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ABSTRACT

ICE NUCLEATING PARTICLES IN THE ARCTIC: MEASUREMENT AND SOURCE

TRACKING

The Arctic landscape is rapidly changing in a warming climate, with sea ice melting and
permafrost thawing. Its near-surface air temperature is warming 3.8 times faster than other
regions around the world. This rapid warming is known as Arctic amplification. Clouds
contribute to this amplification, with their presence and phase is important for determining the
surface energy budget. Arctic mixed-phase clouds can last for several days but are not
represented well in climate models. Special aerosols, called ice nucleating particles (INPs)
trigger ice formation in the atmosphere at temperatures warmer than -38 °C, and thus are
important for determining the initiation, lifetime, and radiative properties of these clouds.
Observations of INPs, especially over the central Arctic, are limited, and many sources are
unknown. This dissertation has the overarching goal of increasing understanding of Arctic INPs.
This is achieved through first presenting a full year of INP measurements in the central Arctic, as
well as a full year of their composition, using coincident sampling of bacteria and fungi to gain
insight into airmass origin. Next, some of the potentially most active Arctic INP sources are
explored. Permafrost, which was known previously to contain high levels of INPs, was tested for
its activity and persistence in water, and ability to be aerosolized through bubble bursting over
several weeks. Then, sources of INPs were surveyed in a region that is controlled by permafrost
(a thermokarst landscape). This included field measurements of permafrost, vegetation,
sediment, active layer soil, water, and aerosol samples. A high temperature heat test was

developed as a diagnostic tool to differentiate sources. Coincidentally, clean working methods to

il



measure INPs were optimized, as efforts to reduce contamination are needed to accurately
sample in this region. The main findings from this work suggest a regionally relatively
homogenous population of Arctic INPs at most times of year, which is encouraging for efforts to
represent them in numerical models across scales and understand their changes in the future.
Permafrost-sourced INPs showed high activity and were enhanced near the coast. Unexpectedly,
other components of the thermokarst landscape were found to be rich, organic INP reservoirs,

emphasizing that the Arctic tundra is a diverse collection of potential contributors to the aerosol.
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1. Introduction

The Arctic has received considerable attention in recent years as the temperature near the
surface is warming nearly 4 times faster than anywhere else globally (analyzed since 1979),
called Arctic amplification (Rantanen et al., 2022). One feedback mechanism that affects
amplification involves clouds, where the low-lying cloud fraction is expected to increase as the
sea ice extent decreases, enhancing downwelling longwave radiation and leading to warmer
temperatures at the surface (Previdi et al., 2021). In addition to fractional coverage, a change in
cloud phase (increased liquid content/fraction) can also affect Arctic amplification by increasing
downwelling longwave radiation, as has been previously shown in global climate model
simulations (Tan & Storelvmo, 2019). Liquid and ice fundamentally have different properties;
for a given water content and temperature, liquid clouds have a higher optical depth and
emissivity. Mixed-phase clouds in the Arctic can have relatively long lifetimes, and have been
observationally shown to last over 5 days (Morrison et al., 2012). Future mixed-phase clouds are
expected to have more liquid water content due to surface warming, which could affect the
amount of precipitation at the poles (Bintanja & Andry, 2017; Cesana & Storelvmo, 2017).
Climate models struggle to accurately represent Arctic mixed-phase clouds. As discussed in Tan
et al. (2022), the current parameterizations and limited observations lead to the clouds glaciating
too quickly, underestimating the downwelling longwave radiation.

A special subset of aerosol, called ice nucleating particles (INPs), influences the phase of
Arctic clouds, and thus indirectly impacts the surface energy budget. The presence of INPs in
low- and mid-level clouds can lead to glaciation and reduced cloud lifetimes, called the ice
indirect effect (DeMott et al., 2010; Lohmann, 2002). INPs are abundant in surface reservoirs

(Schnell & Vali, 1976) but are very rare in the atmosphere. Rogers et al. (2001) found a median



of 20 INPs active at -20 °C out of 1,000,000 total particles in research flights conducted over the
Arctic Ocean. INPs are necessary to commence ice formation in the atmosphere in clouds
warmer than -38 °C. Since 90% of observed Arctic mixed-phase clouds occur at temperatures
between -25 and -5 °C (Shupe et al., 2006), understanding the characteristics and abundances of
INPs is therefore particularly important in the Arctic.

There are many sources of INPs, both in the Arctic and other latitude zones. These
include desert and other soil dusts, volcanic ash, biomass burning, sea spray, and biological
material (Kanji et al., 2017). Biological and organic INPs can originate from bacteria and fungi,
plant tissues, pollen, and lichen (Hill et al., 2018; Huang et al., 2021) that are present over a
variety of landscapes, such as arable midlatitude soils (Hill et al., 2016; Tobo et al., 2014),
especially during harvesting (Suski et al., 2018), and even in the free troposphere, emitted from
wildfires (Barry et al., 2021a). Traditionally, -15 °C was used as an empirical marker for INP
temperature spectra, distinguishing between biological ice nucleators initiating freezing at
warmer temperatures, and mineral dust dominating INP populations at colder temperatures
(Murray et al., 2012). Recent work has revealed a more complicated picture, where organics can
dominate down to the coldest measured temperatures, such as the observations at -28 °C reported
in air samples above pastures in Argentina in Testa et al. (2021).

In the Arctic, work on quantifying atmospheric INPs has primarily centered on aerosol
measurements from research cruises in the ocean, from fixed land sites, and during flight
campaigns. Bigg (1996) found mean concentrations of 0.013 L' at -15 °C at the North Pole
between August and early September. Bigg and Leck (2001) found median concentrations at -15
°C of up to 0.018 L'! near the beginning of the ship measurements that extended between July

and September. Flights that flew with a real-time ice nucleation instrument, the CSU Continuous



Flow Diffusion Chamber (CFDC), found variable concentrations. Rogers et al. (2001) found an
impressive median INP concentration of 5 L! (median temperature of -20 °C) over the Arctic
Ocean in May, while Prenni et al. (2007) found much lower concentrations in September and
October near Utqiagvik, Alaska, with 87% of the sampling times having no detectable INPs. A
more recent flight-based campaign during March and April found concentrations as high as
0.018 L' at -15 °C near Villum Research Station, Greenland, using a high volume filter sampler
(Hartmann et al., 2020). The observed variability could be attributed to different measurement
sampling periods and locations within the Arctic, as well as measurement techniques.

Over the past decade there has been a greater emphasis on determining seasonal Arctic
INP trends and the potential influence of terrestrial airmasses on INPs. Creamean et al. (2018)
made measurements at Oliktok Point, Alaska, between March and the end of May, and found
100-fold higher maximum concentrations in airmasses with primarily terrestrial and open ocean
transport pathways, compared with airmasses passing mainly over snow and ice. Santl-Temkiv et
al. (2019) measured higher INP concentrations in summer than spring in Greenland, which they
suggested could be due to increases in terrestrial sources. This finding is consistent with Irish et
al. (2019), who found higher INP concentrations in airmasses with lower latitude origins arriving
in the Canadian Arctic. Most recently, Porter et al. (2022) found INP concentrations at the North
Pole of up to 2 L' active at —15 °C during August and September, which were attributed to
transport of aerosol from regions proximal to the Russian coast.

Longer-term measurements of Arctic INPs have also increased in recent years. Wex et al.
(2019) noted similar seasonal trends from 4 fixed Arctic sites over a year, with a clear summer
increase in Arctic INP concentrations. This summer peak in INPs has been corroborated by a

year of central Arctic measurements by Creamean et al. (2022), over 2 years of measurements at



Villum Research Station, Greenland (Sze et al., 2023), and 4 years of measurements at Svalbard,
Norway (Pereira Freitas et al., 2023). Unique observations from longer-term measurements
include the abundance of likely proteinaceous INPs and primary biological aerosol particles in
the summer, although influence of heat-labile INPs was found during all seasons (Pereira Freitas
et al., 2023; Sze et al., 2023).

Although most measurements have focused on INPs in the free atmosphere, some recent
studies have explored INP concentrations from potential Arctic sources. Creamean et al. (2019)
found 100-3000 INPs mL™! at -15 °C in seawater samples from the Bering Strait and Chukchi
Sea (August and September), with the highest concentrations measured northwest of a
phytoplankton bloom. Lower concentrations in bulk seawater have been observed with
increasing distance from land (Hartmann et al., 2021; Wilson et al., 2015). Hartmann et al.
(2021) attributed their observations to a local marine source. Some potential Arctic terrestrial
sources of INPs have been hypothesized, including decaying leaves (Conen et al., 2016), glacial
soil dust (Tobo et al., 2019), and thawing permafrost (Creamean et al., 2020). Recent
parameterization of INP activity in glacial soil dust strongly improved comparability to
observations when included in a global climate model (Kawai et al., 2023).

Clearly, significant effort has been focused on obtaining aerosol INP measurements in the
Arctic during the last few decades at varying times of the year, and for annual cycles, but
understanding potential sources of Arctic INPs, especially terrestrial-based, remains an open
question. Additionally, measurements have mainly been focused on those close to land, leaving a
large region of the Arctic relatively understudied. The key questions that this dissertation aims to

cover, with new observations and analyses, are:



1) Chapter 2': How do the composition and concentration of INPs vary and compare with
previous Arctic observations in the central Arctic, far from coastal regions? Can we use
microbial detection methods as tracers to better understand the origins of INPs? This
study complements traditional meteorological trajectory approaches by using DNA to
detect when the aerosol in a sample has been influenced by marine and terrestrial sources.

2) Chapter 3%: Can INPs from thawed permafrost persist in activity when entering
thermokarst lakes? Can they persist under conditions of changing temperature and
salinity in other water reservoirs including the Arctic Ocean? Can they be emitted and
persist in the atmosphere, via emission from water sources under bubble bursting such as
induced by wave action under wind stress? This study mimics these processes in the
laboratory to address these questions.

3) Chapter 4°: What are the largest potential sources of INPs present in an active
thermokarst region? Can we track INPs into the Arctic atmosphere from a ground-based
approach? This study uses direct observations from an Arctic location to establish
whether local sources of INPs appear to dominate the airborne INP population.

4) Chapter 54 What are the best ways to eliminate INP contamination in the laboratory and
the field, especially important for samples from regions with low INPs? This
complementary chapter provides key protocol guidance for working with very low
concentration samples and is provided to document methods and best practices for
ongoing studies.

'Portions of this chapter are currently under review at ISME Communications
>This chapter has been published in Environmental Science & Technology:

https://doi.org/10.1021/acs.est.2c06530
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3This chapter has been published in Atmospheric Chemistry and Physics:
https://doi.org/10.5194/acp-23-15783-2023
“This chapter has been published in Atmospheric Research:

https://doi.org/10.1016/j.atmosres.2020.105419
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2. Evaluating the seasonal cycle of central Arctic ice nucleating particles

2.1 Introduction

The Arctic surface temperature is warming at 3.8 times faster than the rest of the world,
due to a phenomenon called Arctic amplification (Rantanen et al., 2022). Cloud properties are
known to affect Arctic amplification, with enhancement after replacement of ice with liquid in
global climate model clouds due to increased downwelling radiation reaching the surface (Tan &
Storelvmo, 2019). Climate models of all scales struggle with properly representing Arctic clouds.
Cloud microphysical parameterizations are a main factor for differences between global climate
models when it comes to simulating Arctic clouds. In particular, ice parameterizations are
important for determining the variability in the annual low-level cloud fraction, as low and thin
ice clouds drive seasonal cloud amounts (Taylor et al., 2019). Another reason climate models
struggle to represent Arctic clouds is that they have long lifetimes, with previous observations
showing that mixed-phase clouds can persist for multiple days (Morrison et al., 2012).

A special subset of aerosol, INPs, influence the Arctic cloud phase feedback (increased
liquid with warming, making the clouds more reflective), with different INP parameterizations
changing the strength of the feedback (Tan et al., 2022). INPs trigger ice formation at
temperatures warmer than the level of homogenous freezing (-38 °C), and have a variety of
sources, including biological material such as bacteria and fungi, marine organics, and mineral
dust (Hill et al., 2018; Kanji et al., 2017; Murray et al., 2012). In the Arctic, mixed-phase clouds
have been found to occur 41% of the time during the year, with most having temperatures
between -25 and -5 °C, within the range impacted by many of these INP sources (Shupe et al.,

2006).



Recent work has discussed issues with climate model representation of Arctic aerosol
sources in general, with models struggling in particular with local emissions (Schmale et al.,
2021). The Arctic annual cycle can be divided into two main time periods with transitions
between them. The Arctic haze season lasts typically from January to April, which is impacted
by anthropogenic air transported from lower latitudes, while the summer between June and
September typically is characterized by increased local influence and limited long-range
transport (Schmale et al., 2021). Long term trends of aerosol within these time periods (Schmale
et al., 2022) have revealed that the winter is still influenced by the Arctic haze, despite reduction
of emissions since 1970. Schmale et al. (2022) found no clear trends in long term measurements
during the summer, but strong natural aerosol influence persisted. Some natural local sources of
aerosols that are active as INPs include permafrost, glacial soil dust, and leaf litter (Conen et al.,
2016; Creamean et al., 2020; Tobo et al., 2019). A recent study showed that when glacial soil
dust was included as the basis for a model parameterization to represent Arctic dust INP sources,
Arctic dust accounted for virtually all of the dust INPs between June and November (Kawai et
al., 2023). A potential large future perturbation in summer INP sources influencing the Arctic is
INPs that could be released from thawing permafrost, as demonstrated by Barry et al (2023a).
Thermokarst regions contain many active, unrepresented potential sources of Arctic INPs (Barry
et al., 2023b). The impact of this source, via emissions from water sources, has yet to be
modeled.

There have been several previous measurements of INPs in the Arctic, including ship,
aircraft, and fixed site campaigns. Long-term measurements in the Arctic have mostly occurred
at fixed sites. Wex et al. (2019) reported on data from 4 coastal sites that spanned multiple years,

Sze et al. (2023) analyzed over two years of measurements at Villum Research Station in



Greenland, and Pereira Freitas et al. (2023) analyzed four years of measurements at Mount
Zeppelin in Svalbard, Norway. All of these studies have provided valuable information, picking
up seasonal trends in the Arctic, with high temperature INPs (>-15 °C) generally more abundant
in the summer at coastal locations. However, observations in the central Arctic have been
confined to specific months, such as Porter et al. (2022) measuring shipborne INPs during
August and September, Bigg and Leck (2001) measuring from July to September, Bigg (1996)
measuring from August to October, and Hartmann et al. (2021) measuring up to 83.7° N between
May and July.

Thus, there has been a lack of seasonal or long term measurements in the central Arctic to
provide a framework to compare and integrate results from other sites. This changed with the
Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAiC) campaign,
which provided the first full year of INP measurements in the central Arctic. The seasonal cycle
from one collection and analysis method of INPs, resulting in size-resolved measurements, has
been published (Creamean et al., 2022). They found the highest concentrations in the summer,
with most of the INPs in the 1-3 um size range, but lower concentrations and smaller INPs in
winter. They hypothesized that the main source of the winter INPs was long-range transport,
while summer may be dominated by emissions from local melt ponds, leads, and the marginal
ice zone. The work presented here also includes results from the MOSAiC campaign, but extends
the findings of Creamean et al. (2022) by presenting seasonal results from whole aerosol filters
(not behind a size-segregating inlet), as well as providing a more detailed analysis of INP
characteristics. Additionally, to identify the sources of INPs, we provide the first seasonal cycle
of Arctic aerosol bacteria and eukaryotes, and sequence select local sources to see if they may be

contributing to the aerosol.



2.2 Methods
2.2.1 Sample collection during the MOSAIiC expedition

The MOSAIiC campaign took place from October 2019 to September 2020 in the central
Arctic aboard the R/V Polarstern, separated into 5 legs with changing personnel. The vessel
drifted passively in ice between: October 4-December 13 (Leg 1); December 13-February 24
(Leg 2); February 24-May 16 (Leg 3); June 19-July 31 (Leg 4); and August 21-September 20
(Leg 5). The other periods are when the Polarstern was in transit. Overviews of this campaign
have been provided in depth in several recent articles (Nicolaus et al., 2022; Rabe et al., 2022;
Shupe et al., 2022).

Aerosols for INP and DNA analyses were collected onboard the Polarstern’s P-deck
during MOSAIC, on filter samplers mounted about 15 m above sea level with the U.S.
Department of Energy Atmospheric Radiation Measurement (DOE ARM) AMF?2 facility. This
was about 3 m below the Aerosol Observation System (AOS) inlet. Polycarbonate filters for INP
analyses (0.2 pm Whatman Nuclepore track-etched hydrophilic membranes) were precleaned by
brief ultrasonication in methanol (2-10 s pulses) followed by 0.1 um filtered deionized (DI)
water rinses (Barry et al., 2021b). For DNA analyses, polycarbonate filters (0.4 pum Whatman
Nuclepore track-etched hydrophilic membranes) were precleaned by soaking in 10% H202
followed by 0.1 um filtered DI water rinses (Uetake et al., 2020). Filters for both INP and DNA
analyses were precleaned and preloaded in disposable Nalgene units in a laminar flow cabinet at
Colorado State University (CSU). Identically cleaned 10 pm polycarbonate filters were loaded
underneath the 0.2 and 0.4 um filters to provide a barrier for the sample filter. Filters were
typically collected for 3-day periods, with an average total volume of air filtered of 88,800

standard Liters (sL: 0 °C; 1013.25 mb) for INP filters and 139,500 sL for DNA filters. All filters
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were stored colder than -20 °C for the duration of the campaign, during transport, and at CSU
until analysis. Size resolved aerosol for INP analyses were also collected with a 4-stage Davis
Rotating-drum Unit for Monitoring cascade impactor (DRUM) with the AOS inlet (Creamean et
al., 2022). These data are included for comparison purposes to the polycarbonate filters.

