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Abstract

The Alaskan Layered Pollution and Chemical Analysis (ALPACA) field campaign included
deployment of a suite of atmospheric measurements in January — February 2022 with the goal of
better understanding atmospheric processes and pollution under cold and dark conditions in
Fairbanks, Alaska. We report on measurements of particle composition, particle size, ice
nucleating particle (INP) composition, and INP size during an ice fog period (29 January — 3
February). During this period, coarse particulate matter (PM1o) concentrations increased by
150% in association with a decrease in air temperature, a stronger temperature inversion, and
relatively stagnant conditions. Results also show a 18 — 78% decrease in INPs during the ice fog
period, indicating that particles had activated into the ice fog via nucleation. Peroxide and heat
treatments performed on INPs indicated that, on average, the largest contributions to the INP
population were heat-labile (potentially biological, 63%), organic (31%), then inorganic (likely
dust, 6%). Measurements of levoglucosan and bulk and single-particle composition corroborate
the presence of dust and aerosols from combustion sources. Heat-labile and organic INPs
decreased during the peak period of the ice fog, indicating those were preferentially activated,
while inorganic INPs increased, suggesting they remained as interstitial INPs. In general, INP
concentrations were unexpectedly high in Fairbanks compared to other locations in the Arctic
during winter. The fact that these INPs likely facilitated ice fog formation in Fairbanks has
implications for other high latitude locations subject to the hazards associated with ice fog.

Plain Language Summary

The Alaskan Layered Pollution and Chemical Analysis field campaign occurred from January —
February 2022 with the goal of better understanding the atmosphere and atmospheric pollution
during the winter in Fairbanks, Alaska. We studied a rare subset of atmospheric particles called
ice nucleating particles which facilitate the formation of ice fog by allowing water to freeze at
temperatures above -38°C. During our study, there was an ice fog event that coincided with a
pollution event. During this event, there was a significant increase in coarse particulate matter
associated with a decrease in temperature and calm winds. INP concentration in the air decreased
during the ice fog event indicating that the INPs had activated into the ice fog and were not able
to be captured. We determined that most INPs were heat-labile (potentially biological), followed
by organic. Very few INPs were inorganic. Inorganic INPs increased during the ice fog period
while heat-labile and organic INPs decreased indicating that they were being selectively
activated into the fog. Overall, INP concentrations in Fairbanks were quite high compared to
other Arctic locations and carries implications for ice fog formation in other high-latitude
locations.

1 Introduction

Air pollution is an emerging issue for the Arctic with major contributions from both local
and remote sources (Law & Stohl, 2007). The Arctic is often impacted by pollutants transported
from North America, Asia, and Europe, specifically in the winter during the so-called Arctic
haze (Law et al., 2014). In the summertime, wildfire smoke from both local and long-range
sources can negatively impact Arctic air quality (Simpson et al., 2011; Woo et al., 2020).
Industrial development is expected to increase in the Arctic due to warming temperatures,
creating opportunities for economic growth and a growing population (Larsen and Fondahl,
2015). Additionally, warming temperatures are predicted to lead to an increase in biogenic
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volatile organic compound (VOC) emissions (Kramshgj et al., 2016) and emissions from
activities such as gas flaring due to the projected increased industrial development (Li et al.,
2016). These conditions are likely to lead to worsening air quality (Law et al., 2017). In the
winter, strong inversions can trap and lead to the accumulation of pollution (Schmale et al.,
2018; Cesler-Maloney et al., 2022).

Air pollution in the Arctic is often concentrated by both topography and meteorology. In
the winter, the Arctic experiences a lack of solar heating due to few hours of daylight coupled
with a high surface albedo from the ubiquitous snowpack (Joyce et al., 2014). The minimal solar
heating suppresses vertical convective mixing, which can lead to strong surface-based inversions
(Wendler & Jayaweera, 1972). These surface-based inversions occur quite frequently: about 50%
of the time from November to March in Fairbanks, Alaska, a subarctic city (Tran & Mdlders,
2011, Cesler-Maloney et al., 2022; Malingowski et al., 2014). Additionally, Fairbanks is
surrounded by hills, which shelter the region from winds (Willis & Grice, 1977). The
combination of a strong inversion and weak winds create an environment with little dispersion,
and pollutants can accumulate.

In the Arctic, ice fog formation is often linked to high levels of air pollution. When
temperatures fall below -15°C, high levels of pollution can lead to the formation of ice fog,
which can worsen visibility issues for transportation (Gultepe et al., 2017). Those living in
communities affected by ice fog often experience aviation hazards due to poor visibility and
aircraft icing (Gultepe et al., 2014). This is a major hindrance for communities that do not have
access to highways as they depend on air travel for essential services and supplies. Ice fogs are
also often indicative of extreme pollution events because of both non-activated aerosols and the
ice fog itself (Robinson et al., 1957). Fairbanks is a unique urban environment that experiences
conditions which are crucial for ice fog formation.

Low visibility due to high air pollution levels and ice fog formation can be routine in
certain seasons in Fairbanks. Fairbanks, along with the larger Fairbanks-North Star Borough,
routinely experiences wintertime PMzs levels > 50 ug m™ (Schmale et al., 2018). This is due to
increased energy usage in the winter that relies on coal, gasoline, fuel oil, and residential burning
(Bowling, 1986). A portion of the increased wintertime energy needs is supplied by the four
power plants located in the 32 square mile area of Fairbanks. The increased energy needs also
result in increased residential heating, typically in the form of biomass burning of wood or fuel
oil (Nicholls et al., 2010). Local emissions in Fairbanks are often trapped by low temperatures
and steep surface-based inversions (Tran & Mdlders, 2011). The power plants, automobiles, and
the Chena River, which runs through downtown Fairbanks, provide sources of water vapor in the
winter. Inversions with sufficient water vapor can also lead to ice fog which can reduce visibility
down to 200 m (Schmitt et al., 2013).

