP concentration downwind (Table 2). The increased downwind ice concentrations
observed by Murray-Watson and Gryspeerdt (2024) may be related to secondary ice processes, rather than INP, since these are
associated with strongly-convective clouds which are more likely to occur downwind. Additionally, clouds later in the CAOs
tend to have lower cloud-top temperatures, naturally increasing the concentrations of ice.

5 Summary and conclusions

585 We have-made the first airborne measurements of INPs targeted at cold-air outbreaks over the Norwegian and Barents seas.
We made-took 23 filter measurements and performed droplet freezing assays using a droplet-on-filter technique to determine
INP concentration. INP concentrations measured over a large area of the Norwegian and Barents Seas between-39-and-3403
m-altitude-at_altitudes between 40-3400 m were amongst the highest reported in the Arctic, with Nixp (—15°C) ranging
from 6:2-30.18-2.1 L' when the airflow had a strong northely component. This indicates that high INP concentrations were

590 horizontally and vertically widespread in these northerly flows conducive to CAOs and boundary layer cloud formation, and
persisted for at at least 12 days in late March. These high INP concentrations contrasted with previous surface measurements
made in the same region and at the same time of year, but overlap with other airborne measurements using an online measure-
ment technique. The lowest INP concentrations we measured during ACAO, Mxp{—+5263=0:03Njyp (—15°C) = 0.03 L,
were in a westerly CAO. These results, combined with the literature data highlight the importance of targeting INP measure-

595 ments on-during specific meteorological events since an average INP concentration for this region and time would probably
not well-represent the INP population for specific CAO clouds.

To investigate the source of the high INP concentrations, we used particle-size data from the underwing probes of the aircraft
to normalise the INP concentration by the total aerosol surface area to gain an estimate of the density of active ice nucleation
sites across the samples. Comparing this to literature measurements of active site density suggested that the INP population

600 was likely te-be-dominated by mineral dust with ice-active biogenic components. Additionally, the samples with highest ice
active site densities were found above the cloud system, suggesting that the INP population was not dominated by sea-spray
aerosol. Scanning electron microscopy with energy-dispersive X-ray spectroscopy on two filters collected upstream in the
cold-air outbreaks showed the presence of mineral dusts accounting for 30% or more of the aerosol surface area. Considering
the meteorology during the campaign and activity of the samples, it is likely that the majority of the INPs did not come

605 from local sources, but instead came from long-range transport mechanisms more commonly associated with the Arctic Haze

phenomenon. As such, we suggest that the high INP concentrations measured during the ACAO campaign were due to the
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presence of biogenically-enhanced dust, which dominated the ice nucleation processes rather than sea-spray aerosol in spite of
the remoteness of the region.

These new measurements of INP concentrations measured in the ACAO campaign raisesTaise important questions for our
understanding of Arctic mixed-phase clouds. The strength of the cloud-phase feedback depends on the balance between ice
and liquid in clouds in the present day, with clouds with more ice having a greater negative feedback on climate in a warming
world (Murray et al., 2021). Our results suggest that the magnitude of the cloud-phase feedback may be larger in Northern
Hemisphere CAOs compared to their Southern Ocean equivalents where it has been shown that the INP populations are many
orders of magnitude smaller than in ACAO. Clearly, further work is needed to establish how representative ACAO was for
CAO conditions in the Arctic. Nevertheless, future modelling work should investigate the response of Arctic mixed-phase
clouds with these INP concentrations to warming to reduce the uncertainty on this feedback.

The high INP concentrations measured in ACAO may also impact the transition between stratocumulus and cumulus clouds
in CAOs, which is partially controlled by precipitation (Abel et al., 2017). Since enhanced INP concentration can enhance ice
growth and thus enhance precipitation, these high INP concentrations may act as a control on CAO development. Modelling
that investigates the strength of control that INP concentration exhibits on CAO development would be useful to understand
the impact of INPs on CAO cloud cover and thus radiative forcing. Finally, airborne measurements above and below the cloud
deck have helped to establish the dominant INPs in these case studies. We recommend that more aircraft measurements are

made in

air of direct

relevance to clouds in order to better understand the relationship between cold-air outbreak cloud properties and INPs.

Appendix A: Individual INP spectra and associated aerosol-size distributions

Figures Al and A2 show individually-labelled INP spectra and aerosol-size distributions respectively, as in Figures 3 and 5
where they are grouped by location relative to cloud.

Appendix B: INP spectra curve fittin,

Our measurements show that the entire INP spectrum (/V; T')) varied over the campaign (Figure 3). To represent the INP

concentration across the full temperature spectrum in future modelling work, particularly when modelling individual case
studies, we fitted all spectra to a four-parameter function. This function took the form

b
Nie = vine exp [ (Tnax =)', (B1)
The parameter 7, represents the greatest temperature at which a freezing event was observed, a and b are shape parameters

that determine the curvature of the function, and v is a scale parameter related to INP concentrations (if the shape were
constant). For INP spectra with the same shape, greater values of vyp indicate greater INP concentrations across the entire
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Figure A2. Size distributions of a particle number, b particle surface area and ¢ particle volume measured with the PCASP and CDP probes
during each filter sample. Probe data was unavailable during flights c271 and ¢272.
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Figure B1. All measured temperature spectra for (a) INP concentration and (b) INP concentration normalised by aerosol surface area were
fitted to Eq. B1 and B2 respectively. In both panels, examples of fits to randomly-chosen spectra with relatively high, medium and low INP
spectra are demonstrated. In panel a, the red line shows the function fitted to the median INP concentration observed during the campaign,
where vinp = 1.480 X 107 L™, Thnas = 2662 K, 0 = 1.271 KZ" and b= 0.5. In panel b, the red line shows the function fitted to the
median active site density observed during the campaign, where vs = 3.712 x 10° m ™%, Ty = 2664 K, a = 1.273 K" and b= 0.5.