Samples of seawater, sea ice, snow, melt pond water, and open lead ice were collected
and used to identify potential local sources of biological aerosols. All sample metadata, including
types, collection dates and times, latitudes/longitudes, and depths are provided in Table A.1.1.
Protocols for collection of seawater, sea ice and snow are discussed in detail in Nicolaus et al.
(2022) and Rabe et al. (2022), but are described here briefly. Seawater includes samples from
Polarstern’s flowthrough seawater tap system (FT) collected approximately daily and those
collected from a CTD (conductivity, temperature, depth) rosette approximately once per week.
The flowthrough system on Polarstern collects seawater at 11 m depth. CTD samples presented
here were collected at 4-7 depths within the upper 400 meters of the ocean surface. Sea ice cores
were collected approximately weekly from both first and second year ice using a Kovacs II
coring system. Ice cores were sectioned into 5-10-cm segments while on the pack ice, melted on
Polarstern, then diluted with filtered seawater (0.22 um Sterivex filters) under red-light-only
conditions in a cold laboratory container for preservation of microorganisms. Ice core samples
analyzed for the current work were from various sections of each core (predominantly the bottom
0-10 cm). Snow pit samples were typically collected approximately weekly from the surface,
middle, and bottom (near the snow-ice interface) of the snow pits. Melt pond and newly formed
lead ice samples were collected during intensive observational periods throughout the expedition
but focused mostly during the summer months. These samples were collected by hand, which

involved triple-rinsing 50-mL centrifuge tubes then filling to ~40 mL from the edge of these
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open water features. All samples were stored and transported at —20 °C or less prior to INP and
DNA analysis.
2.2.2 INP sample analysis

For INP sample processing, 8 mL of 0.1 pm filtered DI water were added to a filter in a
prerinsed 50 mL centrifuge tube to create a suspension and shaken for 20 min in a Roto-Torque
rotater (Cole Parmer). Corresponding 11-fold dilutions were made (400 uL sample and 4000 uL
0.1 um filtered DI water) and pipetted out in 32-50 uL aliquots into PCR trays (Optimum Ultra).
A 32-50 pL block of 0.1 um filtered DI water was included with each sample as a negative
control. The PCR trays were placed into the aluminum blocks of the CSU Ice Spectrometer (IS)
and cooled at 0.33 °C min'!. The current setup of the IS is further described in DeMott et al.
(2018). Based on the number of frozen wells, the INPs were first converted to concentration per
mL of suspension, before conversion to INPs per L of air by considering the total volume of air
filtered (Vali, 1971). 95% confidence intervals are from Agresti and Coull (1998). 74 samples
were processed in all. For blanks, 4 filters were transported and processed identically to the INP
samples (without airflow), and they were combined to create a regression of INPs per filter as a
function of temperature for subtraction from the INPs per sampled filters before conversion to
numbers per L of air. The blank corrections had virtually no effect on INP concentrations, as
there was only an average of 11 INPs per blank filter at -25 °C, while filters typically had >1000
INPs at this temperature. Thermal and chemical treatments were performed on 26 of the
remaining portions of filter suspensions. These treatments have been used extensively in
previous work to infer the basic INP composition (e.g., Barry et al., 2023; Hill et al., 2016;
McCluskey et al., 2018; Suski et al., 2018). Heat treatment at 95 °C removes heat labile INPs

(such as proteins), and hydrogen peroxide (H202) digestion at 95 °C removes all organics.
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Thereby, heat labile and heat stable organic fractions can be derived, with the remaining
presumed mineral.
2.2.3 DNA sample analysis

Samples for DNA analyses were processed similarly to previous work (Barry, Hill,
Moore, et al., 2023; Uetake et al., 2020). Starting with the aerosol filters, 54 were extracted and
sequenced. 47 followed the previous protocol, starting with cutting up the filter in several pieces,
30 s ultrasonication in 2 mL of nuclease free water, and concentration with a Microcon DNA
Fast Flow Centrifugal Filter. Extraction was done with the DNeasy PowerLyzer Microbial Kit
(Q1iagen). A different protocol was employed for 79 source samples and 7 additional aerosol
filters (to get more data in certain months), which were also cut into pieces as for the others. Ice,
seawater, melt pond, flowthrough, and snow filters were pre-processed identically, by first
thawing the sample and filtering approximately 30 mL through a Sterivex (Millipore) 0.22 pm
pore filtering unit. Snow had less liquid volume when it melted, so approximately 15 mL went
through a Sterivex unit. The Sterivex was separated with a PVC pipe cutter (Cruaud et al., 2017),
and filter detached with a sterile scalpel and cut into pieces. For the water and 7 additional
aerosol samples, pieces were then placed directly into the extraction tubes of the DNeasy
PowerSoil Pro Kit (Qiagen). This kit and method were chosen for the latter batch to remove the
concentration pre-step where losses may occur, and directly proceed with extraction from the
filter. Extraction for both batches followed their respective Qiagen protocol, with two elutions
used in the final step to improve recovery (Hill et al., 2014).

All samples were then treated identically for amplification and library preparation. For
16S rRNA, the V4-V5 region was targeted with the 515yF/926pfR primers (Parada et al., 2016)

with cycling conditions following (Uetake et al., 2020) and using the UCP Multiplex PCR master
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mix (Qiagen). Every sample was amplified for 16S rRNA. A subset of aerosol samples (29) were
amplified for both ITS and 18S rRNA to look at the seasonality of the eukaryotes in the air. For
ITS, the primers followed Walters et. al. (2015), and cycling conditions were: 95 °C for 2 min;
37 cycles of 95 °C for 30 s, 55 °C for 60 s, 72 °C for 60 s; followed by a 72 °C hold for 5 min
and a hold at 4 °C until sample removal. For 18S, we used the Euk1391f-EukBr primer pair
detailed on the Earth Microbiome Project (Thompson et al., 2017). Cycling conditions were also
adapted from the Earth Microbiome Project: 94 °C for 3 min; 37 cycles of 94 °C for 45 s, 57 °C
for 60 s, 72 °C for 90 s; followed by a 72 °C hold for 10 min and a hold at 4 °C until sample
removal. All primers contained the Illumina adapters and were purified with AMPure XP
(Beckman Coulter) two times: once after 1*' amplification and once after 2" amplification that
added sample barcodes (IDT for Illumina Nextera DNA UD Indexes). This 2" PCR step had
cycling conditions of 95 °C for 5 min; 12 cycles of 95 °C for 30 s, 60 °C for 30 s, and 72 °C for
30 s; followed by a 72 °C for 7 min and a hold at 4 °C until sample removal. This step used the
AmpliTaq Gold LD DNA Polymerase (Applied Biosystems). After 2" purification, samples
were quantified with the Quant-iT™ 1X dsDNA Assay Kits (Invitrogen) on an Enspire Plate
Reader, to create an equimolar library. This library was sequenced at the CSU Next Generation
Sequencing (NGS) Core with the [llumina MiSeq Reagent Kit v3 (600-cycle).

Next, sequences were demultiplexed in the Illumina BaseSpace Sequence Hub, before
being imported into QIIME?2 Version 2023.5 for processing (Bolyen et al., 2019). Reads were
denoised with DADA?2 (Callahan et al., 2016) to create an amplicon sequence variant table. For
16S, preformatted reference sequence and taxonomy files were based on SILVA 138 (Quast et
al., 2012; Robeson et al., 2020). For 18S, reference sequence and taxonomy files were from the

PR? (Protist Ribosomal Reference) database, version 5.0.0 (Guillou et al., 2012; Vaulot et al.,

14



2023). For ITS, reference sequence and taxonomy files were from UNITE Community database,
version 9.0 (Abarenkov et al., 2022). Taxonomy assignment used the feature-classifier plugin in
QIIME2 (Bokulich et al., 2018; Pedregosa et al., 2011). For 16S, any non-bacterial reads
(mitochondria, chloroplast, archaea) were removed. Negative controls were included for later
correction with the decontam package prevalence method with a threshold of 0.5 (Davis et al.,
2018). For aerosol filters, this included 3 field controls that were prepared and handled
identically as the samples, minus airflow. For water samples, this included 2 laboratory controls
that put 30 mL of nuclease free water into a 50 mL centrifuge tube and subsequently through a
Sterivex unit before extraction. Additionally, 7 PCR and 4 extraction negatives were included.

For relation of the aerosol to the potential sources sequenced, 16S rRNA data were used
in SourceTracker2 (Knights et al., 2011). Categories were initially narrow (e.g., the separation of
flowthrough from CTD seawater samples). However, those categories showed large proportions
of similarity (>50%), so we composited the samples into three categories (Fig. A.1.1) that
contained over 70% unknown during class prediction. The exact sample category breakdown
used for source tracking is given in Table A.1.1. For both source tracking and taxonomy, aerosol
samples with less than 1000 reads were removed, resulting in the loss of 5 samples. For sources,
samples were rarefied at 5000 reads for source tracking, which resulted in the loss of 12 samples,
but were included in relevant taxonomy plots (Fig. A.1.2; the lowest sample included was 1912
reads). For ITS aerosol data, only 10 samples amplified, but those amplified well (minimum of
41506 reads). For 18S aerosol data, there was better success in that 19/29 amplified (after
removal of one sample with 104 reads).

To get a better understanding of the bacterial seasonal cycle, filters were pooled by

month of filter start date for taxonomic plots, using a sum to combine the ASV frequency. There
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was only one successful sample in March (filter start date of 3/16/2020), which was included
with February. There was also only one successful sample in October (filter start date of
10/27/2019), which was included with November. Additionally, filters collected on a ship that
was drifting in sea ice presented a major challenge in identifying and removing contamination.
Any bacterial contamination from the ship community would not be represented on a blank
aerosol filter that did not have airflow. To provide a more accurate representation of the Arctic
bacterial community, the top 60 abundant aerosol ASVs were put through the National Center
for Biotechnology Information (NCBI) Basic Local Alignment Search Tool (BLAST) tool and
the isolation source was checked for the sequences having the top scores. In total, 17 ASVs were
removed, based on isolation sources having obvious contamination sources (e.g., skin, stool,
waste).
2.3 Results and Discussion
2.3.1 Seasonal cycle of INPs

First, we present INP results from the MOSAi1C campaign (Fig. 2.1). Creamean et al.
(2022) reported the annual cycle of size-resolved INPs during MOSAIC from 24-hour samples,
while here, we present new INP concentration and augmented composition data from total
aerosol sampled at 72-hour intervals on filters. The longer duration sampling in this remote, low-
aerosol region was intended to permit characterization of the rarer, warm temperature biological
INPs. INP concentrations varied as a function of season, with higher average concentrations
during the summer (-15 °C: 0.19 L!; -20 °C: 0.44 L'!), and mean concentration similarities in the
other seasons. The lowest average concentrations at -15 °C were in the winter and spring/melt
transition season (0.0011 L), while the lowest average concentrations at -20 °C were in the fall

(0.016 L'"). In addition to having the highest concentrations, the summer samples had the most
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variability, with the highest standard deviation (0.35 L™ at -15 °C). The winter samples had the
lowest standard deviation at -15 °C, at 0.0013 L!. Summer INP concentrations of upto 1.4 L' at
-15 °C were found on the filter collected on July 3-6. The highest values are consistent with up to
2 L! seen near the North Pole in August of 2018 (Porter et al., 2022). The trends observed in
MOSAIC, with the highest concentrations in the summer months and lower concentrations in the
winter and spring, have been seen before in the Arctic, most recently in long-term measurements
in Svalbard, Norway, and Villum Research Station in Greenland (Pereira Freitas et al., 2023; Sze
et al., 2023), as well at several other fixed Arctic sites (Wex et al., 2019). Partial year sampling

also supports higher concentrations in summer (Creamean, et al., 2018; Santl-Temkiv et al.,

2019).
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Figure 2.1: Cumulative INP-temperature spectra, colored by season. Fall (Purple: September,

October, November), Winter (Red: December, January, February), Spring (Yellow: March,
April, May), Summer (Blue: June, July, August).
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The concentrations and seasonal cycle observed in MOSAIC agree quite well with those
at the Zeppelin Observatory (474 m above sea level) in Svalbard (Fig. 2.2: Pereira Freitas et al.,
2023), suggesting a basin-wide commonality of INP concentrations in the general Arctic. This is
a bit surprising, considering the conclusions of Pereira Freitas et al. (2023), made on the basis of
single particle fluorescence spectroscopy, that local terrestrial sources in Svalbard were the
source of INPs. Mean concentrations varied by approximately a factor of 2 in the fall, winter,
and spring, but were as much as an order magnitude lower in summer, which is mostly
attributable to not apparently having experienced the event responsible for the highest
concentrations found at the ship site in early July. Some differences are also expected with varied
averaging times (the Zeppelin filters were collected over one week), and locations (with
influence from local sources expected at both locations). The filter material was the same
(polycarbonate). By -25 °C, the concentrations were nearly identical over the whole year in the
two data sets.

Also shown in Fig. 2.2 (and Fig. A.1.2) is a direct comparison between coincident
MOSAIC INP methods. For the DRUM data that represent an integration of all size stages,
average concentrations at -15 °C were in the fall=1.8x10 L'"; winter=6.1x10> L"';
spring=6.3x10" L'!; summer=1.1x10" L"! compared to the polycarbonate filters which had
0.0044 L', 0.0011 L', 0.0011 L', and 0.19 L"'. Similar seasonality trends were detected (with 1-
3 orders of magnitude lower concentrations); however, seasonality was less evident or
nonexistent in the DRUM data at colder temperatures like -20 and -25 °C. It is seemingly
perplexing that the highest average concentrations (at -20 °C) from the DRUM are in the winter,
which is inconsistent with what the polycarbonate filters or Zeppelin Observatory data indicate

(Pereira Freitas et al., 2023). There are several potential explanations for the discrepancies
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observed, such as inefficient particle collection, removal, and variability of cooling rate, further

discussed in Text A1l.
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Figure 2.2: INP concentration time series during the MOSAiC campaign at -10 °C, -15 °C, -20
°C, and -25 °C. Zeppelin (green) refers to data taken at Zeppelin Observatory in Svalbard
(Pereira Freitas et al., 2023); MOSAIC (orange) refers to data taken on the R/V Polarstern and
analyzed with the Ice Spectrometer.

Next, we present the seasonal cycle of the INP composition, initially partially presented
in the supplemental material of Creamean et al. (2022). Based upon heating to 95 °C and H202

digestion, we were able to separate samples into heat labile organics (likely proteinaceous), heat
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stable organics, and mineral fractions (Fig. 2.3). Although the summer had the highest standard
deviation for cumulative INP concentrations, it was the most stable time for INP composition, as
June through August had virtually 100% heat labile organics at both -15 and -20 °C. Heat stable
organics were seen periodically throughout the remainder of the year, concentrated in the fall and
spring. Mineral influence was seen occasionally from late October to early February, with minor
contributions lasting into May, consistent with the Arctic haze time period. Out of the 26
samples tested, all but one had at least some proportion of heat labile organics at -15 or -20 °C.
We conclude that heat labile INPs are in the central Arctic nearly all times of the year, with the
largest fractions occurring during the summer. This agrees with enhanced summer biological
productivity and sunlight, decreasing sea ice, and less snow on land. This finding is consistent
with those from recent work showing heat labile fractions of over 90 percent in summer, and 50-
85% in winter, at -12 °C at Zeppelin Observatory (Pereira Freitas et al., 2023), heat labile
fractions over 75% at -12 °C in months with snow at Villum Research Station (Sze et al., 2023),
and all heat-labile INPs above -20 °C near the North Pole in August and September (Porter et al.,

2022).
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Figure 2.3: Seasonal cycle of the INP composition in the temperature regime at -15 and -20 °C
measured on the R/V Polarstern during MOSAiC. Date refers to the aerosol filter start date, with
blue denoting the heat labile organic fraction (from heating to 95 °C), green denotes the heat
stable organic fraction (from digestion with H202), and tan is the inorganic (presumed mineral)
contribution from the INPs remaining after H>O> digestion.
2.3.2 Seasonal cycle of bioaerosols

A year in the central Arctic revealed a complex picture of the air microbiome (Fig. 2.4),
with limited consistent trends among dominant bacterial taxa. Among the top 20, probable
marine taxa are seen between May and November, while probable terrestrial taxa are seen
between September and May, suggesting shifts in the bacterial origin. The majority of the
months have top taxa that are from ambiguous origins. December was an anomaly in that the top
20 genera only explain 16 percent of the relative abundance.