The formation processes of ice fog are not well known. This is in part due to a limited
understanding of the sources and characteristics of ice nucleating particles (INPs) and cloud
condensation nuclei (CCN). Ice formation in fogs can happen through a variety of microphysical
pathways, both homogeneous and heterogeneous. Homogeneous ice formation occurs at
temperatures below about -38°C, and requires the presence of liquid water either through the
cooling of an existing droplet or the condensation of supersaturated water vapor onto a CCN
(Benson, 1970). Heterogeneous ice formation involves an INP, which are rare, and this pathway
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can be split into immersion/condensation, deposition, and contact freezing mechanisms (Gultepe
et al, 2017; Gultepe et al., 2014; Huffman & Ohtake, 1971). Immersion freezing occurs when an
INP is incorporated into a liquid droplet, either by acting as a CCN or being scavenged by a
liquid droplet, and subsequently activating to freeze the droplet, generally as temperature
decreases. Condensation freezing is often considered a subset of immersion freezing, requiring
that freezing occurs concurrently with liquid water uptake. Deposition regime nucleation, by
contrast, does not require the presence of water supersaturation that would lead to formation of
liquid droplets; instead, it yields ice formation at water subsaturated conditions with
temperatures below about -38°C. The exact pathway of freezing in this regime is unclear, and
has been postulated to be freezing via deposition of ice on an aerosol surface, or condensation of
liquid water is small pores within an aerosol that subsequently freeze, with strong evidence for
the latter occurring in at least some cases (David et al., 2019). Contact nucleation occurs when an
INP collides with a liquid droplet and immediately leads to freezing. These processes are crucial
for ice fog formation, although the cumulative impact of INPs is poorly understood (Kanji et al.,
2017). Crystals in an ice fog have been shown to form via immersion freezing, as well as, to a
lesser degree, deposition freezing (Gultepe et al., 2017; Huffman & Ohtake, 1971).

Only a few studies from the 1960s and 1970s examined sources of INPs in ice fog,
making ice fog significantly understudied compared to other ice cloud types and leaving major
knowledge gaps in our understanding of how ice fog forms (Kumai, 1964; Kumai, 1966; Radke
etal., 1976; Kikuchi et al., 1971a,b; Kikuchi et al., 1972). Kumai (1964) measured ice crystal
residuals and showed that at -39°C, the concentration of ice fog crystals in Fairbanks was 155
crystals/cm?®, and that they were likely from oil or coal burning sources. Kumai (1966) also
measured ice fog crystal residuals in Fairbanks and reported ice fog crystal concentrations at
various ice crystal diameters at -39°C. The largest concentration of ice fog crystals were
observed at the following sizes: 5 um (32 crystals cm), 3 um (28 crystals cm?), and 7 um (26
crystals cm=). Kumai (1966) also reported that the residual nuclei were both organic and
inorganic particles from coal, fuel oil, and gasoline combustion. Radke et al. (1976) measured
interstitial INPs in an ice fog in Barrow (Utqiagvik), Alaska and found the average INP
concentration to be 0.15 INPs/L at -20°C. Kikuchi et al. (1971a,b, 1972) reported concentration
measurements of CCN, INPs, and ice crystals in Antarctica and concluded that ice fog is likely
the result of frozen water droplets, during a time when it was speculated that INPs were a result
of meteor showers.

The effectiveness of INPs from pollution is debated, with studies reporting conflicting
results. Generally, aerosol sources including sea spray, mineral dust, black carbon, and
biologically-derived particles have been shown to contain small fractions of INPs, with
efficiencies varying greatly between sources (Hoose and Mdhler, 2012; Petters et al., 2009;
Conen et al., 2011; DeMott et al., 2018). Pollution aerosols from combustion have been shown to
be poor INPs compared to dust or biological particles (Bi et al., 2019 & Levin et al., 2019).
However, it has been shown that anthropogenic organic aerosols can be efficient INPs at
temperatures below -30°C, as well as coal fly ash particles at temperatures below -15°C (Tian et
al., 2022; Kanji et al., 2017; Murray et al., 2012). Some studies show that heavy pollution has no
effect on INP concentrations. For example, Chen et al. (2018) showed that there was no
correlation between INP concentration and PM2s or black carbon mass concentration in Beijing,
China even when PM2 s exceeded hundreds of pg m=. Zhang et al. (2022) showed that during a
dust event in Beijing, INP number concentrations increased from a background concentration of
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10'to 10 L 'to up to 160 L' at -30°C. They also showed that increases in black carbon did not
have an effect on INP number concentrations. Borys (1989) showed that Arctic haze aerosols
have 10 — 1000 times lower ice nucleation rates than unpolluted Arctic air. Creamean et al.
(2018) demonstrated that local springtime pollution did not impact INP concentrations at an
Arctic oilfield location. In contrast, some studies show that pollution aerosols can serve as
effective INPs. For example, Zhao et al. (2019) used 11-year continuous satellite observations
from multiple satellites and cloud-resolving model simulations in East Asia and determined that
polluted continental aerosols, excluding smoke and dust aerosols, contained a large fraction of
INPs. An interannual and intraseasonal study at the Jungfraujoch research station, located in the
Swiss Alps, found that polluted air masses from the Po valley and industrial regions of France
had INP concentrations > 100 L™' compared to background conditions of 1 — 10 L' at -31 +
0.4°C (Lacher et al., 2018). Schrod et al. (2020) found a moderate but significant correlation in
PM1o and INP concentrations throughout the temperature spectrum at the Taunus Observatory
(located ~20 km NW of Frankfurt, Germany).

Here, we investigate the aerosol properties associated with an ice fog episode that
occurred in Fairbanks from 29 January to 3 February 2022 during the Alaskan Layered Pollution
And Chemical Analysis (ALPACA) study. To our knowledge, this is the first-time ice fog INP
measurements have been made since the 1970s. We present total and size-resolved INP
concentration data throughout the course of the event, in addition to days prior to and after the
ice fog. We also utilize bulk aerosol mass and number concentrations, speciated metal mass
concentrations, and single-particle composition data to better understand the general aerosol
population sources. This is the first time a study has evaluated the sources and roles of INPs in
ice fog formation in Fairbanks.

2 Data and Methods
2.1 ALPACA Overview

The ALPACA study occurred from 17 January 2022 — 25 February 2022 with the goal of
better understanding pollution under cold and dark conditions (Simpson et al., 2019, 2024).
Fairbanks, Alaska (64.8401° N, 147.7200° W) is a city with a population of 32,515 located
within the Fairbanks-North Star Borough, which has a total population of 95,655, in the interior
of Alaska. While Fairbanks itself is not technically within the Arctic circle, it has a subarctic
climate subjected to conditions similar to that of the Arctic and may be representative of
conditions in Arctic communities. During this campaign, there were multiple field sites located
throughout the Fairbanks-North Star Borough (Figure 1). Measurements presented in our study
were taken at the University of Alaska Fairbanks (UAF) Community Technical College (CTC)
site (64.841°N,147.727°W, 135 m AMSL) located in downtown Fairbanks. Instruments were
housed within or located outside of two laboratory trailers at CTC. The ALPACA study also
supported outdoor measurements at the University of Alaska Farm Field site and indoor
measurements at a house in a residential community (these results are not discussed herein; see
Simpson et al., 2024 for more details). Supplementary data used in our study were collected at
Fort Wainwright. Gas, aerosol, and meteorological measurements were made at all of these sites.
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During the ALPACA study, there was one major pollution event that coincided with an ice fog

event.
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Figure 1: Map of Fairbanks, Alaska with study locations marked by black points and
labeled. Power plants are marked by pink points.