temperature range. The same functional form was also applied to active site density spectra, which were fitted to the equation

NINP/Saer = Vsexp |:Cl (Tmax - T)b:| (B2)

Fitting parameters for all spectra are given in Table B, while examples of this fitting are shown in Figure B1, where
functions for three individual samples, ¢273r2, ¢277rl and c276r2 are illustrated. These represent filter measurements with
low, medium and high INP concentrations and active site densities and demonstrate the ability of the function to represent all
INP concentrations during the campaign. Equations B1 and B2 were also used to create parametrisations for the median INP

concentration and active site density across the campaign for springtime CAOs in the region (excluding ¢272r6, which was not

made in cold-air outbreak conditions). These are also shown in Figure B1.
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Code and data availability. Code used for analysis and the creation of the figures in this notebook can be found at https://doi.org/10.5281/
zenodo.11221398. Raw and processed INP data and metadata, processed aerosol-size data and INP data normalised by this (e.g. Ninp /Saer),
HYSPLIT inputs and outputs and Nevzorov clear-air flags are contained can be found at https://doi.org/10.5281/zenodo.11221599. Flight
data from the FAAM aircraft are stored on the CEDA archive at https://catalogue.ceda.ac.uk/uuid/01021a90c0c2481c909bdb145cb72398.
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Table 2. Factors of change in the INP concentration at -15 °C (Finp), total-aerosolsurface-area-and-INP concentration normalised by surface

area at -15 °C (Fs) and total aerosol surface area (F,¢;) between three pairs of below-cloud filter measurements.

Flight  Upstream-Upwind filter ~DPewnstream-Downwind filter A¢  Finp  F§ Fier

c275/6  ¢275r1, Sc c276r4t, Sc 1.92 040 653052 677075
c280 ¢280r2, Sc c280r4t, precipitating Cu 217 035 0.19 +89-1.85
c281/2  ¢282r2, Sc ¢282r3t, precipitating Sc/Cu 358 0.68 640039 +721.69
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Table B1. Values of parameters that describe INP concentration (/Ninp) and INP concentration normalised by surface area (Nt Saer

. There is no parametrisation of Nixp /.S,

Similar parametrisations for INP concentration normalised by N, and V,er, not presented in this paper, can be found with other metadata
at https://doi.org/10.5281/zenodo.11221599.

o for flights ¢271 and c272 due to a lack of aerosol-size data.

Ninp Ninp /Saer

Sample ID | vinp /1072L7Y  Thax/°C @ b vs/10°m?  Tpax°C a b

c271r1 2.524 -7.00 0.843  0.619 | - - - -

27112 1.964 -6.00 0975 0.531 | - - - -

27113 1.760 -1.67 1.050 0.525 | - - - -

27216 0.492 -6.00 0.607 0.849 | - - - -

€273r1 1.087 -6.96 1.031  0.500 | 3:5995.692  -6.96 1.031 0.500
27312 1.156 -13.00 0.616 0.793 | 6-499-0.197  -13.00 0:5050.533  6:852-0.836
c274r1 3.368 -6.64 1.050 0570 | 2:678-3.993  -6.64 1.050 0.570
27413 0.415 -4.00 0.606 0.818 | 6:194-0.193  -6.00 0.311 0:956-0.960
c275r1 2.484 -7.00 0.972 0539 | 6:546-0.596  -7.00 0:964-0.933  6:540-0.548
27612 5.088 -7.00 1.029  0.553 | 3:2754.346  -7.00 +042-1.030  6:548-0.552
27614 1.557 -10.00 1.032  0.570 | 64920462  -10.00 0:952-1.031  6:5920.570
c277r1 1.690 -8.00 0.978 0.631 | 6:403-0.587 -8.00 0:980-0.757  6:6306-0.652
27812 4.343 -7.00 0.885 0.654 | 6:843-1.011  -7.00 0:896-0.960  0.652
c278r4 1.095 -5.97 1.050 0.619 | 62570273  -5.97 1.050 0.619
€279r1 1.108 -7.00 1.050  0.605 | 6:2590.269  -7.00 0:9560.960  6:6306-0.629
€279r2 2.364 -7.00 1.003  0.640 | 6:7560.832  -7.00 0:960-1.049  6:653-0.626
¢280r1 1.556 -7.00 1.050  0.653 | +326-1.665  -7.00 1.050 0.653
c280r2 3.160 -6.00 0.474 0903 | 64580477  -6.00 04710474 6:9050.903
c280r3 1320 -5.87 1.050  0.624 | 6:87+1.163  -5.87 1.050 0.624
c280r4 1.291 -7.44 1.050 0.563 | 0.163 7:84-7.81  0:814-0.834  6:623-0.617
c282rl 2.188 -7.00 1.050  0.701 | 6:749-0.991  -7.00 1.050 0.701
c282r2 1.223 -5.87 1.050  0.630 | 62160226  -5.87 1.050 0.630
28213 3.707 -7.00 0.426 0.880 | 6:386-0.368  -7.00 04320472 6:876-0.847
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