For comparison to previous work, the top phyla observed were Proteobacteria,

Bacteroidota, Actinobacteriota, and Firmicutes. This agrees well with previous Arctic bioaerosol
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studies (Cuthbertson et al., 2017; Harding et al., 2011; Jensen et al., 2022; Santl-Temkiv et al.,
2018). Proteobacteria were found in greatest relative abundance in February (93%) and April
(76%), Bacteroidota in August (77%), Actinobacteriota in July (74%), and Firmicutes in May
(18%). Firmicutes were found in the aerosol in every month, in relatively equal proportions (3-
18%); given they are known to produce endospores (Galperin, 2015), they appear to be a stable
part of the yearly Arctic microbial composition able to survive the harsh environment, as well as
able to travel long distances.

At the genus level, previous measurements from Station Nord, Greenland, found the
highest relative abundance contributions from Sphingomonas, Hymenobacter, and
Methylobacterium in air between March and June (Tignat-Perrier et al., 2019). These three
genera were detected in the MOSAIC top 20, with Sphingomonas found in January, April, May,
June, September, and December; Hymenobacter in April, November, and December; and
Methylobacterium in November. The soil-inhabiting order, Frankiales, were detected in April,
May, and November, with the largest contribution in November (11% relative abundance).
Previously, this taxon was found in the Arctic aerosol at Villum Research Station (Jensen et al.,
2022), in larger relative abundance in the summer. The psychrophile, Polaribacter, was the most
abundant genus overall, detected in May, July, August, September, and November. This taxon
has been found in high abundance in seawater samples after spring phytoplankton blooms in the
North Sea (Teeling et al., 2016), and in the summer in air samples over the Southern Ocean

(Uetake et al., 2020). Highest relative abundance was also found in summer during MOSAIC.
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Figure 2.4: Pooled monthly aerosol bacterial taxonomy plot, colored by the top 20 genera (top)
and by probable source (bottom). Any taxa contributing less than 0.1% relative abundance were
excluded from the analysis.

Source tracking analysis from local sequenced sources confirmed that the Arctic air is
comprised of a wide range of bioaerosol sources, with the majority (73%) of the samples
showing unknown contribution (Fig. 2.5). Sequenced local sources could be identified only
intermittently as contributors to the aerosol. Of the known contributions, snow was by far the
most common, appearing 9 times (22% of samples). A notable event includes the November
storm that took place between November 16 and 20 with two cyclones (Rinke et al., 2021), in
which 47% of the aerosol was explained by the sequenced snow. Other snow contributions can

also be explained by midlatitude cyclones, with cyclone start dates of December 16, January 12,

May 25, May 28, July 3, July 7, August 9, September 24, overlapping with the aerosol filters

23



sequenced (Rinke et al., 2021). The blowing snow event on January 13-14 also can explain the
January snow contribution (Gong et al., 2023). Summer filters show occasional influence
explained by the Ice and MP category, which is consistent with melt ponds occurring during the
summer (Creamean et al., 2022). Surprisingly, only one sample had substantial seawater
influence (33%), on May 31, even though open leads were present throughout the campaign
(Creamean et al., 2022).

The genus level taxonomy for the potential sources shows large contributions of
Flavobacterium in the ice and melt pond samples, while the seawater samples (represented by
100 m CTD, FT, and lead water categories) have consistent contributions from Clade-1a and
Clade-1I within the order SAR11 (Fig. A.1.6). The summer transition to dominance of genera
such as Nitrincolaceae and Planktomarina in FT samples has been seen in Arctic waters (Thiele
et al., 2023) during phytoplankton blooms in water samples taken in July and August. The snow
samples were not explained by any of the top 10 common genera; they were instead explained by
a mixture of marine and terrestrial taxa such as the soil organisms Ramlibacter and
Bradyrhizhobium, and the marine organisms Octadecabacter, Algoriphagus, and Polaribacter.
In general, source tracking revealed that the air has its own unique microbiome that is often
distinct from the defined communities present in the potential sources local to the ship, namely
ice and seawater in the immediate surrounding environment. Sequencing of additional source
samples to cover more times and a broader geographical area may have increased the explained
contribution in the aerosol samples, especially in the snow samples that were more variable and
not explained by the top 10 genera overall (Fig. A.1.6). However, the consistency in the CTD,

FT, Ice, and MP relative abundances indicate that these communities were largely covered.
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Figure 2.5: Source tracking analysis for 41 aerosol samples, organized by month of the campaign
(October 2019-September 2020). The listed dates refer to the start date of the filter. 76 sources
were included and composited into three categories: Ice and Melt Pond (MP: Dark Blue);
Seawater (SW: Green); and Snow (Pink).

The seasonal trends of Arctic airborne eukaryotes were analyzed with ITS and 18S rRNA
sequencing (Fig. 2.6). Starting with ITS, the genus Cryolevonia was found in samples from May
to August, comprising 98% of the relative abundance in the aerosol filter that started on June 30.
At the species level, all of the Cryolevonia reads were from C. schafbergensis, which has been
isolated from permafrost in the Alps and sea ice in Baffin, Canada (Pontes et al., 2020).
Additionally, this genus has been isolated from ice in Patagonia and Antarctica, but classified as
a different species (De Garcia et al., 2020). The ubiquitous genus Penicillium was found in the
most samples (7) throughout the year, while the class Sodariomycetes was only detected in
December and January. There are limited previous Arctic airborne measurements of fungi, but
the genera Penicillium and Sordaria were among several detected in July and August from Ft.

Churchill, Manitoba, (Pady & Kapica, 1953) and the maximum of detected fungal spores was

found in late July and August (Johansen, 1991; Johansen & Hafsten, 1988). More recent studies
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detected high levels of the genus Cladosporium from Longyearbyen, Svalbard, Norway, in May,
which they attributed to organic matter accumulation under snow (Pusz & Urbaniak, 2021), and
high relative abundance of the genus Alternaria between March and June at Station Nord,
Greenland (Tignat-Perrier et al., 2019). We did not detect Alternaria during MOSAiC, which
could be attributed to periodic nature of the detected fungi, the distance from land, or different
meteorological conditions like airmass origin. Cladosporium was not detected in any ITS sample
but was detected in 5 18S samples.

The 18S rRNA results (Fig. 2.6), excluding fungi, that the genus Bacillariophyceae (4:
diatoms) were detected in multiple samples, presence between May and September. This shows
that local marine eukaryotes were present during this time period. Mollusca (mollusks) were
detected in two samples in May. Including fungi, most samples had relative abundances
dominated by the phyla Basidiomycota and Ascomycota. Previously, continental work showed
that normalized species richness of Basidiomycota is higher in the summer and fall, while
Ascomycota 1s higher in the winter and spring (Frohlich-Nowoisky et al., 2009). During
MOSAIC, the higher Ascomycota relative abundances were predominantly observed between the
end of October and December, though smaller influences of Ascomycota exist at all times of the
year. Under global sampling, greater relative proportions of Ascomycota were observed in
marine and coastal air, whereas continental air had higher proportions of Basidiomycota
(Frohlich-Nowoisky et al., 2012). This was thought to be related to the size of the spores, as
Basidiomycota spores are larger than Ascomycota, and have shorter atmospheric residence
times. Therefore, the generally increased relative abundances of Ascomycetes at MOSAIC that

occur during fall and early winter support longer-range transport [such as during the November
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storm (Rinke et al., 2021)]. Similarly, the high proportions of Basidiomycetes in May-July

support more local terrestrial airmasses.
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Figure 2.6: Relative abundance taxonomy for the MOSAIC aerosol for 18S at the phylum level,
excluding fungi (top), and with fungi (Ascomycota and Basidiomycota, bottom). The filter
starting date is given on the x-axis, and samples are colored by the top 10 abundant taxa, with
domain (D) given if not resolved at the phylum level.
2.3.3 Investigating potential INP origins through bioaerosol linkage

As almost every sample had heat labile INPs, suggestive of biological influences on the
INP populations, we explore the use of bacterial and fungal DNA as a proxy for air mass origin
and as a tracer for INPs; we cannot further identify the composition of heat labile INPs on the

basis of DNA sequencing. IN fungi typically release copious extracellular IN proteins, so a DNA

signature is not assured (e.g. Schwidetzky et al., 2023). We first present the top 20 abundant
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genera (for samples with corresponding INP concentrations) separated by the days with lower
(Group 1) and higher (Group 2) INP concentrations at -15 °C (Fig. 2.7). Taxa that were more
frequently associated with higher INP concentrations in Group 2 included the likely marine NS9-
marine-group, Formosa, the diverse origin family Intrasporangiaceae, and genera Tetrasphaera
and Paracoccus. For taxa associated with lower INPs with greater frequency in Group 1, the
likely terrestrial genera Bradyrhizobium, Mucilaginibacter, Luteibacter, terrestrial order
Frankiales, marine genera Lentimonas, and ambiguous origin genera Sphingomonas,
Sphingobacterium, Methylobacterium-Methylorubrum, Amnibacterium, and Pseudomonas were
found. The marine Polaribacter, and ambiguous origin Corynebacterium, Flavobacterium, and
Staphylococcus were detected relatively evenly among INP groups. This analysis shows
unexpectedly that the airmasses with lower (< 0.01 L' at -15 °C) INP concentrations are
typically associated with more abundant probable terrestrial taxa, whereas airmasses with higher
INPs are typically associated with more abundant probable marine taxa. As a whole, the
airmasses with different INP concentration levels are compositionally quite different from each
other. However, we note that the selection of 0.01 L' as a threshold concentration has effectively
separated the dataset by season (Figure 2.2), likely accounting for at least some of the observed

differences.
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Figure 2.7: Heatmap showing the top 20 Genus level taxa as a function of INP group, colored by
the log10 of the frequency. The taxa abundance is ordered from highest to lowest. Group 1
represents INP concentrations at -15 °C that were less than 0.01 L', and Group 2 is INP
concentrations greater than 0.01 L.

To further investigate possible airmass origins during specific events, all INP
measurements at -15 °C and three biological tracers were plotted along with 5-day HYSPLIT
back trajectory airmass percentages (Fig. 2.8). The methodology is described in Creamean et al.
(2022) for 5-day back trajectories using only trajectory points < 500 m above mean sea level, and
describes the percentage of time spent over a certain region. Ice is greater than 85% coverage,
marginal ice zone (MIZ) is between 15 and 85% coverage, open ocean is less than 15%
coverage, and a land category was included. Cryolevonia, due to being isolated from cold
regions (Pontes et al., 2020), are a likely tracer for a local terrestrial airmass, Mycena,

saprotrophic fungi, are a likely tracer for a longer-range terrestrial airmass, and Polaribacter,

cold-dwelling ocean bacteria, are a tracer for a marine airmass. Mycena and Polaribacter were
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both detected during the November 16-20 storm that advected warm air from the North Atlantic
(Rinke et al., 2021), so this likely indicates that the air during this time was a mixture of local
and longer-range sources. The 5-day back trajectories during this time indicate a shift from air
predominantly over the ice-free ocean on the 16" and 17", to predominantly over the ice on the
18™-20", Mycena were detected on the filter that started on the 15", while Polaribacter were not
detected, and Polaribacter were detected on the filter that started on the 18" (not sequenced for
ITS), so the airmass change could be responsible for the different populations detected. Between
those two filter time periods, the INPs at -15 °C went up by an order of magnitude from 1.7x10*
to 1.8x10° L', After November 18™, Polaribacter were not detected again until May 2020, as
the ship continued to move north, and the ice coverage expanded.

INPs were elevated (0.12 L at -15 °C) and Mycena were detected on the filter starting
on April 19, This filter was collected within the time period of southerly warm air advection
between April 15-21 (Rinke et al., 2021). The airmasses were quite variable during this time
period, with maximums of 100% ice, 64% ice-free ocean, 33% land, and 8% MIZ over the daily
5-day back trajectories. April 15" and 16™ were the dates of a warm air mass intrusion event
with air from Eastern Europe that substantially changed the aerosol composition and size
distribution (Dada et al., 2022). There was an increase between the INP filters collected from
April 13-16 and that from April 16-19 (from 1.5x107 to 5.6x107 L' at -15 °C), but this
approximate 4-fold increase was much smaller than the subsequent 20-fold increase seen in the
INP filter collected from April 19-22. Overall, during this April warm air advection event, there
was a clear INP increase, with indication of some terrestrial and marine influences.

In the summer, when the highest INP concentrations were observed, Polaribacter was

commonly detected, which suggests that the air during this time had local or regional marine
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influence. However, there were contributions from all tracers. In particular, analysis of the May
25-28 filter detected Mycena, Cryolevonia, and Polaribacter, and subsequently had maximums
of 83% ocean, 77% ice, and 5% land. On June 18-21, Mycena and Cryolevonia were detected
and maximums of 100% ice, 53% land, and 23% ocean were observed. This is when Polarstern
had to leave the pack ice to travel to/from Svalbard for exchange of personnel and provision
resupply (Shupe et al., 2022). On August 2-5, only Cryolevonia was detected during a local
minimum of INP concentration (7.6x107 at -15 °C. The airmasses during this collection period
were still variable, with maximums of 100% ice, 85% ocean, and 13% land. In summary, while
INPs followed a clear seasonal trend, their concentrations were also affected by periodic events
such as the November storm and April warm air mass intrusion. Even during stable INP
compositional periods during the summer (Fig. 2.3), the airmasses generally show the influence
of multiple source regions that can include both likely terrestrial (local and longer range) and

marine emissions.
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Figure 2.8: (Top) INP concentration at -15 °C and corresponding presence (plotted around
I)/absence (plotted around 0) of two fungal taxa (Mycena: red and Cryolevonia: orange) and one
bacterial taxon (Polaribacter: blue). The presence of fungi is also given with purple squares
(from the 18S data). (Bottom) Percent contribution to 5 day <500 m back-trajectory and
corresponding latitude. Ice (green) refers to greater than 85% sea ice concentration (SIC), MIZ
(dark blue) is the marginal ice zone and refers to 15-85% SIC, Ocean (blue) refers to the ice-free
ocean <15% SIC, and Land (brown). Latitude data is from GPS monitoring onboard the
Polarstern. Gray boxes indicate the November storm (11/16-20/2019) and the April warm air
mass intrusion (4/15-21/2020).

2.4 Conclusions
Measurements of INPs from the Arctic continue to be important as the region warms
disproportionately to the rest of the globe and potential INP sources change, and to improve

representation of INPs in climate models for better simulations of cloud properties. Therefore,

we sought to improve understanding of the INPs in the central Arctic by reporting a seasonal
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cycle of aerosol INP concentrations and composition, and relating this cycle to the seasonality of
bacteria and fungi at coincident locations as indicators of air mass influences. What was
uncovered is both complicated and promising for future understanding. First, the airmasses
sampled tended to be a mixture of marine and terrestrial origin, with most samples involving
time spent over ice, open ocean, and land. The annual cycle of bacteria was comprised of many
taxa that varied in relative abundance, and few consistent taxa-specific seasonal trends could be
detected outside of Polaribacter. Basidiomycetes, even though they possess larger spores with
faster settling rates, were detected in greater abundance than Ascomycetes mainly in the spring
and summer. This implies that there is more local transport in these seasons, but Ascomycetes in
large proportions were also detected at all times of the year. Source tracking analysis indicated
that the sampled airmasses could rarely be explained by local sequenced sources, except for
periodic influence mainly from snow that coincided with cyclones. This result was surprising, in
that it implies that even in summer, the bioaerosols and potentially some of the INPs were
primarily influenced at times by regional or long-range transport, and not just local emissions.
This finding is not something that could be uncovered from the INP data alone, which had its
most compositionally stable time from May-August with nearly all of the INPs indicating a heat-
labile nature (likely proteinaceous). Heat-labile INPs were detected in high abundances at all
times of the year, with some mineral influence possible outside of the summertime period.
Comparison of the INPs with bacterial and fungal tracers and airmass trajectories reiterated that
terrestrial airmasses can occur at any time of the year, and that bioaerosols and INP
concentrations were sensitive to larger scale airmass changes (such as occurred with the
November storm and April warm airmass intrusion). This is consistent with the finding that

proximate sources did not dominate during MOSAIC in the central Arctic, and general
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comparability with coincident long-term measurements at Zeppelin Observatory (Pereira Freitas
et al., 2023). Therefore, it is promising for future modeling parameterizations that the
measurements in the central Arctic are similar to those made in the wider Arctic, and that even
though the air composition for biological aerosols and INPs is complex, the complexity appears

to extend Arctic-wide.
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3. Permafrost as a source of INPs: persistence during transport

3.1. Introduction

Recent estimates place the Northern Hemisphere permafrost land coverage at
approximately 22% of exposed land area (Obu et al., 2019). However, permafrost—earth
material like bedrock, soils, and peat that remains at or below 0 °C for two or more years—is
thawing across the Arctic, because mean annual ground temperatures have been increasing over
the past several decades. For example, Burn and Kokelj (2009) found increases of 1.5 °C in the
Mackenzie Delta, Canada, between the 1970s and 2007, and globally, permafrost temperature
has increased by 0.29 °C from 2007-2016 (Biskaborn et al., 2019). Thermokarst lakes (TKLs),
land depressions resulting from the thawing of ice-rich permafrost, are forecast to increase in a
warmer climate (Luo et al., 2015), exacerbated by an increase in wildfires accelerating thaw (Y.
Chen et al., 2021). Within permafrost regions, TKLs cover up to 50% of land (Kokelj &
Jorgenson, 2013). However, TKLs are inherently dynamic due to being susceptible to drainage,
and a projected increase of drained area will further alter the Arctic landscape by, for example,
promoting a rapid accumulation of peat (Jones et al., 2022). Additionally, an increased likelihood
of coastal erosion from thawing permafrost bluffs poses innumerable economic and
environmental challenges, such as damaged infrastructure and ecosystem shifts (Irrgang et al.,
2022).