2.2 Measurement Techniques
2.2.1 Bulk aerosol mass and metal concentrations

The HORIBA, Ltd. PX-375 continuous particle mass and elemental speciation monitor
was used to measure PM1o mass concentrations (ig m3) and concentrations of various metals
(ng m) (Creamean et al., 2016). The PX-375 had a flow rate of 16.7 L min™ through an EPA
louvered PMyo inlet. Each sample consisted of 30 minutes of ambient collection. Particles were
deposited on a 100 mm diameter spot on a Teflon™ PTFE fabric filter tape for beta-ray
attenuation analysis for total PM1o mass concentrations, followed by energy dispersive x-ray
fluorescence (EDXRF) analysis for concentrations of titanium, vanadium, chromium,
manganese, iron, nickel, copper, zinc, arsenic, lead, aluminum, silicon, sulfur, potassium, and
calcium. Lower detection limits are defined in Creamean et al. (2016).

2.2.2 Particle number concentrations

Particle number concentration was monitored with a commercial optical particle counter
(model OPC 1.109, Grimm Aerosol Technik) at a time resolution of 1 minute. The OPC 1.109
classifies individual particles by optical diameter within 31 channels ranging from 0.25 to 32 pm,
based on the intensity of light scattered by particles illuminated by a laser diode (655 nm, Pmax =
40mW) (Heim et al, 2008; Burkart et al., 2010). As the instrument is factory-calibrated with
polystyrene latex (PSL) particles of controlled spherical shape and known refractive index (RI =
1.56 for PSL), and these parameters for complex ambient particles are not known, the size
distribution measurements are expressed as optical latex equivalent diameters. Ambient air was
drawn at 3.5 meters above ground level into the OPC at a volume flow rate of 1.2 L min!
through a short length (= 1.5 m) of %4 o0.d. vertical anti-static tube extending outside through the
shelter roof. Particle sampling efficiency was assessed using the particle loss calculator software

This article is protected by copyright. All rights reserved.



developed by von der Weiden et al. (2009). The particle transmission was calculated to vary
between 99 and 88% for the 0.25 —10 pum size range.

2.2.3 Single-particle composition

Atmospheric particles were also collected for subsequent analysis by computer-controlled
scanning electron microscopy with energy dispersive X-ray spectroscopy (CCSEM-EDX) (Ault
et al., 2012). Particle collection was carried out using a 10-stage rotating micro-orifice uniform
deposit impactor (MOUDI; model 110-R, MSP Corp.). Ambient air was sampled at a rate of ~22
L min through ~1 m of black conductive tubing (3/8”) and diluted with an additional ~8 L min™
of particle-free (HEPA-filtered; capsule filter 12144, Pall Corp.) air for a total flow rate of 30 L
mint into the MOUDI. Particle samples were collected for ~24 h periods starting at 9:00 local
time (AKST). During the ice fog event (29 January 2022 — 3 February 2022), samples were
collected at ~12 h intervals starting at 9:00 and 21:00 AKST. The MOUDI normally collects
particles on rotating stages, which results in a relatively even distribution of particles on the
collection substrates (Marple et al., 1991). However, the MOUDI failed to rotate during the
entire ice fog event, meaning the particles were not evenly distributed on the substrate. Particles
were impacted onto transmission electron microscopy (TEM) grids (Carbon Type-B Formvar
film copper grids; Ted Pella, Inc.) on stage 4, with a 50% size cutoff of 1.8 — 3.2 um (Marple et
al., 1991). After collection and prior to analysis, samples were stored sealed in the dark at room
temperature (approximately 20°C) (Laskina et al., 2015).

CCSEM-EDX analysis of individual particles was conducted using an FEI Quanta
environmental SEM operating at 20 kV accelerating voltage, located at the Environmental
Molecular Sciences Laboratory at Pacific Northwest National Laboratory. The instrument uses a
high angle annular dark field (HAADF) detector for SEM imaging and to determine particle size
(projected area and perimeter). An EDX detector (EDAX Inc.) was used to collect elemental
composition data for elements larger than Be (Z>4). The relative abundances (mole percent) of
the elements C, N, O, Na, Mg, Al, Si, P, S, Cl, K, Ca, Cr, Mn, Fe, Ni, and Zn were quantified for
each individual particle. The substrate film and grid contribute to the C, O, and Cu signals,
making the measurements of C and O in these particles semiquantitative (Laskin et al., 2006). A
summary of the samples analyzed is included in Table S1. The EDX spectra of 4,247 total
individual particles were grouped into 30 clusters based on elemental composition using k-means
clustering as described previously (Ault et al., 2012), using code written in MATLAB R2022a
(MathWorks Inc.). The clusters were further combined manually into seven different particle
classes (dust, fresh road salt, aged road salt, soot, C/O/S (carbon/oxygen/sulfur), K (potassium)-
rich, and P (phosphorus)-rich) based on previous CCSEM-EDX studies (Laskin et al., 2006; Ault
etal., 2012; Axson et al., 2016; Coz et al., 2009; Creamean et al., 2016; Sobanska et al., 2014; Li
et al., 2003; Posfai et al., 2003; McNamara et al. 2020). To study changes in the population of
particles during and outside of an ice fog event, samples were grouped into Ice Fog (29 January —
3 February) and non-ice fog (26 January — 29 January and 4 February — 25 February) periods,
with the specific dates listed in Table S1.

2.2.4 Filter collection for total aerosol INP concentrations

Integrated total aerosol samples were collected for 24 hr (17 January 2022 — 28 January
2022 and 04 February 2022 — 21 February 2022) and 12 hr (29 January 2022 — 03 February
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2022) periods throughout ALPACA (see Table S3). Details of the filters, including their cleaning
and filter holders, can be found in several papers, including Creamean et al. (2022) and Barry et
al. (2021) and are described briefly here. This system uses a vacuum pump (Thomas oil-less
piston compressor/vacuum pump, 2688 series) that pulls through 47 mm polycarbonate filters
(0.2 um pore size backed with 10-pum polycarbonate filters) at 15 L min™ on average, contained
in pre-sterilized, single-use, open face Nalgene™ Sterile Analytical Filter Units. Flow rates are
measured continuously in-line using a mass flow meter (TSI 5200-2). The filters are protected
under a precipitation shield. The filters were stored frozen at -20°C from collection until analysis
4 —15 months later.

2.2.5 Collection of size-resolved samples for offline INP analysis

A 4-stage Davis Rotating-drum Unit for Monitoring cascading impactor (DRUM model
DA-400; DRUMAIr™; Cabhill et al., 1987) collected size-resolved aerosol particles. Details on
the DRUM can be found in Creamean et al. (2018), Creamean et al. (2019), and Creamean et al.
(2022). Briefly, the DRUM collects aerosol particles via impaction on sterilized perfluoroalkoxy
substrate strips coated with petrolatum at 4 size ranges from 0.15 to > 12 um in diameter with
size cuts at 2.96, 1.21, and 0.34 pum at 27 — 30 L min* through a vertical inlet of ~1 m of 4 cm
diameter aluminum tubing. These size ranges cover many aerosols including those that serve as
INPs (DeMott et al., 2010). The DRUM impactor was encased in a 47 cm x 35.7 cm x 17.6 cm
Pelican™ case. During ALPACA, DRUM samples were collected at a 24 hr temporal resolution
from 17 January 2022 — 28 January 2022 and 05 February 2022 — 25 February 2022 and 12 hr
temporal resolution from 29 January 2022 — 04 February 2022 (see Table S2). The DRUM
substrates were stored frozen at -20°C from collection until analysis for approximately 13 —15
months. The smallest (0.15 — 0.3 um) and largest (3 —12 um) size ranges were analyzed from 29
January 2022 21:00 — 30 January 2022 8:58, 02 February 2022 20:54 — 03 February 2022 9:04,
18 February 2022 9:00 — 19 February 2022 8:58, and 24 February 2022 9:58 — 25 February 2022
8:51. These dates were selected to quantify INP sizes during and outside of the ice fog period.

2.2.6 Processing of INP samples

Select DRUM substrates and all filter samples were processed on the Colorado State
University (CSU) Ice Spectrometer (IS). Details of this process are found in Barry et al (2021)
and Creamean et al. (2022) but are described briefly here. The filter samples were processed by
placing each filter in a 50 mL sterile polypropylene tube with 8 mL of 0.1 um filtered deionized
water and shaken at 200 rpm for 20 min to resuspend particles. The DRUM samples were
processed by placing each substrate in a 15 mL sterile polypropylene tube with 5 mL of 0.1 um
filtered deionized water and ultrasonicated for 30s followed by vortexing at 3200 rpm for seven,
10s pulses. The IS contains two 96-well temperature-controlled aluminum blocks fitted with
disposable clean PCR (Polymerase Chain Reaction) trays. Fifty microliter aliquots of the aerosol
suspension were dispensed into the PCR trays (within a laminar flow clean hood), the trays were
placed in the aluminum blocks in the IS, the blocks were covered with a plexiglass window, and
the headspace purged with 750 mL min of cooled, dry, particle-free N2. Frozen aliquots were
counted at each 0.5 degree interval as the temperature was lowered at ~0.33 °C min™ to ~ -30 °C.
Eleven-fold dilutions were used to count INPs active at the lowest temperatures. Sample blanks
were also collected by briefly exposing them to ambient outdoor conditions but not put in line
with the sample flow, then analyzed. INPs in select samples were further characterized through
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thermal treatments and peroxide digestions to measure the contributions of heat-labile and
organic, and inorganic INPs (see Table S3). To assess the fractional contribution of heat-labile,
proteinaceous INPs, the sample was re-tested after heating to 95°C for 20 min (Hill et al., 2016;
Suski et al., 2018; O’Sullivan et al., 2018). To remove all organic INPs, 30% H20- was added to
the sample to produce a 10% final concentration then heated to 95°C for 20 min while
illuminated with UVB fluorescent bulbs to generate hydroxyl radicals (residual H2O> was
removed using catalase), and the samples were then again processed in the 1S (Suski et al.,
2018). Remaining INPs are considered inorganic (i.e., likely, though not exclusively, mineral) in
nature. In total, 40 filters were processed for total INPs and 8 for heat and peroxide treatments.
Significance testing between INP concentrations was performed using a student’s t-test.

2.2.8 Contextual meteorological data

Temperature data were collected via a thermistor epoxied onto 9 mm diameter metal
tubes and placed inside PVC radiation shields (Cesler-Maloney et al., 2022). The temperature
probe used in this study was deployed at 3 m AGL. The temperature sensor had a precision
greater than 0.15°C over 20 to -60°C. Wind speed and direction were measured at 23 m AGL by
a wind monitor with propeller and potentiometer. Dew point data were retrieved from
Wunderground and collected at Fairbanks International Airport (FAI) (Figure 1).

2.2.9 Levoglucosan Analysis

A subset of the filter extracts were analyzed for levoglucosan. The extracts were analyzed
on a Dionex DX-500 series ion chromatograph using high-performance anion-exchange
chromatography with pulsed amperometric detection via an ED-50/ED-50A electrochemical cell.
This cell has two electrodes: a gold working electrode and a pH-Ag/AgCI (silver/silver chloride)
reference electrode. Separation was employed by a sodium hydroxide gradient using a Dionex
CarboPac PA-1 column (4x250mm). The run time was 59 min with an injection volume of 100
pL. More details can be found in Sullivan et al. (2019 & 2022).

2.2.10 Microphysical Data

Data from a Particle Phase Detector—2000 (PPD2K; Vochezer et al. 2016) was used
between 12:00 29 January — 9:00 3 February. The PPD2K measures the forward scattered light
as particles pass through a laser beam. The scattered light can be used to measure particle shape
and size. The PPD2K was operated at building 4070 at Fort Wainwright with its inlet at the
ground level (above snowpack). More information can be found in Vas et al. (2021).