TKLs are vessels for undecomposed carbon from deep permafrost, altering the surface
microbial community as well as leading to greenhouse gas production (methane and carbon
dioxide) emitted into the atmosphere through ebullition (in ’t Zandt et al., 2020; Jones et al.,
2022; Walter et al., 2006). Permafrost harbors a wide diversity of both anerobic and aerobic

bacteria, (Ottoni et al., 2022) and contrasts with communities both within and near TKLs, which
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have been found to be distinct and complex. For example, Ren et al. (2022) found a higher
bacterial alpha diversity in thermokarst water than sediment, and Zhou et al. (2020) found higher
sample richness and evenness in thermokarst pit and headstream samples than in rivers.

Thawed permafrost material entering TKLs and the ocean through coastal erosion or
riverine transport can become aerosolized through wave breaking and bubble bursting, forming
lake and sea spray aerosols. For example, freshwater whitecaps were found in Lake Michigan at
wind speeds greater than a modest 3.5 meters per second (Slade et al., 2010) and a quadratic
relationship was found between droplet production and wind speed in a simulated freshwater
experiment (Pietsch et al., 2018). These lake and sea spray aerosols could be a significant source
of ice nucleating particles (INPs), particles that affect cloud glaciation. INPs are necessary to
initiate cloud ice formation at temperatures warmer than the level of homogeneous freezing (-38
°C) and by doing so, alter cloud microphysics, radiative properties, and lifetime (DeMott et al.,
2010; Kanji et al., 2017). Despite a diverse range of sources (Hill et al., 2018; Santl-Temkiv et
al., 2020), and ice-containing clouds being the dominant source of global precipitation
(Miilmenstédt et al., 2015), INPs are atmospherically rare. In the Arctic, land-based INP
measurements highlighted a seasonally-dependent contribution of terrestrial sources (soil dust,
vegetation) (Creamean et al., 2018; Santl-Temkiv et al., 2019; Si et al., 2018; Wex et al., 2019).
Previously, Alaskan permafrost was collected and tested (Creamean et al., 2020), and INP
concentrations were found to be similar to midlatitude soil (Hill et al., 2016) and glacial dust
(Tobo et al., 2019). The permafrost INPs were predominantly organic with some biological
(inferred from heat sensitivity) influence.

An important concern is the potential for INPs from thawed permafrost to affect Arctic

mixed-phase clouds (AMPCs), as AMPC persistence and ubiquity across all seasons exerts
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extensive influence on the surface energy budget (Intrieri, 2002; Morrison et al., 2012; Shupe et
al., 2006). AMPC cloud temperatures are commonly between -25 and -5 °C (Shupe et al., 2000),
which is within the range of activity of many INP sources: mineral dust is efficient below about -
15 °C (Murray et al., 2012), biological material (e.g. bacteria, fungi, plant tissue) initiates
freezing up to, and at times warmer than, -5 °C (Hill et al., 2018; Huang et al., 2021), and heat-
stable organics (e.g. fractions of soil organic matter) dominate across the temperature spectrum
(Hill et al., 2016; Kanji et al., 2017; Testa et al., 2021; Tobo et al., 2014). Currently, climate
models vary in their representation of Arctic cloud coverage over an annual cycle, likely due to
their cloud ice parameterizations (Taylor et al., 2019). INPs are generally poorly represented in
models (Murray et al., 2021), but are fundamental to better constrain Arctic amplification, the
enhanced high-latitude surface warming (Tan et al., 2022). Given the potential of thawed
permafrost to serve as a reservoir of Arctic INPs, this potential feedback to climate warming
must be considered for inclusion in future models. Aerosolization of permafrost material from
TKLs during fluvial and estuarine transport, and following discharge into the Arctic Ocean,
provides pathways for injection of INPs to the atmosphere. In this study, we build off previous
work showing the potential of permafrost to be a notable INP source (Creamean et al., 2020) by
using tank experiments to simulate the hypothesized transport and aerosolization processes to

gain insight into the potential for thawed permafrost to influence AMPCs.

3.2. Materials and Methods
3.2.1 Tank and experimental design

Two separate experiments on permafrost cores were conducted between February and
April 2021. Permafrost samples were collected at the Cold Regions Research Laboratory’s

Permafrost Research Tunnel in Fox, Alaska, and analyzed for their intrinsic INP properties
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(Creamean et al., 2020). The Tunnel provides access to ice cemented silt representing high
carbon content “Yedoma” permafrost that is largely comprised of windblown loess (Douglas &
Mellon, 2019; Kanevskiy et al., 2022). From regional studies, the climate is estimated to have
been 5 to 9 °C colder during the period between 15,000 and 40,000 years when the Tunnel soils
were syngenetically frozen (Barber & Finney, 1999; Edwards et al., 2001; Kurek et al., 2009;
Lachniet et al., 2012). A Snow, Ice and Permafrost Research Establishment (SIPRE) auger was
used to collect a range of permafrost core ages and likely variable compositions. A 30,000-year-
old core was acquired 83 m into the Tunnel (OT83L), and above the Tunnel, a sample of 500-
1,000-year-old permafrost [based upon a loess deposition rate of 1 mm per year (Douglas et al.,
2021)] was collected at the top of the permafrost table, 69 cm below the surface (S69CM)
(Creamean et al., 2020). Samples were transported frozen in sterile Whirlpak® bags to Colorado
State University (CSU), where they remained frozen at -20 °C until analysis. These cores were
used in the first and second experiments, respectively, and were chosen to span the largest age
range from previous work (Creamean et al., 2020) for simulation of permafrost transport and
aerosolization. Ten grams of each permafrost core (with material gathered from multiple core
locations) were placed into a 9.5 L tank with 4 L of 0.2 pm-filtered artificial freshwater (AFW),
with the recipe based on the Arctic tundra lakes sampled in Pienitz et al. (1997) (Table A.1.1).
The tank was based on a design by May et al. (2016) used to generate lake spray aerosol (Fig.
3.1). To isolate the tank from laboratory air, it was fitted with inlets for HEPA- and carbon-
filtered air that continuously entered the tank at 4 L min™! to flush the headspace. Two plunging
jets (2.55 mm diameter) driven by a peristaltic pump (Cole-Parmer) periodically generated

aerosols through bubble bursting. A magnetic stir bar in the tank ran continuously on a low
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setting for gentle mixing throughout the course of the experiment, but material was still able to

settle (Fig. 3.1).

> Aerosol measurements

4 |LPM HEPA-filtered air -+ : ....................... SMPS+OPC

Filter collections for DNA

and INP
¥ .
Water collections for DNA
Peristaltic pump and INP
for aerosol
generation Tank with 4 L AFW,
10 g Permafrost

Outer water to cool tank

Figure 3.1. (Left) A diagram showing inputs (green) and outputs (gray) into/from the tank.
(Right) Image of the tank running at Day 2 with 20,000-year-old permafrost (experimental pre-
test). The tank body is glass, the lid is stainless steel, and the tank is sealed with a silicone
gasket.

Each experiment ran for 3-4 weeks (Fig. 3.2), with the second experiment (S69CM)
extended to 28 days to hand-stir and resuspend all sediment and re-test the water for INPs since
it was found visually to contain coarser material. The temperature of the water was controlled
with an outer basin connected to a chiller. Tank temperatures and salinities were selected based
on previous water temperature and salinity measurements in Arctic tundra lakes, Admiralty Bay,
Alaska and the proximate Beaufort and Chukchi Seas (Goiii et al., 2019; Philo et al., 1993;
Pienitz et al., 1997; Hartwell et al., 2018). Salinity was increased (with Brightwell Aquatics
NeoMarine Salt) and water temperature simultaneously decreased in three steps (Fig. 3.2),

mimicking changes during the transport of thawed permafrost material from a TKL into the

Arctic Ocean through estuaries in late summer. Microbes released through the dissolution of the
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permafrost samples were allowed to remain in solution and evolve over the course of the
experiments. The only additions to the tank were weekly 0.2 pm-filtered AFW (~200 mL) to
compensate for initial evaporative and sample collection losses (during AFW conditions only),
and sea salts dissolved in 0.2 um-filtered deionized (DI) water to compensate for later

evaporative and collection losses.

Days 1-13 Day 14 Days 15-16 Days 17-25
Artificial Freshwater Salinity=5.5 g/L Salinity=17.5 g/L
Temperature= 15 °C Temperature=9 °C Temperature=9 °C

Figure 3.2. Approximate experimental schedule showing tank water salinity and temperature
over time. Conditions were selected to mimic thermokarst lakes (Days 1-13), estuaries (Days 14-
16), and the Arctic Ocean (Days 17-25). The color scale used here and in subsequent plots
represents the phases of the experiments, defined by increasing salinity and decreasing
temperature.

3.2.2 Aerosol measurement and collection

Outlets directly off the tank fed headspace air through pre-cleaned polycarbonate filters
held in aluminum in-line filter holders (Pall), which collected aerosol for INP and DNA analyses
(Whatman Nuclepore Track-Etched membranes, 47 mm diameter with 0.05 and 0.2 pm pore
size, respectively). All filters had a 10 um pre-cleaned backing filter underneath to prevent
contamination from the filter holder support mesh. Filters for INP analyses were pre-cleaned
with brief ultrasonication in methanol (two 10 s pulses) (Barry et al., 2021b), those used for
DNA analyses were soaked in 10% hydrogen peroxide (H20) for 10 min (Uetake et al., 2020),
and each followed by rinses with 0.1 um-filtered DI water. Aerosols were dried with silica gel
diffusion driers <30% RH and then measured with a Scanning Mobility Particle Sizer (3080

SMPS, TSI) that sized particles from approximately 10-500 nm and an Optical Particle Counter

40



(OPC, Alphasense OPC-N2) to measure number concentrations of particles with diameters from
0.38 to 17 pm.

Aerosol filters and water samples for INP and DNA analyses were collected at several
times throughout the experiments. Aerosol size distributions measured with the SMPS and OPC
ran in parallel during INP filter collection periods. During filter collections, the peristaltic pump
was turned on (280 mL min™! per jet) to simulate wave breaking and bubble bursting or heavy
rain. Filters for INP analyses were sampled for 2-3 hours at a flow rate of about 1.75 standard
Liters (sL) min! (0 °C and 101.325 kPa) to collect approximately 250 sL per filter. DNA filters
ran overnight for about 12 hours to obtain a greater sample volume for downstream analyses.
Both INP and DNA filter samples were stored in sterile Petri dishes (Pall). At the end of each
INP filter period, water samples for both INP and DNA analyses were collected into sterile 50
mL centrifuge tubes (Corning) by briefly disconnecting the peristaltic pump tubing (but leaving
the tank sealed). For INPs, approximately 20 mL of water was collected. For DNA, 150 mL was
passed through a Sterivex (Millipore) 0.22-pum pore filtering unit. All samples were either stored
at -20 °C until processing to avoid degradation of DNA and INPs, or time-permitting, some INP
samples were tested fresh (no difference in concentration was found: Fig. A.1.1). In periods of
non-disturbance, the peristaltic pump ran continuously at the lowest setting to avoid an anaerobic
environment forming in the tubing.

3.2.3 Processing INP samples

INP concentrations on filters and in water samples were measured with the CSU Ice
Spectrometer (IS). The current setup is most recently described in Barry et al. (2021a) and
DeMott et al. (2018). Briefly, aerosol filters were resuspended in either 10 or 12 mL of 0.1 pum-

filtered DI water. Both the aerosol and water samples were dispensed, along with 20-fold
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dilutions (250 uL sample and 4750 pL 0.1 pm-filtered DI water), in groups of 32-50-uL droplets
into 96-well PCR trays (Optimum Ultra, Life Science Products). The trays were placed into
aluminum blocks in the IS, cooled at 0.33 °C min’!, and corrected with a corresponding 0.1 um-
filtered DI water negative control. Frozen fractions were converted to cumulative INP
concentrations (sL! air or mL! water) (Vali, 1971), the former by considering the total volume
of air passed through each filter. Undiluted estuarine and seawater samples were corrected for
approximate freezing point depressions of 0.4, 1.2 and 2 °C, at respective tank salinities of 5.5,
17.5, and 30 g L''. All samples were further corrected with a tank blank experiment with samples
collected under the same conditions without permafrost. During this tank blank, aerosol and
water samples were collected at three time points: artificial freshwater, artificial seawater, and
one-week settled artificial seawater. Exponential regressions, with interpolations as needed, were
fit to the blank samples to correct corresponding INP concentrations as a function of time and
salinity (typically <10% of the original value). Ninety-five percent confidence intervals were
calculated based on Agresti and Coull (1998).

Treatments on the aerosol and water samples give general INP composition (McCluskey
et al., 2018; Suski et al., 2018). Selected sample suspensions were heated at 95 °C for 20 min to
destroy proteinaceous (heat labile) INPs and digested in 10% H20O2 under UV-B light and 95 °C
heat for 20 min to remove all organic (both heat labile and -stable) INPs. The INPs remaining
after peroxide digestion comprise the inorganic fraction and were presumed to be of mineral
origin. Samples from the blank experiment were also put through treatments to produce
corrections for the treatment data. Additionally, Day 1 water samples for each experiment were

passed through 10, 1, and 0.2 pm pore size filters, using 13 mm diameter polycarbonate filters
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(Whatman Nuclepore Track-Etched membranes) for size-fractionation of the initial permafrost
INPs after their suspension in the tank.
3.2.4 Processing of DNA samples

Aerosol samples for DNA analyses were concentrated and extracted following the
methods in Uetake et al. (2020). For water samples, the Sterivex unit was cracked open with a
PVC pipe cutter (Cruaud et al., 2017) before the filter resuspension was concentrated, and DNA
extracted identically to the aerosol samples. The V4-V5 region of the 16S ribosomal RNA gene
was targeted with 515yF/926pfR primers (Parada et al., 2016) with Illumina adapters and
temperature cycling conditions identical to Uetake et al. (2020). One point of difference is the
use of UCP Multiplex PCR master mix (Qiagen), after tests, indicated enhanced amplification.
After amplification, samples were purified with AMPure XP (Beckman Coulter), barcoded with
IDT for Illumina Nextera DNA UD Indexes, and sequenced at the Colorado State University
Next Generation Sequencing Core with the Illumina MiSeq Reagent Kit v3 (600-cycle).
Reads were demultiplexed in the Illumina BaseSpace Sequence Hub platform and imported into
QIIME?2 Version 2021.11 (Bolyen et al., 2019) for subsequent analyses. Files were denoised
with DADA? to generate an amplicon sequence variant table (Callahan et al., 2016). Next, pre-
formatted SILVA 138 reference sequence and taxonomy files were used (Quast et al., 2012;
Robeson et al., 2020), and taxonomy assigned using the QIIME?2 feature-classifier plugin
(Bokulich et al., 2018; Pedregosa et al., 2011). Any mitochondrial, chloroplast, and archaeal
reads were removed. Samples were corrected for the tank (2 aerosol and 1 water), 1
concentration and extraction blank, and 2 PCR negative controls with the decontam package
(Davis et al., 2018) prevalence and frequency methods. Lastly, samples were rarefied at

approximately 17000 reads for calculation of diversity metrics.
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3.3. Results and Discussion
3.3.1 Temporal variability of INP concentrations

Over the course of the experiments, the INPs in the 30,000-year-old (OT83L) and 1,000-
year-old (S69CM) permafrost had intrinsic differences (Fig. 3.3). The older permafrost had 2-3
orders of magnitude higher INP concentrations compared with the younger permafrost in both
the aerosol and water, across all temperatures and salinities. Complete INP-temperature spectra
are shown in Figures A.2.2. The INP concentrations from the 30,000-year-old permafrost were
relatively constant with time. Notably, there was effectively no change in the aerosol and water
INP concentrations for 2 weeks after addition to freshwater. Later, there was a steady but modest
decrease when incubated in full seawater. Percent decreases between Day 1 and 25 were 40% in
the aerosol and 72% in the water at -18 °C. However, INP levels in the water were still elevated,
with 400,000 mL! at -18 °C on Day 25. Therefore, this type of permafrost material entering
TKLs is likely to contribute emissions of INPs for several weeks.