3 Results and Discussion
3.1 Ice Fog Event Overview

During the ALPACA study, an ice fog and pollution event occurred from 29 January to 3
February 2022 (Figure 2). The ice fog event was identified through the Fairbanks National
Weather Service (NWS) and was further validated by microphysical data (Figure S1). Outside of
the ice fog period daily average temperatures ranged from -24.6°C to 2.0°C and daily average
frost point ranged from -21.6°C to 23.1°C. Both were lower during the ice fog/pollution period,
where temperature ranged from -20.8°C to -30.4°C and frost point ranged from -29.4°C to -
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16.9°C. On 31 January, the frost point was greater than the temperature, indicating a
supersaturated environment with respect to ice. It is important to note that on 31 January, since
the ambient temperature was below the frost point, that deposition regime nucleation likely
occurred while this study only measured immersion mode INPs. Outside of the pollution period,
average PM1owas 10.6 pug m while during the pollution period average PMiowas 26.8 pug m=,
which equates to a 150% increase (significant at 95% confidence interval). Winds remained calm
(1.0 m s on average) during the ice fog period (Figure S2).
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Figure 2: Time series in AKST of a) daily average meteorological parameters, including air
temperature, frost point, and calculated relative humidity with respect to ice (Murphy &
Koop, 2005), b) Inversion strength between 3 and 23 m, and c) PM1o mass concentrations
(30 min time resolution) from the downtown Fairbanks site during the 2022 ALPACA
campaign. The gray shaded regions highlight the ice fog and pollution event during the
campaign.

3.2 INP Concentrations

Figure 3 displays the INP concentrations at select temperature ranges and the onset freezing
temperature (i.e., the highest temperature in which drops froze and thus INPs were detectable by
the CSU 1IS) from each filter (see complete cumulative (i.e., meaning that any INPs active at -10°C
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are also active at lower temperatures, etc.) INP spectra in Figure S3). During the ice fog period,
there was no significant change observed for INPs at -25°C; however at -15°C, there was a 58%
(significant at 95% confidence interval) decrease in INPs. These temperatures were chosen
because there were very few INPs detected at -12.5°C and above. The lower INP concentrations
during the ice fog period suggest that a subset of the INPs were already activated into fog ice
crystals and not captured by the filter unit sampler (i.e., only interstitial INPs were measured), due
to the ice fog crystals settling out and the relatively large size of ice fog crystals, which is typically
20— 100 um in diameter (Gultepe et al., 2014). Average INP onset freezing temperatures decreased
from -8°C to -11°C during the ice fog period, further suggesting that a majority of INPs with higher
onset temperatures had already activated. While ambient temperatures were quite low in the study
period of interest, the characterization of INPs at higher temperatures could be critical to
understanding ice fog formation, depending on the microphysical pathway taken. Combustion
emissions produce water vapor at higher temperatures concurrently with aerosol (e.g., Carrico et
al., 2010), which can lead to droplet formation pathways that occur at temperatures well above
ambient. Freezing in higher temperature ranges can initiate secondary ice formation processes,
increasing the importance of high-temperature INPs (i.e. > -15°C) (Mignani et al., 2019).

During the ice fog period, INPs were still active at -15°C, despite the temperature ranging
from -20.8°C to -30.4°C. INPs being active at -15°C despite the temperature being lower during
the ice fog period suggests that INP concentrations were not limiting during this event in Fairbanks.
The INPs active at -15°C during the ice fog period could be explained by the INPs being from a
local source. Jensen et al. (2022) found that a snowstorm in northern Greenland washed out the
airborne bacterial community, resulting in low atmospheric concentrations for the next four weeks
due to a lack of long-range transport and few local sources in the surrounding ice and snow-covered
area. This study does not observe such a wash-out for INPs active at -15°C, suggesting that INPs
are not likely from long-range transport. A potential local source could be tall vegetation, not
covered by snow and ice, which has been shown to produce effective biological INPs (Huang et
al., 2021). Another local source of INPs may be residential wood burning. Previous studies have
shown that primary biological INPs can originate from biomass burning (Barry et al., 2021 &
Moore et al., 2021). A separate explanation is that the INPs are continually entrained from a source
present in warmer air above the inversion (Fridlind et al., 2012).

Within the ice fog period, we defined 3 sub periods: 1) Period 1: 29 January 9:00 — 30
January 21:00 2022, 2) Period 2: 30 January 21:00 — 1 February 21:00 2022, and 3) Period 3: 1
February 21:00 — 3 February 9:00 2022. INP concentrations were generally highest during non-
ice fog periods or during period 1 at the warmest freezing temperatures (2x10? L to 9 L™t at > -
20°C). Based on the meteorological data, ice fog data, PM1o, and INPs, period 1 seemed to be a
transitional period between non-ice fog conditions and the peak of the ice fog event during
period 2. INP concentrations remained relatively unchanged in period 1 from the non-ice fog
period, likely due to the ice fog formation not being limited by available INPs and the less
substantial ice fog in the transitional period not effectively scavenging them enough to see a
significant decrease. Period 2 was the peak of the pollution event (shown in Figure 2 by the
highest PM1o concentrations during ALPACA), coincident with the coldest temperatures, highest
relative humidity with respect to ice, and highest frost point (Figure 2); highest ice particle
concentrations, especially in the 10 — 20 um size range (Figure S1); and most stagnant conditions
(Figure S2). For more information on ice crystal microphysics during the ice fog period, see
Schmitt et al. (2024 a,b). Period 2 also coincided with the lowest INP concentrations of the entire
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ice fog event (4x10* L to 4 L™ at all freezing temperatures). During period 3, the strongest
inversion occurred and wind speed started to pick up from a more northerly direction. PM1o
remained similar to period 2 (33.7 pug m= and 29.9 pug m=3, respectively), while INP
concentrations started to increase again, indicating a continued or even new source of INPs that
was not as readily scavenged by the thinner ice fog (as demonstrated in Figure S1), even though
winds likely dispersed the existing ice fog particles and pollution aerosol.

Compared to other Arctic and sub-Arctic regions where observations have been collected,
Fairbanks had much higher concentrations of INPs during ALPACA. For example, Wex et al.
(2019) reported on INP concentrations in multiple Arctic land-based locations and found INP
concentrations between 10 — 102 L at -20°C in Alert (Nunavut), Utgiagvik (Alaska), Ny-
Alesund (Svalbard), and Villum Research Station (Greenland), with the lowest of these values
being from the winter months. Creamean et al. (2018) also found INP concentrations between 10
3_102 Lt at -20°C from March — May at Oliktok Point in Alaska. These values are 1-3 orders
of magnitude smaller than the INP concentrations found in Fairbanks at -20°C during ALPACA.
The high abundance of INPs in Fairbanks may also be attributed to its inland location. Conen et
al. (2023) found that Yakutsk, Russia observed higher INP concentrations (102 - 10 L™ at -
12°C) than coastal Arctic locations (10 — 102 L at -12°C). The lowest INP concentrations in
Yakutsk were present in the winter, suggesting that natural sources were responsible for the
increased INP concentrations. At -12.5°C in Fairbanks during ALPACA, INP concentrations
ranged from 10 — 10° L%, spanning both smaller and larger in magnitude than the INP
concentrations in Conen et al. (2023). Fairbanks is a unique location compared to other sub-
Arctic and Arctic regions due to the presence of local urban emission sources. Results from our
study align with other studies that might include a mixture of urban and natural sources of
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aerosol (i.e., they are not densely-populated urban areas like Beijing) (Lacher et al., 2018;
Schrod et al., 2020).
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Figure 3: Cumulative INP concentrations per L of air at a representative set of freezing
temperature values for each total aerosol filter sample collected in downtown Fairbanks at
the CTC site. The ice fog period is shaded gray. The wider bars, collected between 17
January — 28 January and 4 February — 21 February represent the filters collected for a
total of 24 hours. The narrow bars, collected between 29 January — 4 February, represent
filters collected for a total of 12 hours. The first set of bars highlighted in gray represent: 1)
Period 1: 29 January 9:00 — 30 January 21:00 2022, 2) Period 2: 30 January 21:00 - 1
February 21:00 2022, and 3) Period 3: 1 February 21:00 — 3 February 9:00 2022. The solid
black line shows the onset freezing temperature for each filter.

3.3 Composition and Size of INPs

Analyses of the 3 — 12 um and 150 — 340 nm particles (340 nm —1.2 ym and 1.2 — 3 pm
size bins were collected but not analyzed for this study) of the DRUM impactor show that the
concentration of INPs in the 3 — 12 um size bin is at least two orders of magnitude higher than
the 150 — 340 nm size bin (Figure 4). Figure S4 shows the complete cumulative INP spectra for
these samples. During the autumn and spring of the 2019 — 2020 Multidisciplinary drifting
Observatory for the Study of Arctic Climate (MOSAIC) campaign, super-micron INPs were
more abundant, except during the winter Arctic haze when pollution was transported long
distances and was present in the central Arctic (Creamean et al., 2022). Creamean et al. (2018)
and Creamean et al. (2019) also observed more abundant super-micron INPs when the INPs were
from a local source (e.g. oilfields and industrial activity). It has also been observed that super-
micron INPs are more effective than sub-micron, when the INPs are composed of mineral dust
(Reicher et al., 2019, Chen et al., 2021, Mason et al., 2016).
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When evaluating the 3 — 12 um and 150 — 340 nm INPs during the ice fog periods, some
unique characteristics manifested. The 3 — 12 um INPs were highest during period 3 (although,
within the same order of magnitude as non-ice fog periods), supporting the conclusion that there
was buildup after the peak ice fog period and potentially a new sources due to the change in
winds, ice fog properties, and inversion strength. The 3 — 12 um INPs were lowest in
concentration during either period 1 or 2 at all freezing temperatures, indicating those were
activated at the initiation and peak of the ice fog event. Interestingly, during the ice fog event,
150 — 340 nm INPs were not present at freezing temperatures > -20°C until period 3,
corroborating the change in conditions leading to a potentially new source of INPs. However,
they were highest during non-ice fog periods and lowest in concentration at freezing
temperatures < -17.5°C during period 2, indicating they were activated during the peak of the ice
fog event and were scavenged following their larger counterparts that started decreasing during
period 1. As discussed below, despite the abundance of organic INPs during this study, based on
the filter treatments, there was still an inorganic fraction that could have potentially contributed
to the large super-micron INP population (e.g., mineral dust). The possible sources of the INPs
are discussed in more detail in the following sections that report on aerosol chemical

composition.
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Figure 4: Cumulative INP concentrations at selected temperatures for 3 — 12 pm and 150 —
340 nm size bins. Gray shading indicates samples from within the ice fog period.
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Figure 5 displays the percent of total INPs that were determined to be inorganic, organic,
and/or heat-labile. On average throughout ALPACA, most INPs were heat-labile (63%),
followed by organic (31%), with very few INPs being inorganic (6%). Organic INPs peaked
during the periods 1 (23 — 60%) and 3 (6 — 76%) and were lowest during the peak of the ice fog
event (period 2) (5 — 47%). One scenario consistent with the high percentage of organic INPs
overall is that more efficient INPs derived from biological or organic materials, that typically
activate at higher freezing temperatures (Testa et al., 2021), may have been depleted by the ice
fog and not sampled onto the filter, as daily average temperatures during the ice fog period
ranged from -20.8°C to -30.4°C. That is, biological INPs are/were activated into the fog before
lower temperature INPs such as mineral dust (Koehler et al., 2010). A dominance of organic
INPs has been observed in other northern high latitude locations: Barry et al. (2023) and
Creamean et al. (2020) observed that a majority of INPs in permafrost samples were organic.
INPs from biomass burning have been shown to contain large organic fractions (Schill et al.,
2020). When biomass burning aerosols dominate the aerosol distribution, organic INPs can be a
significant fraction of the total INPs (Barry et al., 2021).

Heat-labile INPs were also generally lowest during period 2 (40 — 76%), and were
highest outside of the ice fog event (54 — 97%). However, the relative abundance of heat-labile
INPs within and outside the fog period are much more similar to each other than abundances of
organic INPs. A potential reason for this could be that the source of the biological INPs is
remaining constant both inside and outside the fog period. Such a large biological portion of
INPs in Fairbanks during the winter is unexpected due to the extremely low temperatures, but
our results from the ALPACA period are consistent with observations in the spring collected
over the Prudhoe Bay despite most surfaces being frozen (Creamean et al., 2018). It is also
important to note that certain dust types (e.g., quartz dusts, calcite) are sensitive to wet heating
unlike common felsic/illitic INPs (Daily et al., 2022). This means there is a possibility that
minerals may be reacting to heat treatments, although quartz dusts are minor contributors in most
regions. Despite many of the INPs observed in this study being heat-labile or organic, there is
still a large fraction of INPs remaining after the treatments that are inorganic during the ice fog
period, likely indicating the presence of dust of unknown origin. The dust is potentially from the
application of sand and gravel to the roads, leading to road dust, which has been found to be a
major source of heat-resistant INPs in the urban atmosphere (Chen et al., 2024).