The 1,000-year-old permafrost had larger INP decreases overall between Day 1 and 25,
with 95 and 85% reductions at -18 and -26 °C, respectively, in the aerosol. In the water,
decreases between Day 1 and 25 were >99% at -10, -18, and -26 °C. In contrast to the older
permafrost, salinity had an immediate effect on the younger permafrost, as concentrations
dropped shortly after the salt was increased. For example, INPs in the water went from 200,000
mL! to 5,000 mL™" at -26 °C, a 97.5% decrease in 2 days (Days 14-16 when salt was increased
to 17.5 g L'"). However, this change was somewhat temperature (i.e., INP activation) dependent,
with a decrease of 68% at -10 °C within the same period. The lower INP concentrations,
compared to the 30,000-year-old permafrost, combined with a large effect of salinity, suggests a

reduced influence of this type of permafrost material on atmospheric INP concentrations.
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To test if the rapid decrease of INPs with increasing salinity in the 1,000-year-old
permafrost was caused by their deactivation or by settling, the tank was hand-stirred on Day 28
to resuspend all sediment and re-tested immediately (Figs. 3.3 and A.2.3). INPs increased in both
the aerosol and water across the entire temperature spectrum, rebounding to the original levels
measured in artificial freshwater. Thus, the majority of the INP decrease is attributed to
sedimentation (of larger INPs: Section 3.3.2), although flocculation and other unknown
mechanisms cannot be ruled out (with some unexpected variability in the aerosol under full salt
conditions). Overall, the INP concentrations from the 30,000-year-old permafrost were much
more constant with time and salinity than those from the 1,000-year-old permafrost, as evidenced

by a lower slope of the INP concentration with time in both the aerosol and water (Fig. A.1.4).
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Figure 3.3. Measured ice nucleating particle (INP) concentrations for the aerosol (dotted lines:
left axes) and water (solid lines: right axes) as a function of experiment day for temperatures of -
26 (black), -18 (purple), and -10 °C (magenta). The 30,000-year-old (OT83L) permafrost core
experiment is plotted on the left and the 1,000-year-old (S69CM) permafrost core experiment on
the right. Background shading denotes salinity transitions (AFW=Artificial Freshwater;
AEW=Artificial Estuary Water; ASW=Artificial Seawater). Filled gray marker for S69CM Day
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21 water at T=-26 °C is given the value before background correction as the corrected value
went below the limit of detection.
3.3.2 Permafrost INP composition

To investigate reasons for INP concentration differences between the experiments, we
next examine their size and composition. The 1,000-year-old permafrost contained coarser
material and the water in the tank was visually clearer throughout the experiment compared with
the 30,000-year-old permafrost. Size-filtration of the Day 1 water indicated INPs larger than 10
um accounted for 60% of the total down to -15 °C of the 1,000 year-old core experiment (Fig.
A.2.5). The younger permafrost also had a bimodal INP population in the water at colder
temperatures, with the majority larger than 1 pm or smaller than 0.2 uym (e.g., combined 89% at -
25 °C), whereas the INPs in the older permafrost were predominantly between 0.2 and 10 um
(e.g., 89% at -25 °C; 97% at -15 °C). Heat and peroxide treatments on the starting and ending
aerosol and water samples for the two experiments revealed that nearly all the INPs were organic
compounds (Figs. 3.4, A.2.6, A.2.7). Mineral INPs were only detected at the coldest
temperatures (i.e., ~3% mineral in the Day 1 30,000-year-old permafrost aerosol and 10%
mineral in the Day 1 and 28 1,000-year-old permafrost water at -26 °C). The largest percentage
of heat-labile organics was at the warmer temperatures, consistent with the results in Creamean
et al. (2020); however, they contrastingly always predominated to -20 °C and sometimes colder
than -25 °C. The fraction of heat-labile and heat-stable organics changed with time and between
experiments but was also temperature dependent. For example, in the 1,000-year-old permafrost
Day 1 water, about 50% of the INPs at -26 °C were heat-labile, while there were no detectable
heat-labile INPs at the same temperature by Day 28. At the same time, heat labile INP fractions

at -18 and -10 °C increased with time. In the 30,000-year-old permafrost, the compositional

46



changes were more gradual, with a general trend of increased heat-labile INP fractions over time
in both the air and water. This may help to explain the greater variability of INP concentrations
with time in the younger core (Figs 3.3 and A.2.4). In both permafrost samples, organic INPs
dominated in both aerosol and water across the temperature spectrum for the range relevant to
AMPCs [-25 to -5°C (Shupe et al., 2006)].

To confirm if the decreases in INPs in the 1,000-year-old permafrost were predominately
due to sedimentation, treatments were done on the post-stir Day 28 water to investigate
compositional changes pre- and post-stirring (Fig. A.2.8). In the warmer temperatures bins (-18
and -10 °C), the post-stirring fractions were almost identical to the Day 1 water. However, for
the coldest bin (-26 °C) the fractional contributions were more similar to the Day 28 pre-stir
sample than to Day 1. This indicates that in addition to INP sedimentation, there were
compositional changes over time at colder temperatures, with a permanent loss of a heat-labile
population. However, this compositional change did not seem to influence the overall INP
concentrations (Fig. 3.3), which suggests a diverse range of INP sources derived from thawed

permafrost.
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Figure 3.4. Ice nucleating particle (INP) compositional histograms for the 30,000-year-old
(OT83L: a-d) and 1,000-year-old (S69CM: e-h) permafrost core experiments from the treatment
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analyses. Sample type [aerosol (A) or water (W)] and day of experiment are denoted in each plot
title. Heat labile organics (INPs destroyed after 95 °C heating) are in red, heat stable organics
(INPs additionally destroyed after hydrogen peroxide digestion) are in purple, and the remainder
(presumed mineral INPs) are shown in tan.

3.3.3 Compositional and temporal variability of the bacterial community

With both permafrost core experiments exhibiting differences in INP concentration and
composition, and a large fraction of INPs in all experiments identified as heat-labile and
therefore likely of biological origin, we next explore the bacterial community composition. The
aerosol and water genus-level relative abundance heat maps (Fig. 3.5) show the bacterial
community varied in time and between experiments. The initial compositions were similar to
previous permafrost profiles at the phylum level (Jansson & Tas, 2014), with the 30,000-year-old
permafrost containing a majority of Firmicutes (89%), while the 1,000-year-old permafrost
contained a mixture of Firmicutes, Chloroflexi, Acidobacteriota, Actinobacteriota, and
Proteobacteria.

As the experiments progressed, the 30,000-year-old permafrost was rapidly dominated by
fewer taxa, and after the salt was added on Day 16, the water and aerosol contained virtually
only Pseudomonas. The 1,000-year-old permafrost also contained a high relative percentage of
Pseudomonas that increased with time; however, a greater number of taxa co-dominated
compared with the older core, even after the salt was added, and there was more temporal
variability. Pseudomonas was likely present in low levels in the original permafrost samples, as
only 6 of the 209 Pseudomonas amplicon sequence variants (ASVs) were detected in the tank
water control (0 detected in the tank aerosol, extraction, and PCR controls); these 6 may have

been carried over since the tank blank experiment was performed last. Additionally, the

dominant Pseudomonas ASVs varied between experiments.
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The trends in the heatmaps are consistent with the aerosol and water alpha diversities
(Fig. A.2.9), with a lower Shannon Index in the older versus younger core throughout the entire
period (Shannon, 1948), consistent with previous studies [e.g., Mackelprang et al. (2017)]. A
Kruskal-Wallis test confirmed the alpha diversities of the two experiments were significantly
different between the aerosol (p=0.02) and water (p=0.04) samples. Within experiments, a p
value of 0.03 was found between the aerosol and water in the 1,000-year-old permafrost, but no
significance was found between the aerosol and water in the 30,000-year-old permafrost
(p=0.57). A higher alpha diversity in the aerosol than the water in the younger core (Fig. A.2.9)
shows the taxa came out of the water in different relative proportions under the disturbance of
simulated wave breaking. However, this same trend was not found in the older permafrost, which
may be a property of its lower alpha diversity.

In both experiments, the alpha diversity changed rapidly over the first few days and then
stabilized, which was expected as a consequence of placing diverse communities specialized for
cold environments into a warm and homogeneous aerobic environment. A comparable
attenuation was seen by Zhou et al. (2020), who found significantly lower sample richness and
evenness in river versus thermokarst pit and headstream samples. However, the relative
stabilization in diversity over several weeks was maintained under changing salinity, despite a
changing community composition (most pronounced in the younger permafrost). The higher
alpha diversity in the younger permafrost along with greater temporal fluctuations in bacterial
community composition are consistent with its larger INP variability, in both number and
composition, compared with the older permafrost (Figs. 3.3, 3.4, and A.2.4), although this

method can only serve as a proxy for trends in ice nucleating bacteria.

49



(@)

Log10 Relative Abundance (Genus)

(b)

30,000 Y/O Core Aerosol 1,000 Y/O Core Aerosol
Pseudomonas j 2 Pseudomonas 4
Methylobacterium-Methylorubrum Methylobacterium-Methylorubrum
Brewundmonas| N B 5 Brevundimonas 15
Bradyrhizobium 3 Bradyrhizobium =
Bacilus| HRENEE y Bacillus o
Massilia (- Massilia 1 %
Sphingomonas o Sphingomonas =1
Clostridium-sensu-stricto-12| [ NENEEE E Clostridium-sensu-stricto-12 5
GOUTAS 05 < GOUTAG 05 2
Rhodococcus - . ¢ Rhodococcus &
Desulfosporosinus B Desulfosporosinus T
uncultured-47 a [ uncultured-47 0 ®©
Caproiciproducens _ - mc, Caproiciproducens EEO
Nocardioides = Necardicides gr
Thermoactinomyces - . 05 3 Thermeactinomyces 05 5
Paenibacillus Paenibacillus
Pelosinus Pelosinus
Blastomonas| [ NEE BN -1 Blastomonas 1]
Subgroup-7 NiA Subgroup-7 WA
Clostricium-sensu-stricto-13|__ NN NN | Clostridium-sensu-stricto-13 3
1 2 4 9 14 1516 17 18 19 21 22 25 1 2 4 9 14 15 16 17 18 19 21 22 25
(c) 30,000 Y/O Core Water (d) 1,000 Y/O Core Water

Pseudomonas
Methylobacterium-Methylorubrum
Brevundimonas

Bradyrhizobium

Bagillus

Massilia

Sphingomonas
Clostridium-sensu-stricto-12

Pseudomonas
Methylobacterium-Methylorubrum
Brevundimonas

Bradyrhizobium

Bagillus

Massilia

Sphingemonas
Clostridium-sensu-stricto-12

QUTAG
Rhodococcus

Desulfosporosinus

uncultured-47 q
Caproiciproducens

Nocardioides

Caproiciproducens
Nocardioides

\_091D Relative Abundance %
Lng10 Relative Abundance %

Thermoactinomyces
Paenibacillus
Pelosinus

Thermeactinomyces
Paenibacillus
Pelosinus
Blastomonas =1
Subgroup-7
Clostridium-sensu-stricto-13
1 2 4 8 14 15 16 17 18 18 21 22 25

;]

B
Clostridium-sensu-stricto-13 D NiA
1 2 4 9 14 15 16 17 18 19 21 22 25

Day of Experiment

Figure 3.5. Genus-level relative abundance heatmaps for the aerosol (a-b) and water (c-d)
bacterial community for the 30,000-year-old (OT83L; a,c) and 1,000-year-old (S69CM; b.d)
permafrost core experiments. The top 20 abundant taxa for the combined dataset are given from
top to bottom on the y-axis, with the color bar referring to units of log base 10 of the relative
abundance percentage. Gray indicates taxa comprising less than 0.1% relative abundance (y-
axis) or samples not collected on a particular day (x-axis). Black lines indicate tank transitions to
estuarine (first) or full salt (second) conditions.
3.3.4 Broader atmospheric implications

Both experiments showed variability in the INPs and bacterial community in time and
between permafrost cores, but to compare these findings to other known INP sources, a
normalization basis is needed, such as the surface active site density parameter (ns) (DeMott,
1995; Niemand et al., 2012). This parameter normalizes aerosol INP concentrations by the total
aerosol surface area and has been commonly used to describe local and global INP sources such

as mineral dust (DeMott et al., 2015), clean marine air (McCluskey et al., 2018), and wildfire

smoke (Barry et al., 2021a). Here, we assume all aerosolized particles and INPs are solely from

50



permafrost material exiting a water body and use the measured aerosol size distributions and an
assumption of particle sphericity to compute particle surface areas. Figure 3.6 reveals a wide
variability of the ns parameter spanning over 5 orders of magnitude, with the 30,000-year-old
permafrost having larger ns values overall (significant at 95% confidence across entire
temperature spectrum). For reference, previous parameterizations from laboratory-generated
desert dust (Ullrich et al., 2017) and clean marine air (McCluskey et al., 2018) are plotted. This
large range is attributed to a decrease of INPs with time for both cores combined with increased
emissions of total aerosol (Figs. A.2.10 and A.2.11) with salinity (for example, in the 30,000-
year-old permafrost, the total surface area increased from 150 um? to 2500 pm? between Days 1
and 25). The elevated aerosol concentrations with salinity are consistent with May et al. (2016)
who found a positive relationship between aerosol concentration, bubble number, and ion
solution concentration among freshwater and seawater and Zinke et al. (2022) who found
increased particle surface area with salinity. Decreased tank temperature could have also
contributed to increased aerosol with time during periods with temperatures below 10 °C (when
the salts were added) (Salter et al., 2014; Zinke et al., 2022). The ns values from the 30,000-year-
old permafrost indicate activity near to or exceeding the desert dust parameterization, which is
considered a dominant source of INPs below approximately -15 °C (Murray et al., 2012).
Overall, the 30,000-year-old permafrost contained more INPs per surface area of emitted
material than the 1,000-year-old permafrost. The 1,000-year-old permafrost also had more
variable ns values that coincide with its fluctuating INP concentrations and bacterial community
composition. Nonetheless, most values for the younger core (including under oceanic salinity)
and all values for the older core were higher than the clean marine airmass parameterization

across all temperatures. This suggests that thawed permafrost material could enhance INP

51



emissions in estuarine and sea spray aerosol, despite reductions from INP sedimentation and
dilution due to greater aerosol concentrations generated by seawater (than freshwater). However,
investigation of the true atmospheric emission rates and potential impacts require considerable

future field, lab, and modeling efforts.
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Figure 3.6. Ice nucleating particle (INP) surface active site density (ns) spectra for all aerosol
samples from the 30,000-year-old (OT83L: orange) and 1,000-year-old (S69CM: pink)
permafrost core experiments. Green outlined markers indicate emissions from artificial
freshwater (AFW), light blue outlined markers indicate emissions from artificial estuary water
(AEW), and dark blue outlined markers indicate emissions from artificial seawater (ASW).
Previous parameterizations for desert dust (Ullrich et al., 2017) and clean marine air (McCluskey
et al., 2018) are given in gray and black, respectively.

Given their high ns values, aerosolized INPs from thawed permafrost material entering
thermokarst lakes, rivers, and oceans have the potential to be a source of atmospheric INPs, but

their importance is dependent upon release into and from water bodies through wave breaking

and bubble bursting. Potential release mechanisms include top-down permafrost thaw, slope
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failure (e.g., retrogressive thaw slumping, active layer detachment slides), and coastal and
riverbank erosion. Top-down permafrost thaw is increasing as global permafrost temperatures
rise (Biskaborn et al., 2019) and from the conversion between bedfast and floating lakes (those
which do not freeze all the way down). Climate warming is leading to the formation of taliks that
consist of a year-round thawed zone (in ’t Zandt et al., 2020). Retrogressive thaw slumping is a
prodigious source of particulate organic matter that can enter water bodies (Shakil et al., 2020)
and is projected to increase with an increase in rainfall (Kokelj et al., 2015). Active layer
detachment slides, through which the top layer of the soil becomes detached from the underlying
permafrost, can exacerbate permafrost thaw and be an additional source of organic matter to
water bodies (Bowden, 2010). Permafrost coastal erosion and riverbank retreat are also likely to
increase in the future (Irrgang et al., 2022; Nielsen et al., 2022), especially with ice-rich Yedoma
permafrost similar to our core samples, with a higher ice content being more prone to erosion.
For example, Kanevskiy et al. (2016) found an average retreat of a riverbank in northern Alaska
of 11 m per year over 15 years of monitoring. All of these pathways could be sources of INP-rich
organic material into water bodies, which may be subsequently emitted into the atmosphere
through disturbances. Thawed permafrost material that does not enter water bodies may be an
episodic source of INPs to the atmosphere with wind exposure, but we hypothesize the primary
mechanism is through wave breaking and bubble bursting.

Previous work showed the tested permafrost cores had ice nucleation abilities comparable
to glacial soil dust (Tobo et al., 2019) and midlatitude soil (Hill et al., 2016), which means a
large potential reservoir of INPs that could be released under a warming climate (Creamean et
al., 2020). If the INPs did not become aerosolized, the INP source to the atmosphere would be

negligible. For example, the ice nucleation ability of Arizona Test Dust degrades rapidly with
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only 2 days of aging in deionized water (Perkins et al., 2020). However, in this small-scale
laboratory study, we were able to confirm the ability of thawed permafrost INPs to both persist
in suspension and enter the atmosphere. When portions of a 30,000-year-old and 1,000-year-old
permafrost core were placed into a tank with artificial freshwater and subjected to a simulated
disturbance, the aerosol INP concentrations were elevated, with those of the older core
approaching levels of pure desert dust on a surface area basis.