Inorganic INPs peaked during period 2 (13 — 30%), but started to increase during period 1
(0 — 3%), and were very low in abundance otherwise. This suggests that 1) there was a source of
inorganic INPs during the coldest periods of the ice fog event and/or 2) they were not as
efficiently activated during the ice fog event and to some extent remained as interstitial INPs.
The former could partially be due to the spreading of gravel on the streets by the city of
Fairbanks, which occurs when temperatures become too cold for salt to be effective at deicing,
indicating the inorganic INPs could be of mineral nature from mechanical grinding of the gravel
to increase friction for vehicles. Also, it has been shown that coal fly ash can serve as an INP,
which may be another potential source of inorganic INPs in Fairbanks due to the presence of coal
fired power plants (Grawe et al., 2018; Umo et al., 2019). However, fly ash tends to nucleate ice
at temperatures below approximately -30°C into the homogeneous freezing regime, so is likely a
minor influence on ice fog formation during ALPACA compared to the heat-labile and organic
INPs that are active at much warmer temperatures. Soot has also been shown to be ice nucleation
active (e.g., DeMott 1990; Gao et al., 2022), but some studies have shown it to be inactive under
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immersion mode ice nucleation (Kanji et al., 2020) or only active at very cold temperatures (e.g.,
Falk et al., 2021).
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Figure 5: a) Percent of inorganic INPs, b) organic (subtraction of INPs remaining after
peroxide treatment from INPs remaining after heat treatment) INPs, and c) heat-labile
INPs at selected dates and temperatures. The gray shaded region represents the 3 sub-
periods of the ice fog event. Times are presented in AKST.

3.4 Aerosol Size and Composition
Figure 6 shows aerosol number concentrations for both submicron (0.25 — 1 pm) and
supermicron (1 — 32 um) aerosol particles from the non-ice fog and ice fog sub-periods during

ALPACA. The submicron aerosol number concentration was 2.8x higher (statistically significant
at 95% confidence interval) and less variable towards the peak of the ice fog event in period 2
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(2x10° L™ on average). Submicron concentration was lowest during non-ice fog periods (6x10* L-
1 on average). This is opposite of the smallest INPs (150 — 340 nm), which were highest in
concentration during non-ice fog periods and lowest during the peak of the ice fog event at freezing
temperatures < -20°C (Figure 3). The peak ice fog period also coincided with the peak in PMyo
and a relatively strong temperature inversion (Figure 2), indicating the pollution was
predominantly influenced by submicron aerosol, which might be caused by additional sources
from residential combustion during the coldest period being concentrated near the surface from
the strong inversion. Even though submicron aerosols tend to be poorer INPs compared to their
larger counterparts, a portion of them were still activated into the ice fog due to the cold ambient
air temperatures.

The supermicron aerosols had a slightly smaller 2x significant increase in concentration
during the ice fog period, and were highest during period 3 (15 L™ on average as opposed to the
lowest during non-ice fog periods at 7 L1). Similar to their smaller counterparts, the 3 —12 um
INPs followed an opposite trend from the supermicron aerosol, where they were lowest during
periods 1 and 2, and highest during period 3 and non-ice fog periods. Holistically, these results
indicate 1) there was additional supermicron aerosol present during the ice fog period, due to either
additional sources, concentration near the surface due to the strong inversion, or some combination
of the two, and 2) a subset of supermicron aerosols served as effective INPs that started activating
at the beginning of the ice fog period and into the peak of the ice fog, until the change in winds
and thinning of the ice fog particles during period 3. Overall, the larger INPs were active at warmer
temperatures and reached their minima at certain freezing temperatures earlier in the ice fog period
than the smaller INPs, even though both sub- and super-micron aerosols increased during the ice
fog/pollution event.
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Figure 6: Boxplots of the number concentration (# L) of submicron (0.25 -1 um, gray)
and supermicron (1 — 32 pm, pink) aerosol particles for the three ice fog subperiods (Period
1: 29 January 9:00 — 30 January 21:00 2022, Period 2: 30 January 21:00 — 1 February
21:00 2022, and Period 3: 1 February 21:00 — 3 Febuary 9:00 2022) and the non-fog
periods. The boxes represent the 25th — 75th percentiles, with the median marked by the
white lines. The whiskers represent the 5th to 95th percentiles.

Figure 7 shows the number fraction contributions of the individual particle (1.8 — 3.2 um
da) types, as identified by CCSEM-EDX analysis, for particles collected during ice fog and non-
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ice fog conditions. Dust was the most abundant particle type, with similar number fractions
between the ice fog (44+3%) and non-ice fog (47+2) conditions (Figure 7). These dust particles
are consistent with the inorganic INPs that remained as interstitial aerosol during the ice fog
period. Dust particles were identified by the presence of Al, Si, Ca, and/or Fe (Axson et al.,
2016; Coz et al., 2009; Waxa et al., 2023). Soot particles are composed primarily of carbon and
have a fractal morphology, indicating their production from combustion sources (Andreae,
1983). The number fraction of soot particles was higher during ice fog (30£1%) compared to
during non-ice fog conditions (23+1%) (Figure 7). This is consistent with 1) soot typically being
relatively poor INPs and 2) an increase in pollution during the ice fog event. Particles composed
of carbon, oxygen, and sulfur (classified as C/O/S) were round and aqueous, suggesting that they
were primarily composed of secondary aerosol; these C/O/S particles accounted for similar
number fractions during ice fog (19+£3%) relative to non-ice fog (19+£1%) conditions (Figure 7).

Minor particle types observed included potassium (K)-rich particles, likely from biomass
and wood combustion (Adachi & Buseck, 2008; Hopkins et al., 2007; Zauscher et al., 2013),
phosphorus (P)-rich particles from diesel combustion (Karjalainen et al., 2016; Miller et al.,
2007; Rodvanna et al., 2020), and fresh and aged road salt (McNamara et al. 2020). The K-rich
number fraction was higher during non-ice fog (2.7+£0.2%) relative to ice fog (0.5+0.1%),
possibly reflective of 1) local bans on residential wood heating during highly polluted and
stagnant conditions and/or 2) biomass burning particles that activated during the ice fog event.
The P-rich number fraction was similar during ice fog (1.2+0.7%) as compared to non-ice fog
(2.3£0.7%). The number fractions of fresh and aged road salt particles were also similar during
ice fog (2.0+0.9% and 3.1+0.9%, respectively) compared to non-ice fog (2.4+0.6% and
4.0£0.6%, respectively).
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Figure 7: Average number fractions of individual particle types identified by CCSEM-EDX
during ice fog (29 January — 3 February, 2022), and non-ice fog (26 — 28 January, 2022 and
4 — 25 February, 2022) conditions. The total number of particles analyzed during ice fog
and non-ice fog periods are 783, and 3,464, respectively. See Table S1 for specific dates and
numbers of particles analyzed per sample. All particles were collected on stage 4 (1.8 — 3.2
pm da). P-rich refers to phosphorus-containing particles; K-rich refers to potassium-
containing particles, and C/O/S refers to particles composed of carbon, oxygen, and sulfur.

A strong correlation between levoglucosan and PM1o (R? = 0.99, n = 6, Figure S5), as
well as the very high levoglucosan concentrations (ranging from 128 — 1190 ng m>) supports the
likelihood that there was a strong residential wood burning influence on the aerosol population,
especially during the colder ice fog periods. This correlation may also be in part due to the
trapping of pollution due to the strong inversion. Levoglucosan is a commonly used wood
burning marker because it is an anhydrosugar produced from the combustion of cellulose
(Simoneit et al., 1999). Haque et al. (2021) measured levoglucosan on the top of the International
Arctic Research Center (IARC) building at UAF (200 m above sea level) from June 2008 — June
2009 and found wintertime concentrations to range from 95.1 — 214 (mean: 145) ng m—>. Our
maximum observed concentration of levoglucosan was 1190 ng m~3. This order of magnitude
difference may be due to the difference in location and ground elevation within the city of
Fairbanks (65 m difference). Cesler-Maloney et al. (2022) also shows that PM2 s concentrations
were lower aloft than at ground level during strong temperature inversions.

Finally, we used empirical orthogonal function (EOF) analysis to understand variability
in PM1o metal composition (see Figure S6). The analysis produced one EOF that explained over
80% of the variance in the PM1o metal composition data, and its principal component peaked
during ice fog periods 2 and 3. It was composed of sulfur with some potassium, calcium, iron,
and zinc, likely indicative of the presence of dust and sulfate aerosol during the ice fog period, as
observed by CCSEM-EDX as dust and C/O/S particles (Figure 7). These results are consistent
with the single-particle analysis, peak in pollution which can be largely influenced by primary
sulfate from combustion sources in Fairbanks (Moon et al., 2024), and presence of interstitial
inorganic INPs during the ice fog.

3.5 Potential Sources of INPs in Fairbanks during ALPACA

Based on the composition of the general aerosol population, as well as the composition of
the INPs, we are able to infer there are multiple sources of INPs in Fairbanks. Due to the strong
correlation between levoglucosan and PMyo, there is a distinct wood burning influence on the
general aerosol population, which has been shown in previous studies (Wang & Hopke, 2014).
INP treatment data shows that there is a substantial presence of organic INPs. The combination
of high levoglucosan concentrations and the presence of organic INPs indicate that residential
wood burning in Fairbanks is a potential source of INPs. The high percentage of dust particles in
the single-particle composition data paired with the increase in inorganic INPs during the ice fog
period, and the EOF containing a dust signature indicate that there is additionally a dust source in
Fairbanks during ALPACA. Lastly, the high percentage of heat-labile INPs throughout our study
indicate that there are highly effective biological INPs present. Both the organic and heat-labile
INPs appeared to more readily activate into ice fog crystals as opposed to the inorganic INPs
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during our observed event. Altogether, we speculate the sources of aerosol particles, particularly
that serve as INPs, are from a mixture of road dust (i.e., from gravel laid on the icy roads to
increase traction) and residential wood burning. The source of the biological INPs is more
challenging to pinpoint and would require further investigation. However, tall vegetation (e.g.
black spruce trees) that was not covered by snow and ice, as well as residential wood burning,
could potentially contribute to the biological INP population.

4.0 Conclusions

Here we report on INP concentrations, size, and composition, as well as aerosol
composition and size of single particles during and outside of an ice fog event in Fairbanks,
Alaska. Potential sources of INPs are summarized in Figure 8. These measurements were a part
of the winter 2022 ALPACA campaign with an overarching goal of better understanding
atmospheric chemistry under cold and dark conditions.

We observed an ice fog event that occurred from 29 January to 3 February 2022. The ice
fog was accompanied by elevated air pollution and low air temperatures. Within the ice fog
event, INP concentrations did not change significantly at -25°C but decreased by 58%
(significant at 95% confidence interval) at -15°C, indicating that INPs had likely activated into
ice fog crystals, especially INPs active at higher temperatures, and were not captured by the filter
units. Overall, most INPs were heat-labile (63%), followed by organic (31%), with very few
INPs being inorganic (6%). Organic INPs peaked during periods 1 and 3, heat-labile INPs
peaked outside of the ice fog event. Organic and heat-labile INPs were at their lowest
concentrations during period 2. Inorganic INPs were low in abundance throughout our study but
peaked in concentration during period 2 (13 — 30%). Together these results indicate that there
was a larger inorganic fraction of INPs inside the ice fog period that were potentially not
activated into the ice fog and/or potentially a higher dust concentration during the ice fog period.
The fraction of heat-labile INPs decreased during the peak of the ice fog event, indicating they
were preferentially activated. Organic and heat-labile INPs dominated the fractional contribution
of total INPs, which is consistent with other northern high-latitude locations. Analysis of size-
resolved INPs showed a decrease of smaller and larger INPs during the peak of the ice fog event
and were highest at most temperatures before (150 — 340 nm INPs) or during the end (3 — 12 pm)
of the ice fog event due to a change it meteorological conditions affecting the source strength.
INPs in the 150 — 340 nm size range were not observed above -17.5°C until the end of the ice fog
event. Aerosol composition measurements indicate the presence of dust, followed by soot and
other pollutant aerosol type, while the levoglucosan data indicate an influence from wood
burning. Overall, there were quite high INP concentrations in Fairbanks compared to other
locations in the Arctic and sub-arctic during winter. These INPs likely facilitated ice fog
formation in Fairbanks which has implications for other high latitude locations subject to the
hazards associated with ice fog.
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