Even though both permafrost cores showed a potential source of atmospheric INPs, they
had fundamentally different properties. Compared with the ancient permafrost, the 1,000-year-
old permafrost had lower and more variable INP concentrations, coarser material with many
INPs greater than 10 um in the water (susceptible to sedimentation), and a higher bacterial
community alpha diversity. The INPs that sediment out may, however, be periodically re-
suspended by storms [average of 12-22 stormy days per year in the Arctic Ocean near Alaska
(Yang, 2004)], which can additionally incorporate sediment in sea ice (Molnia, 1983). For
example, Inoue et al. (2021) found an order of magnitude increase in INPs in the Chukchi Sea
under stormy conditions with high turbidity. Compositionally, both permafrost samples had INPs
that were nearly all organic across the temperature spectrum, but the younger core was more
variable in the heat-labile versus heat-stable fractions over time. The temporal bacterial
community composition shifts confirm that thawed permafrost is a dynamic substrate, though the
INP populations, especially of the older permafrost, were more resistant to change. More data are
needed for model parameterizations, which will not only depend on the type of permafrost, but
also the water type and likelihood of mixing. Since thawed permafrost INPs have the potential to
alter the regional Arctic INP budget and longevity of Arctic mixed-phase clouds, further

investigation is of utmost importance under a warmer climate. Overall, the atmospheric
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implications could extend far beyond the thermokarst lake or coastline from which the thawed

material enters the water.
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4. Active thermokarst regions contain rich sources of ice nucleating particles

4.1. Introduction

The Arctic landscape is sensitive, dynamic, and changing, with many of the shifts
connected to the permafrost. Permafrost, earth material like soil, ice, rocks, and organic matter
that remains frozen for more than two years, underlies approximately 22% of the Northern
Hemisphere landmass (Obu et al., 2019), and is rapidly thawing from Interior Alaska to the
Arctic (Douglas et al., 2021; Farquharson et al., 2022; Streletskiy et al., 2015; Streletskiy et al.,
2017). Melting of ice-rich permafrost leads to development of “thermokarst”, which includes the
formation of water bodies called thermokarst lakes (TKLs). The formation and drainage of TKLs
strongly impact surrounding ecosystems, and additionally TKLs are sources of methane and
carbon dioxide to the atmosphere (Jorgenson, 2013; Walter et al., 2006). Other thermokarst
landforms include retrogressive thaw slumps, slope failures often triggered by the flow of
material from the top seasonally frozen and thawed active layer, and thermokarst troughs and
pits, low-lying areas created when ice-rich permafrost or massive ice features like ice wedges
degrade. It was estimated in a study in Prudhoe Bay, Alaska, that 23% of the surface ice wedges
degraded between 1949 and 2012, leading to major impacts on the composition of the vegetation
(Jorgenson et al., 2015). Permafrost coasts across the Arctic are increasingly sensitive to erosion,
the loss of which has environmental and economic impacts (Irrgang et al., 2022).

In addition to landforms created, thawing permafrost has broad atmospheric impacts, as it
can potentially alter clouds by serving as a source of ice nucleating particles (INPs) (Barry et al.,
2023a; Creamean et al., 2020). INPs are particles that trigger ice formation in clouds, and are
necessary to initiate ice formation warmer than -38 °C (level of homogeneous freezing). They

can alter the surface energy budget by impacting the cloud phase and optical thickness, as Arctic
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liquid clouds strongly contribute to a positive cloud forcing (Shupe & Intrieri, 2004).
Replacement of ice with liquid in clouds has been shown to strengthen Arctic amplification,
which is the enhanced regional warming due to phenomena such as the ice-albedo feedback (Tan
& Storelvmo, 2019). Sources of INPs include: biological material such as proteins from certain
species of bacteria and fungi active at temperatures up to and warmer than -5 °C; mineral dust
that is efficient below about -15 °C; and complex organics that are effective over the entire
temperature range (e.g. Hill et al., 2018; Murray et al., 2012; Testa et al., 2021; Tobo et al.,
2014). Thawed permafrost material was shown to have comparable ice nucleation activity to
midlatitude and glacial soil dust (Creamean et al., 2020). If the material enters TKLs, its
persistence in the water and release in lake spray aerosol could persist for weeks, with ice
nucleation activity on a surface area basis up to and exceeding that of mineral dust (Barry et al.,
2023a). Moreover, the majority of the INPs were inferred to be of biological and organic origin
and highly active at relatively warm temperatures (Creamean et al., 2020), and therefore could
impact the lifetime of long-lasting Arctic mixed-phase clouds that commonly exist between -25
and -5 °C (Morrison et al., 2012). Although permafrost is a massive reservoir of INPs, it is not
represented as a source in global or regional climate models. Models struggle to accurately
represent Arctic clouds, with current ice microphysical parameterizations thought to be a large
contributor to biases (Taylor et al., 2019), underscoring the value of Arctic INP measurements.
Previous Arctic INP measurements have largely focused on collecting air samples from
ships, aircraft, or fixed ground-based sites (e.g., Bigg, 1996; Hartmann et al., 2021; Mason et al.,
2016; Prenni et al., 2007; Wex et al., 2019). Recent studies have noted evidence of increased INP
concentrations in terrestrial airmasses (Conen et al., 2016; Creamean et al., 2018; Irish et al.,

2019; Santl-Temkiv et al., 2019). Most recently, a year-long observation of INPs in the central
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Arctic revealed a seasonal dependence with the highest concentrations found in summer
(Creamean et al., 2022a), similar to trends observed in other Arctic work (e.g., Creamean et al.,
2018; Wex et al., 2019). Despite several Arctic studies, a comprehensive source-based analysis
has not been done. In the ARCtic Study of Permafrost Ice Nucleation (ARCSPIN) of September
2021, we surveyed several previously-uncharacterized potential sources of airborne terrestrial-
based Arctic INPs in a region underlain by continuous permafrost. Permafrost and ice wedge
cores, active layer, vegetation, sediment, and water samples were collected at peak thaw in late
summer to profile their INP contents and relate this to coincident air measurements.

4.2 Methods

4.2.1 Measurement overview

The ARCSPIN sampling campaign was conducted from September 1-17, 2021, within
and near Utqiagvik, Alaska. Its surficial geology is categorized as marine silt and sand, where
permafrost temperatures have increased by 0.85 °C (-8.532 to -7.678 °C) at 20 m between 2009
and 2021 (Romanovsky, 2021). The lowland landscape is dominated by patterned ground
comprised of ice wedge polygons that are actively undergoing thermokarst processes
(Farquharson et al., 2016). Common vegetation in this region includes sedge, grass, moss, rush,
dwarf-shrub, and forb (Raynolds et al., 2006).

The overview of all sampling days is detailed in Table 4.1 and Figure 4.1. Half (6) of the
days focused on downwind TKL (both fresh and brackish) measurements, where, if feasible,
upwind measurements were included (3 of 6 days). Upwind and downwind locations were
determined by the wave movement and wind direction. All wind data came from the Wiley Post—
Will Rogers Memorial Airport weather station (PABR). Other periods focused on sampling in

the saline lagoon with a small boat (3 days) and coastal estuarine and oceanic sampling (3 days).
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Sites were chosen based on accessibility with all-terrain vehicles (ATVs) as well as to maximize
areal coverage and diversity of terrain and weather conditions (e.g., targeting onshore versus
offshore winds). Additionally, pre-campaign water measurements were made at one location in
the Chukchi Sea (71.32921429 °N, 156.678083 °W), approximately 2 meters from the coast, on
August 22-24 to sample conditions during (22"%) and post (23" and 24™) stormy weather. The
storm had minimal precipitation, and was instead marked by strong winds and waves, with
average sustained winds of 7.6 (gust>13), 3.1, and 1.8 m s respectively, on the 3 days.

At each measurement site, coastal and lake-shore aerosol filters, TKL or ocean water,
sediment, permafrost, ice wedge, active layer, and vegetation samples were collected. Aerosol
for INP analyses was collected onto 0.2 um Nuclepore track-etched membranes (Whatman) in
disposable filter units (Nalgene) with a battery-powered pump (Gilian 12). The filters were
precleaned before loading by brief ultrasonication (2 x10 s) in methanol followed by two 0.1 um
filtered deionized (DI) water rinses (Barry et al., 2021b). The sampling height was approximately
1.5 m, and filters were collected after sampling 2 to 4 hours, depending on site. Typical flow
rates were 7 standard L (sL: 0 °C, 1013.25 mb) min’!, and the average total volume of air filtered
per sample was 1350 sL. The filter setup in the field locations is shown in Figure 4.2.
Additionally, filters were collected at the U.S. Department of Energy Atmospheric Research
Measurment North Slope of Alaska (DOE ARM NSA; herewithin: DOE) facility (Fig. 4.1). Five
samples were collected between 2 and 22 hours, with sample length determined by the
consistency of the wind direction. The wind directions covered were out of the S, SE, E, NE, and
NW. The average flow rate was 22 sL min’!, which resulted in an average volume of air filtered
of 17400 sL at a sampling height of approximately 10 m. Additional aerosol samples were

collected for DNA analyses, but are not presented in this work.
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Water samples were collected into a prerinsed (with sample) 500 mL bottle (Nalgene),
before placed into sterile 15 or 50 mL tubes (Corning). Water was collected at the surface and
near the bottom of the TKLs (depth 0.6-2 m) and coastal ocean (depth ~1.5 m) with a kayak and
horizontal water sampler (Pentair), up to 70 m from the shoreline. TKL and oceanic sediment
samples were collected with a Universal Corer (Aquatic Research Instruments) approximately 5-
10 cm below the floor from the same location as the water sample, and subsamples were placed
into 1-oz Whirl-Pak bags. Permafrost and ice wedge cores in proximity to the water were taken
with an 8 cm diameter Snow, Ice, and Permafrost Research Establishment (SIPRE) auger, and 2-
4 subsamples were taken at various depths along the core (based on visual differences in
composition) and packed into Whirlpak bags. The average core length was 84 cm. A
corresponding active layer sample was taken directly above each permafrost core and placed into
1-oz Whirl-Pak bags. Representative vegetation clippings were collected into plastic slider bags,
weighed, 250 mL of DI water added, shaken, and poured into a sterile 15 mL tube (Corning). All
samples were stored in a cooler at the measurement site, and then in a -20 °C freezer in
Utqgiagvik at the Naval Arctic Research Laboratory for the duration of the campaign. They were
subsequently transported frozen in coolers back to Colorado State University (CSU) and stored
at -20 °C until analysis.

4.2.2 Sample analysis

Samples were analyzed for INP concentrations, each as a function of temperature, with
the CSU Ice Spectrometer [IS; (Creamean et al., 2022; DeMott et al., 2018)]. Sediment, active
layer, ice wedge, and permafrost samples were thawed, stirred, and a suspension made by
weighing approximately 2 g of material and combining it with 20 mL of DI water. Filters were

resuspended in 7-8 mL of 0.1 um filtered DI water. Due to the abundance of INPs, dilution series
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were made with suspensions and water samples in 0.1-um-filtered DI water: 11-fold dilutions for
the aerosol (400 uL sample and 4000 puL 0.1-um-filtered DI water) and 20-fold dilutions (250
uL sample and 4750 puL 0.1-um-filtered DI water) for all other samples. Suspensions and their
corresponding dilutions were dispensed in blocks of 32-50 uL aliquots in single-use 96-well
PCR trays (Optimum Ultra), along with a 32-well negative control of 0.1-um-filtered DI water.
The trays were placed into the aluminum blocks of the IS, cooled at a rate of 0.33 °C min’,
freezing detected optically with a CCD camera, and 1-s data recorded. Next, the frozen fractions
were converted to cumulative INP concentrations per mL of water, per L of air (considering the
volume of air filtered and resuspension volume), or per g of material (considering the weight of
material and resuspension volume) (Vali, 1971). 95% confidence intervals were computed
following Agresti and Coull (1998). In total, 20 aerosol, 47 water, 20 permafrost, 8 sediment, 11
ice wedge, 6 active layer, and 5 vegetation washing samples were processed.

Aerosol INP concentrations were corrected from the average of two blanks that were
prepared, transported, and processed identically, except that no airflow was sent through them,
by subtraction of the average INPs per filter as a function of temperature before conversion to
concentration. These corrections were minor since, for example, there were only an average of
73 INPs per blank filter at -28 °C where there were typically around 5000 INPs at -28 °C even in
many of the lower volume tundra air samples. Undiluted estuarine and seawater samples were
corrected for freezing point depression (FPD), based upon measured conductivity in the field
(Extech EC400) and at CSU for the saltier samples (Extech EC150). Samples were normalized to
the average measured conductivity of seawater samples of 51383 uS cm™! corresponding to a 1.8
°C FPD, resulting in a lagoon correction of 1.2 °C and brackish TKL correction of 1.1 °C. The

dilutions were not adjusted since they were prepared with 0.1-pm-filtered DI water. Thermal
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treatments were done on select samples for insight into sample composition. 2.4 mL of selected
samples were heated at 95 °C for 20 min and retested on the IS to determine the heat labile
fraction of INPs. This treatment has been used extensively in the past on samples from diverse
environments (e.g. Kanji et al., 2017; McCluskey et al., 2018; Suski et al., 2018), to estimate
contributions of INPs that are inferred to be of proteinaceous origin.

Total organic carbon (TOC) concentrations were measured in a subset of representative
water samples (28 of 47 total) by injecting 3 mL of sample into a TOC-VCSH (Shimadzu). Total
carbon was first determined through combustion at 680 °C, creating CO., and inorganic carbon
was determined through sample acidification followed by sparging to additionally liberate COs.
The CO; was detected and compared to calibration curves. TOC was calculated by subtracting
the inorganic carbon from the total carbon. The background TOC was subtracted by injecting 3
mL of DI water in sample tubes 3 times and taking the average.

Principal component analysis (PCA) was performed on all INP-temperature spectra over
the temperature interval from -6 to -20 °C. This range was chosen because the majority of data
had measurements and definable characteristics over this interval (as many spectra are similarly
log-linear, at colder temperatures). Samples that did not have complete measurements in this
range were either interpolated or extrapolated. To build the matrix for analysis, the slope in 2
degree temperature intervals was calculated (change in logio[INP concentration]/change in
temperature). Another potential defining variable, logio of the ratio of the average INP
concentration in each 2 degree temperature interval and the average INP concentration at -12 °C,
was also calculated. In total, there were 121 samples included, each with 14 variables. Next, the
sampling dimension mean was removed, all variables were standardized, and the temporal

covariance matrix calculated before performing eigenanalysis.
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Table 4.1. Name, latitude, longitude, environmental location, and list of processed sample types
for the main sample collections. Lagoon locations on September 7, 9, and 15 refer to an average
latitude and longitude of the collected samples, and the locations of TKLs with both upwind and
downwind collections refer to the downwind measurement site. “DOE” refers to the location of
the fixed Department of Energy site. For “Samples analyzed”, DA=Downwind Aerosol,

UA=Upwind Aerosol, A=Aerosol, AL=Active Layer, P=Permafrost, I=Ice Wedge, S=Sediment,

LW=Lagoon Water, SW=Seawater, TW=Thermokarst Lake Water, V=Vegetation.

Date Name Latitude  Longitude  Environment’ Samples analyzed
(2021) () (/] Collection type
1-Sep Emaiksoun Lake 71.25057  -156.77317 Thermokarst DA P S TW
lake (TKL)
2-Sep Untitled Lake 1 7123529  -156.30406 TKL: upwind DA UA AT,
and downwind P, L 8, TW,V
4-Sep DOE 7132272  -156.61506 Fixed A
5-Sep Point Barrow 7138335 -156.46100 Ocean and A LW, SW
lagoon
6-Sep Nunavak Bay 7125240 -156.87332 TKL (brackish) DA, AL.P,I
S, TW,V
7-Sep Elson Lagoon 71.29581  -156.26890 Lagoon A LW
3-Sep Will Rogers/ Wiley  71.15311  -157.06609 Ocean: onshore A AT P S,
Post Monument W,V
9-Sep Elson Lagoon 71.25556  -156.01580 Lagoon A LW SW
DOE 7132272 15661506 Fixed A
11-Sep  Untitled Lake 2 7123806 -156.60472 TEL:upwind DA, UA AL,
and downwind P,S, TW,V
12-Sep DOE 7132272 15661506 Fixed A
13-Sep  Mayoeak River 7125915  -156.44528 TKL (brackish) DA P I S,
W,V
14-Sep  Will Rogers/ Wiley  71.15312  -157.06609 Ocean: A AL PIS
Post Monument offshore
15-Sep Elson Lagoon 7131522  -156.29845 Lagoon A LW, SW
DOE 7132272  -156.61506 Fixed A
17-Sep  Emaiksoun Lake 71.23097  -156.77237 TEL:upwind DA UA AL,
and downwind P, LS TW,V
18-Sep  DOE 7132272  -156.61506 Fixed A
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Figure 4.1. Area map showing the bounding box of all samples obtained in black, and the
location of the specific sampling days (in September 2021) from Table Al in red. “DOE” refers
to the location of the fixed site. The locations of TKLs with both upwind and downwind
collections refer to the downwind measurement site.

Figure 4.2. Sampling setup for measuring ice nucleating particles (INPs) in the aerosol near a
thermokarst lake.
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4.3 Results and Discussion
4.3.1 Overview of Arctic INP measurements

INP concentrations active at -15 °C measured in the ambient aerosol during ARCSPIN
ranged from 0.0009 to 0.4 L' (average 0.04 L) (Fig. 4.3; spectra in Fig. A.3.1). -15 °C is
focused upon for comparison to previous Arctic INP measurements and due to its relevance for
Arctic mixed-phase clouds (Morrison et al., 2012). The highest values were found downwind of
TKLs, near the coast, and over Elson Lagoon (Figs. 4.3-4.4). Among aerosol filter sample types
(TKL, ocean, lagoon, and DOE), the DOE had the lowest variability (SD: 0.0076 L!) while the
lagoon had the highest variability (SD: 0.23 L), attributed to sampling diverse sources from a
moving boat.

To test the contribution of water bodies to atmospheric INPs, a pairwise t-test indicated
increased INP concentrations downwind of TKLs at 95% confidence in all three cases at -18 to -
23 °C and at the coldest temperatures (-23 to -28 °C) for September 17" only (Fig. A.3.2). Wind
speeds were variable, with the averages on the 2™ 11t and 17", 0f9.3,2.9, and 6.2 m s™!
respectively, near and above the 3.5 m s™! threshold found by Slade et al. (2010) for freshwater
aerosol enhancement. There was no obvious correlation between INP concentrations and wind
speed, which agrees with recent relative insensitivity found between freshwater aerosol mass
flux and wind speed (Harb & Foroutan, 2022). We conclude that TKLs can generate INPs, but
their impact on ice nucleation activity may be freezing temperature-dependent. For the potential
of coastal INP enhancement, a comparison between wind directions at one location was made on
September 8" and 14™ (Table 4.1 and Fig. 4.1; values in Fig. 4.3). INP concentrations were

higher across all measured temperatures at 95% confidence when the wind was onshore (average
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direction on the 8" of 246°) from the Chukchi Sea compared with offshore (average on the 14"
of 115°). This is despite slightly greater average wind speeds on the 14" (5.1 vs. 4.3 m s™)).

This analysis provides evidence for water bodies as potential vessels for transporting INPs to the
air under wind stress or alternative mechanisms such as methane bubbling up through TKLs,
called ebullition (Walter et al., 2006). Primary marine aerosol has been found to have a power
law relationship with wind speed over the Southern Ocean (Moore et al., 2022; Sanchez et al.,
2021) and North Atlantic (Saliba et al., 2019), and an exponential relationship was found
between particle concentration and wind speed over the Arctic Ocean (Leck et al., 2002).
Enhancement in aerosol does not necessarily translate to enhancement of INPs. Further, the wind
speeds experienced during ARCSPIN were typically less than 10 m s™!, with an average of 6 m s~
! for the month of September. At the DOE, which was removed from local direct inputs, there
was consistency in INP concentrations regardless of wind direction (captured from terrestrial and
marine sources) and average wind speed (ranging from 3.9-7.2 m s™), suggesting a background
level of INPs in the air coexisting with periodic coastal and TKL enhancement.

The aerosol INPs measured during ARCSPIN varied in comparability to other terrestrial-
based Arctic campaigns, partially attributed to seasonality. The concentrations were higher than
Creamean et al. (2018), who measured an average INP concentration of 0.005 L'at-15°C
between March and May at Oliktok Point, and Mason et al. (2016), who also found an average
INP concentration of 0.005 L at -15 °C at Alert between March and July. The INPs were more
similar to those reported by Santl-Temkiv et al., (2019), who measured an average INP
concentration of 0.07 L' at -15 °C in August at Villum Research Station. Wex et al. (2019), who
measured INPs at Utqiagvik for a year, found concentrations up to 0.01 L at -10 °C during

September, which is within the range and time period of ARCSPIN (Fig. A.3.1).
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Figure 4.3. INP concentration per L air at -15 °C for aerosol samples (purple). The size of the
markers corresponds to the INP concentration. Lower left coastal samples were sampled on

September 8" and September 14"
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Figure 4.4. Cumulative INP-temperature spectra for the three cases that sampled aerosol upwind
(gray) and downwind (purple) of a thermokarst lake. 95% confidence intervals are plotted (any

confidence intervals overlapping with O are not shown).

In addition to TKLs serving as sources for aerosolized INPs, INP concentrations in water
samples were highest (but most variable) in the TKLs, followed by the lagoon and seawater,

respectively (Fig. 4.5; spectra in Fig. A.3.3). At -15 °C, the average TKL INP concentration was
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120,000 mL" (SD=178,000 mL"") compared with 31,000 mL! (SD=17,000 mL™") in the lagoon
and 17,000 mL"! (SD=19,000 mL™") in seawater. However, stormy conditions increased INPs in
seawater from 1,300 mL™" to 63,000 mL™" at -15 °C. Previous measurements from the Bering
Strait and Chukchi Sea (Creamean et al., 2019) measured INP concentrations of 100-3000 mL"!
at -15 °C, much lower than ARCSPIN. Other ship-based Arctic measurements farther from land
(Hartmann et al., 2021; Wilson et al., 2015) reported INP concentrations less than 100 mL! at -
15 °C in bulk seawater during summer. Therefore, the weather conditions, type of water body,

and proximity to the coast are all important for determining water INP concentrations.
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Figure 4.5. INP concentration per mL water at -15 °C for thermokarst lake (TKL) (green), lagoon
water (light blue), and seawater (dark blue) samples. The size of the markers corresponds to the

INP concentration.

Next, we measured many of the terrestrial-based sources in a thermokarst region that may
contribute to the Arctic INP budget. Soil and vegetation samples were rich sources of INPs (Fig.

4.6; spectra in Fig. A.3.4), with permafrost having up to 5x10% INPs g! at -15 °C (average of
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1.1x10% g'!, SD=1.4x108 g'). The highest permafrost values were found near the coast,
suggesting a prodigious reservoir of INPs that could be released into water bodies undergoing
coastal erosion or thermokarst degradation. Permafrost sampled at different core depths showed
similar INP concentrations (Fig. A.3.5) and, therefore, only the sample closest to the surface is
presented. The permafrost INP spectra largely agree in concentration with permafrost samples
from Fairbanks, Alaska, in Creamean et al. (2020) and with glacial outwash sediments from
Svalbard, Norway (Tobo et al., 2019), with values between 10% and 10° g'1 at -15 °C. The
comparability to ARCSPIN, despite differences in collection depths and locations, is promising
for modelling of permafrost sources.

Lake and ocean sediment contained up to 108 INPs g! (average of 3.2x107 g’!,
SD=3.5x107 g'!) at -15 °C, with the highest values in sediment found inland within freshwater
TKLs and lower values found near and from the Chukchi Sea. Despite the ocean sediment being
a lower source of INPs, its suspension would have contributed to the 50-fold INP increase
observed in Chukchi Sea water during the stormy period. Vegetation washings contained lower
levels of INPs overall (average of 2x10° g!, SD=1.7x10° g’ at -15 °C), but were the source of
the warmest temperature INPs (Fig. A.3.4), with a detected freezing onset as warm as -4 °C,
likely indicative of populations of ice nucleation-active bacteria (e.g., Hill et al., 2014; Huang et
al., 2021). Active layer samples (Figs. A.3.6 and A.3.7) had similar ice nucleation activities to
permafrost, with an average concentration of 3.6x10% ¢! at -15 °C. Ice wedges (Figs. A.3.6 and
A.3.7) had values comparable to TKLs (assuming a density of 1 g mL!), with an average of
1.7x10° ¢! (SD=1.7x10° g'!) at -15 °C. The similarity between ice wedges and TKLs is ascribed

to snow melt being the dominant source of ice wedge ice and contributing to a majority of TKL
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water. Thermokarst landscapes are therefore comprised of several potent (and deep) INP

reservoirs that are comparable with midlatitude soils and could influence Arctic clouds.
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Figure 4.6. INP concentration per g at -15 °C for permafrost (gray), lake and ocean sediment
(salmon), and vegetation (dark green) samples. The size of the markers corresponds to the INP
concentration.
4.3.2 Source separation and characterization

To better understand similarities and differences among thermokarst landscape sources
and aerosol samples, we next present PCA and heat treatment results. PCA was applied to
visualize how samples’ spectral profiles clustered within and between categories to relate INPs
from sources to the aerosol. Figure 4.7 shows all source and aerosol samples colored by sample
type. PC1 explains 47% of the variance while PC2 explains an additional 23% of the variance.
Among sources, PC1 and PC2 separate water and vegetation (negative PC1 values) from

permafrost and sediment samples (positive PC1 and negative PC2 values). The aerosol spans the

range of collected samples along PC1, but is separated on PC2.

70



Samples can be further analyzed for characteristic INP differences through response to heating.
In Figure 4.8, suspensions of all samples for September 2™ and 17" were heated to 95 °C to
divide the INPs into heat labile and stable fractions. The heat labile fraction identifies putative
biological INPs through protein denaturation, and the heat stable fraction may be organic or
mineral. Among sources, the TKL water, ice wedge, and vegetation had the highest fractions of
heat labile INPs, with above 95% at -10 °C, and above 90% at -15 °C except for the ice wedge
on the 2" (Fig. 4.8). The permafrost, active layer, and TKL sediment samples had high fractions
of heat labile INPs at -10 °C (>70%: except for the sediment on the 2"%), while only the active
layers and sediment sample from the 17% had greater than 50% heat labile INPs at both -15 and -
20 °C.

The PCA revealed that while most sources, especially water and vegetation washings,
cluster together within their groups, indicating relative homogeneity across location and time,
there was substantial variability among permafrost. This suggests permafrost INP composition
may be more heterogeneous, despite concentration comparibility to previous work presented in
section 3.1. Both methods reveal differences between the permafrost and active layer, which
were similar in INP concentrations (Table S1) but have relative separation in PCA (Fig. 4.7) and
heat sensitivity (Fig. 4.8), suggesting dissimilar INP populations. TKL sediments may also
harbor distinct INP populations from other samples, with some uniqueness in heat labile
fractions (Fig. 4.8), but similar values to permafrost on the PCA (Fig. 4.7). TKL sediments are
comprised of former permafrost, but undergo loss of organic carbon, nitrogen, and phosphorous
during the transition (Ren et al., 2022), which could have contributed to both measured

similarities and differences to permafrost seen with the PCA and heat treatment. These tools

71



should be seen as complimentary in providing pieces of evidence, as PCA utilizes the spectral
shape of the original sample, while the heat treatment compares proportions in the two spectra.
All aerosol samples contained abundant heat labile INPs, with fractions of nearly 100% at all
temperatures (Fig. 4.8). With PCA, the aerosol spans the range of collected samples along PC1,
suggesting diverse source types contributing to the collected airborne INPs (Fig. 4.7). As many
source samples contained abundant heat labile INPs, with the most prominent being the TKL
water, ice wedge, and vegetation, this analysis agrees with the PCA that multiple sources could
have contributed. However, the PCA also uncovers that the aerosol are separated from most
other samples along PC2, implying the aerosol additionally contained unsurveyed sources (e.g.

other local or long range transport).
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Figure 4.7. Principal component analysis for all processed samples, broken down by sample
type, based upon sample slope and a midpoint concentration ratio between -6 and -20 °C. Percent
variance explained is given on each respective axis. The axes limits are scaled by the variance
explained.
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Figure 4.8. Histograms for samples collected on September 2™ (top) and September 17"
(bottom), 2021, showing the percentage of INPs that are heat labile (sensitive to 95 °C heating:

red) and heat stable (other: blue). Gray indicates INPs in the aerosol that were below the
detection limit of the IS.

4.3.3 Covariance of INPs with organic carbon in water

Since water bodies can serve as a reservoir and source of atmospheric INPs, tracking
their concentrations is important to better understand the Arctic INP budget. Water TOC
concentrations have been used previously to normalize and derive relationships with INP
concentrations in Arctic and North Atlantic Ocean sea surface microlayer samples (Wilson et al.,
2015) and were found to overpredict corresponding North Atlantic INP aerosol concentrations

(McCluskey et al., 2018). Based on heating to 95 °C (Fig. 4.8), the INPs in the water were
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predominantly heat labile (presumably organic), and therefore might correlate with TOC. Figure
4.9 confirms this hypothesis, with higher levels of TOC generally associated with increased INP
concentrations. Taken together, there is a strong correlation (R?=0.85). However, when water
types are treated separately, the correlations are weaker for the lagoon (R?=0.12) and ocean
(R?=0.45), likely due to increased homogeneity. Therefore, we consider the complete landscape
to cover the most variability, although TKLs on their own have the same coefficient of
determination (R?=0.85). As wave breaking and bubble bursting are hypothesized to be the main
mechanisms of release of INPs from thawing permafrost into the atmosphere (Barry et al.,
2023a), this relationship suggests a potential means of representing not only thawing permafrost,

but other mixed thermokarst sources of Arctic INPs using TOC as a proxy variable.
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Figure 4.9. Water INP concentrations active at -15 °C (thermokarst lake water: green; lagoon:
light blue; seawater: dark blue) versus total organic carbon (TOC). The red line gives an
exponential best fit (R?=0.85). 95% confidence intervals for the INP concentrations are given.
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4.4 Conclusions

The Arctic is important to study sources of INPs due to limited previous observations in
areas that have exhibited or are actively exhibiting thermokarst development and the sensitivity
of mixed-phased clouds to INP concentrations. During ARCSPIN, we comprehensively surveyed
likely sources in an environment dominated by thermokarst processes, representing the first
Arctic terrestrial-based source survey of INPs. Permafrost was found to be a large reservoir of
INPs, with maximum concentrations of 5x108 g'1 at -15 °C, and furthermore, the highest
concentrations were found closer to the coast, which could release more INPs with erosion. This
analysis revealed many rich potential sources of INPs that are unaccounted for in current climate
predictions. Water bodies have the potential to transfer INPs from these sources to the
atmosphere, since they were enhanced in the aerosol downwind of TKLs in all three cases
measured, as well as the case with onshore winds off the ocean. However, a background level of
INPs seem to exist given the relative insensitivity of the DOE INP concentrations to measured
average wind direction and speed, and so the enhancement from TKLs and the ocean may be
better viewed as periodic or a combined effect of passing over multiple TKLs.

This study represents the first attempt at INP source apportionment through PCA. Most
source samples clustered together within their groups and were separated on PC1 with overlap
between the permafrost, sediment, and active layer, and additionally between water groups and
vegetation. The permafrost had the most group variability, which may complicate future
representation. Most of the aerosol INPs likely originated from a mixture of sources from
separation on PC2 but spanning the range of source samples on PC1. The aerosol INPs were also
found to be heat labile. These biogenic INPs could affect glaciation of Arctic clouds through

their warm temperature activity. Heat tests on the potential source samples indicated high heat
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labile populations from TKL water, vegetation, and ice wedge samples, but inconsistency and
some temperature dependent insensitivity in the permafrost, sediment, and active layer samples.
Differences between seemingly similar samples, such as permafrost and the active layer, were
also discovered through response to heat. The positive relationship found between INPs and
TOC in the water suggests a potential approach to estimate INP concentration in models, similar
to the approach suggested by McCluskey et al. (2018), since water can play a role for emission
of INPs into the atmosphere. This connection may be the most practical way to track current
Arctic terrestrial INPs given the complexity of the landscape. To fully understand atmospheric
Arctic INPs both now and in the future, knowing the permafrost coverage is critical due to it not

only being a large reservoir of INPs, but also because it dictates the thermokarst landscape itself.
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5. Best practices for sampling INPs cleanly

5.1 Introduction: Importance of working cleanly

Ice nucleating particles (INPs) are necessary for initiation of ice formation in clouds
above the level of homogeneous freezing (-38 °C); mixed-phase and glaciated clouds serve as the
primary source of precipitation outside of the tropical oceans (Miilmenstidt et al., 2015). Despite
their importance in influencing precipitation, as well as cloud reflectivity and lifetime, INPs are
rare in the atmosphere (DeMott et al., 2010; Kanji et al., 2017) and have a diverse range of
sources (Santl-TemkiV et al., 2019).

Filters and impingers are commonly used to sample air for offline immersion freezing
measurements of INPs, and their validity is supported by recent intercomparisons with other
methods for sampling ambient INPs (DeMott et al., 2017, 2018). Aerial samples and samples
from remote marine regions can be especially challenging to analyze because few INPs are
captured. For example, a filter sample of 20 m? of air from above the Southern Ocean will
typically collect only around 20 INPs active at -20 °C (McCluskey et al., 2018). By contrast, the
dust that covers every laboratory surface harbors millions of warm-temperature INPs that can
easily taint such clean samples during preparation. Contamination will also limit the temperature
to which a test can be taken, by raising the background INP level in the dilutions and negative
controls.

Surprisingly, there are very few systematic assessments of the sources of INP
contamination from substrates and water (e.g., Creamean et al., 2018; Polen et al., 2018). Since
contamination may entail multiple inputs from numerous sources, the entire processing train
needs to be scrutinized to quantify all identifiable potential sources so that preventative protocols

can be designed. In this work, we measured the number of INPs present on tools, containers, and
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surfaces used for offline analysis of INPs. Since consumables designed primarily for molecular
biology are increasingly used as receptacles for holding aliquots of suspensions in a range of
immersion freezing instruments (Beall et al., 2017; J. Chen et al., 2018; David et al., 2019;
Garcia et al., 2012; Gute & Abbatt, 2020; Harrison et al., 2018; Kunert et al., 2018; Miller et al.,
2020; Moffett, 2016; Schiebel, 2017; Stopelli et al., 2014; Zaragotas et al., 2016), we also
evaluated several brands of 96-well polymerase chain reaction (PCR) trays for intrinsic
contamination. Using this comprehensive survey, we provide a pragmatic general handling and
sampling protocol for measurement of INPs via immersion freezing. Since Nuclepore™
polycarbonate filters are a commonly used medium for aerosol filtering, we applied the protocol
to develop an improved method for their cleaning.

5.2 Methods

All tests were performed using the CSU Ice Spectrometer (IS), which analyzes liquid
suspensions for INPs active via immersion freezing. The IS is constructed using two aluminum
blocks, designed for incubating PCR plates, encased by cold plates that contain copper coils
through which coolant is circulated. The IS produces spectra spanning a wide dynamic range of
temperatures and INP concentrations and is supported with well-established experimental
protocols applied in diverse scenarios (Beall et al., 2017; DeMott et al., 2017; Hill et al., 2016;
Hiranuma et al., 2015).

Prior to measurement of INPs in the IS, filters are placed into sterile 50 mL
polypropylene centrifuge tubes, with 7-10 mL of 0.1 um-filtered deionized (DI) water added and
particles re-suspended by tumbling end-over-end. Next, 50 uL aliquots of suspensions are
dispensed into sterile, 96-well PCR trays in a laminar flow hood and covered with clean lids and

wrapped in foil before transport to the IS. The trays are then placed into the blocks, the device
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covered, and the headspace purged with high efficiency particulate air (HEPA)-filtered N2 (750
mL min'). The IS is cooled at 0.33°C min™! using a recirculating low temperature bath, and the
freezing of wells is recorded through an interface with a charge-coupled device camera system.
The limit of measurement is between —27 and —30 °C, depending on the number of INPs in the
DI water background. Immersion freezing temperature spectra are obtained by converting the
number of frozen wells at each temperature to the number of INPs mL"! suspension using
equation 13 in Vali (1971). Ninety-five percent confidence intervals for binomial sampling are
obtained from equation 2 in Agresti and Coull (1998). All tests presented here were corrected for
INPs in the 0.1 um-filtered DI sample blank, unless otherwise noted.
5.2.1 Water

DI water is used for cleaning, for collection of INPs in impingers, and to re-suspend and
dilute INPs caught on filters. Its INPs content will limit the temperature to which immersion
freezing tests can be made. For all tests, we used deionized water from a centralized supply
(Evoqua), “polished” using 0.1 um-pore-diameter syringe filters (Whatman® Puradisc 25 TF) or
0.02 um-pore-diameter Anotop® syringe filters (Whatman®).
5.2.2 Minimizing INP contamination during sample handling for analysis

As a preamble to this section, we suggest using a laminar flow hood, if available, for all
preparatory steps to avoid contamination of filters and tools with ambient aerosol particles. We
use a standard Table Top Work Station (Envirco), which comes fitted with a HEPA filter, and
produces an ISO Class 5 environment. The particle number concentration inside the laminar flow
hood, measured using an ultrafine condensation particle counter with a detection limit of 2.5 nm
(TSL model 3776), was 0 cm™ (i.e., undetectable). By contrast, the laboratory air contained

>1,000 particles cm™,
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Various means can be used to clean laboratory utensils, such as soaking in dilute
hydrochloric acid (HCl), followed by methanol/ethanol and DI rinses, or 10% hydrogen peroxide
(H20>) followed by DI rinses. Immersion in an ultrasonic bath (in a plastic bag) efficiently
dislodges attached particles. For glassware, all organics can be removed by baking to 550 °C for
2-3 h. To clean most laboratory items, we use Windex®, followed by DI rinses, because it is
designed to remove surface particles and organics without leaving a residue.
5.2.2.1 Minimizing INP contamination during filter manipulation

Forceps should be used to handle filters. We use acetyl plastic forceps (Fine Science
Tools®, Cat. 11700-00), because they are precisely manufactured and inert. To test them for
contamination, the tips of 10 pairs of cleaned forceps were swirled in a reservoir of 5 mL of DI
water. This was compared with a replicate 5 mL of DI water.

Since filters may need to be cut into pieces, we tested scalpel blades (Swann-Morton, No.
10) for cleanliness. The tips of 32 scalpel blades, taken from individual foil packs, were dipped,
one per well, into 50 uL aliquots of deionized water in a PCR tray. This array was compared
with an adjacent control array of 32-50 uL aliquots of DI water.
5.2.2.2 Reducing potential INP contamination from plasticware

Many types of plasticware are used during the collection, storage and analysis of filters, and

in the preparation of DI water. Specifically, these include:

e Plastic slider bags, which are used for cleaning and storage of laboratory items. We tested
them by adding 20 mL of 0.1 pum-filtered DI water and shaking vigorously for
approximately 1 min. Hefty® Quart Freezer Storage Slider Bags were used for analysis.
We also assessed the usefulness of washing bags by initially spraying the interior with

Windex® followed by several DI rinses, before testing.
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e Petri dishes are used for rinsing filters in DI water during cleaning, and for storage of
filters after sampling. They were tested by adding 4 mL of 0.1 um-filtered DI water to the
upturned lid, swirling, and then transferring the liquid to the base and swirling again.
These results were not corrected for INPs in the negative control since the values were
comparable. The Petri dishes analyzed were Pall® Laboratory 50 x 9 mm sterile (Cat.
7232), and Life Science Products 60 x 15 mm sterile (Cat. LS-6706).

e Pipette tips dispense aliquots of filter suspensions and make the dilutions. They were
examined by opening a new box and aspirating 1 mL of water from 10 mL of 0.1 pm-
filtered DI water in a pre-rinsed centrifuge tube, and then dispensing it back into the
reservoir. This was repeated with 15 tips using the same reservoir. Eppendorf™ ep
Dualfilter T.LP.S.® (50-1250 pL, Cat. 0030078594) were tested.

e Corning® 50 mL polypropylene centrifuge tubes (Cat. 89093-190) serve as the receptacle
for the filter suspensions and dilutions, as well as for the reservoir of the 0.1 pm-filtered
DI water. To test whether they are a potential source of INP contamination, an unrinsed
tube was compared with a pre-rinsed tube. For the unrinsed tube, 10 mL of 0.1 pym-
filtered DI water was added and hand-shaken to re-suspend residual INPs in the tube. For
the pre-rinsed tube, 5 mL of 0.1 um-filtered DI water was initially added, hand-shaken
for approximately 20 s, and discarded. This step was repeated before 10 mL of 0.1 uym-
filtered DI water was added and shaken as for the unrinsed tube. These results were not
corrected for INPs in the negative control since these tubes, pre-rinsed, serve as the
reservoir for such.

5.2.3 INP mitigation with exterior surfaces
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We use compressed air dusters to blow off dust that accumulates on surfaces, such as on
pipettes, the plexiglass lids of the IS, and the aluminum blocks into which the PCR trays are
placed. To check for potential INPs in their propellant, 20 mL of 0.1 pum-filtered DI water was
added to a plastic slider bag, and the duster was sprayed into the bag in three 2 s pulses. The bag
was then closed and shaken to re-suspend the particles in the liquid. We tested GUST® Dusters,
Stoner® - 94203, 340 g, Difluoroethane (Cat. 89065-918) which contain 0.2 pm-filtered
propellant.
5.2.3.1 Personal coverings

Clothing, and especially sleeves, or bare skin, may be large sources of readily dislodged
ice nucleation-active particles. Given the inherent variability of clothing we did not test it, but
advise always using a dedicated and regularly washed lab coat (stored in a bag), disposable
cleanroom sleeves (e.g. Kimberly-Clark Professional™ KIMTECH™, Cat. 49815), and cleaned
gloves to minimize shedding of INPs from the operator.

Gloves must be used at all points in making INP measurements, from the field to the
laboratory analyses, to avoid contamination from numerous INPs on hands. We screened a
variety of different materials (latex, nitrile, copolymer, vinyl, and polyethylene) and brands to
find those with the lowest number of INPs adhering to their surface. Glove tests were performed
by first adding 20 mL of 0.1 um-filtered DI water to a fresh plastic slider bag. A new pack of
gloves was opened, and a glove from the middle of the pack was carefully fitted onto the hand
without touching the exterior. Next, the gloved hand was immersed and enclosed tightly in the
plastic slider bag and vigorously shaken back and forth for approximately 1 min. Using a pipette,
the liquid was dispensed into a pre-rinsed centrifuge tube for analysis. Washed gloves were first

sprayed with Windex® and rinsed thoroughly under DI water before immersion in the plastic
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slider bag. For comparison, we also tested an unwashed and washed (with Windex®) hand
following the same method.
The gloves surveyed included:

e Ansell™ FoodMates™ Disposable Polyethylene Gloves

e Ansell™ Microflex® Derma Free® Vinyl Gloves

e Ansell™ Microflex® Latex Gloves

e Ansell™ Microflex® MidKnight™ Powder-Free Nitrile Examination Gloves

e Fisher Scientific™ Safety Choice™ Economical Vinyl Exam Gloves

e Great Value™ Disposable Vinyl Gloves

e (Great Value™ Disposable Poly Gloves

e Kimberly-Clark Professional™ KIMTECH™ Pure® G5 Co-Polymer Gloves

e PIP™ (CleanTeam™ Vinyl Cleanroom Gloves (Cat No. 191201452B for medium)

e VWR® Soft Nitrile Examination Gloves
5.2.3.2 Working on surfaces

Clean surfaces, both in the laboratory and field, are essential for making accurate INP

measures. To quantify differences between lab surfaces as sources of contaminating INPs, 0.05
or 0.1 m? of laboratory floor, uncleaned bench top (2 weeks since last clean), cleaned bench top
(wiped with Windex® followed by a DI rinse), and the inner (intrinsically cleaner) surface of
aluminum foil (Reynolds Wrap® Heavy Duty) were tested. Between 7.5 and 30 mL of DI water
was swirled on each surface, and a proportion retrieved with a pipette and dispensed into a pre-
rinsed centrifuge tubes for analysis.

5.2.4 Screening for contamination in PCR trays
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Sterile, 96-well polypropylene PCR trays hold the aliquots of suspension for testing with

the IS. They are typically certified to be free of DNA and RNA. However, this does not equate to

them being particle free. PCR tray tests were performed by pipetting 50 uL aliquots of 0.1 um-

filtered DI water into three 32-well sectors per tray (left, center and right), and analyzing with the

IS. The tray tests were not corrected for INPs in the DI water.

Brands used were:

BIO-RAD Multiplate™, 96-well PCR Plates (Cat no.: MLP9601)

Fisherbrand™, 96-well PCR Plates (Cat. No. 14-230-232)

Lifeline™ PCR Plates Life Science Products (Cat. No. PCR-9620-01, from Life Science
Products)

OPTIMUM® ULTRA Brand, PCR Plates (Cat. No. LS-9796, from Life Science Products,
Frederick, CO)

Thermo Scientific™ ABgene™, 96-well PCR Plates (Cat. No.: AB0600)

5.2.5 Filter preparation protocol

An improved technique for cleaning Nuclepore™ polycarbonate membrane filters was

developed to remove INPs introduced during manufacture and packaging. This method is

especially ideal for sampling in low INP environments.

1)

2)
3)
4)

5)

Fill a clean 500 mL polypropylene bottle completely with methanol (or ethanol). We used
Fisher Scientific™ (Certified ACS) 99.9% methanol

Immerse filters (up to about 30) completely in the methanol

Cap the bottle, hold upright in an ultrasonic bath, and ultrasonicate for two 10 s pulses
Discard half of the methanol, fill with DI water, and gently mix

Discard half of the solution, fill with DI water, and repeat gentle mixing
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6) Discard most solution, fill with DI water, and repeat gentle mixing

7) Discard most water and then tip filters in the residual water into a large Petri dish (Life
Science Products, 150 x 15 mm, sterile, Cat. LS-6725). Drain out the DI water

8) Fill Petri dish with 100 mL of 0.1 um-filtered DI water

9) Separate filters individually with clean plastic forceps to ensure efficient rinsing

10) Drain and repeat the filtered DI rinse

11) Drain water and lay filters to dry on new foil in a laminar flow hood

12) Wrap filters in individual aluminum foil pockets to be stored and transported for use in

the field

5.3. Results and Discussion
5.3.1 Water

Standard laboratory water deionizers should produce water usable to -20 °C or colder,
depending on droplet size. The temperature limit to which measures can be taken can be
extended by “polishing” the DI water by using, for example, 0.1 um-pore-diameter syringe
filters (Whatman® Puradisc 25 TF) as used in this study. Our polished deionized water contained
~1 INP mL! at -25 °C. Harrison et al. (2018) noted that filtering of Milli-Q water through
Sartorius Minisart filters (0.2 um, product code 17597-K) lowered the temperature at which pure
water droplets froze by 2—3 °C, while O’Sullivan et al. (2015) found up to a 5 °C reduction by
using a 100 kDa filter (Millipore, Amicon Ultra, UFC910008). By contrast, Polen et al. (2018),
who performed a comprehensive water analysis, found erratic results when repeatedly testing
Milli-Q water, even after 0.02 pm-filtration; they suggested bottled HPLC grade water instead,

for consistency. Additionally, regularly changing syringe filters is recommended, as Polen et al.
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(2018) found an increase in INPs active colder than about -25 °C when using the same 0.02 uym
filter for several weeks. If deionizers are not well maintained, they will release INPs, irrespective
of whether the system outlet filter (generally 0.2 um) is working, since those INPs active at cold
temperatures tend to be small (O'Sullivan et al., 2015). In a system overdue for servicing, we
found that 0.02 pm-filtering performed better than 0.1 pm-filtering.
5.3.2 Minimizing INP contamination during sample handling
5.3.2.1 Minimizing INP contamination during filter manipulation
The cleaned acetyl plastic forceps did not shed any INPs (the spectrum was not
significantly higher than the control), but the steel scalpel blades did release INPs active below —
22 °C. This may be caused by microscopic metal shards or INP contamination introduced during
packaging; there are many seemingly innocuous sources of INP contamination. We therefore
recommend using a small ceramic blade knife, since the blade is smooth, unreactive, and easily
cleaned with Windex® or H>0..
5.3.2.2 Minimizing INP contamination from plasticware
e Freshly opened (unwashed) plastic slider bags were found to contain less than 100 INPs
per quart-sized bag active at -27 °C (Fig. 5.1a). Washing the plastic bags before use may
slightly reduce the number, but in practice, this benefit may be offset by the additional
handling introducing contamination. Cleaning items, such as plastic forceps, in plastic
bags is advisable since most of the pre-existing INPs in the bags will also be removed
during the wash step. Change bags used for cleaning or storage often in the field.
¢ Rinsing centrifuge tubes (Fig. 5.1b) with 0.1 um-filtered DI water reduced the number of

INPs introduced during manufacture by approximately 4-fold at -25 °C, although there
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was no difference by -28 °C. There was also a 2 degree colder onset temperature with the

rinsed centrifuge tube.

e Both brands of newly-opened packs of Petri dishes possessed few if any INPs, with none

at all detectable until around -25 °C.

e The pipette tips released no detectable INPs (no difference with the 0.1-um DI water

blank). Pipette tips with filters should always be used, since the interior of the pipette can

be a major source of contamination. We also advise wiping down their exteriors with DI

water before each use. Disassembling the lower part, rinsing the components in DI water,

and using a compressed air duster to blow them dry should be done once a month.
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Figure 5.1. Cumulative INP spectra from (a) unwashed and washed quart plastic slider bags
(with background DI water INPs removed), and (b) an unrinsed and rinsed Corning 50 mL

polypropylene centrifuge tube.

5.3.3 Limiting INPs on exterior surfaces

Compressed air dusters emitted no detectable INPs in their gas stream once correction for the

water blank and plastic bag had been made. Therefore, they can be safely used to blow dust off

external surfaces. We recommend using dusters that have filtered propellant.

5.3.3.1 Gloves
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Gloves should always be used, since hands are covered in INPs: A bare hand, even after
washing, can release over 1,000 INPs active at -16 °C (Fig. 5.2a). Gloves, however, can also be a
source of INPs. Washing gloves by spraying them with Windex® followed by rinsing under DI
water will remove INPs from dust acquired during production or which has settled upon an open
pack. By contrast, wiping gloves with alcohol will have little benefit other than denaturing
proteinaceous INPs, which are likely a minor contributor. Avoid powdered gloves. For a
consistent comparison, only washed glove results are presented in Figure 5.2a. Gloves that shed
the fewest INPs are the cleanroom vinyl and polyethylene gloves. Both released around 50 INPs
per glove at -25 °C. Polyethylene gloves (typical food preparation gloves) are inexpensive but
hard to use as they lack a textured surface for grip. They are also harder to clean and have lower
durability. Copolymer (cleanroom produced) and nitrile gloves have similar INP-temperature
spectra, releasing approximately 700 INPs per glove at -25 °C, over 10-fold more than a washed
cleanroom vinyl glove.

Since nitrile gloves are popular, we show a direct comparison between washed and
unwashed cleanroom vinyl and nitrile gloves in Figure 5.2b. An unwashed cleanroom vinyl
glove 1s better than a washed nitrile glove. Comparing unwashed and washed cleanroom vinyl
gloves, the number of INPs at -25 °C were 360 for the unwashed compared with only 50 for the
washed. As they were taken from a fresh, cleanroom-produced pack, it underscores the
importance of always washing gloves and never assuming anything is INP-free. Washing nitrile
gloves usefully removed warmer temperature INPs, lowering the onset from -16.5 °C to -21 °C.
However, there was essentially no difference by -24 °C, suggesting there is something intrinsic
to the nitrile material itself that ice nucleates at colder temperatures. This contrasts with the

washed cleanroom vinyl that showed a reduction in INPs across the entire temperature spectrum.
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This superior performance is consistent with the findings of Garcon et al. (2017), who showed

that vinyl gloves released lower amounts of most trace elements than other gloves.
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Figure 5.2. Cumulative spectra of INPs on (a) the surfaces of washed gloves compared with a
washed hand, and (b) on washed (W) and unwashed (UW) nitrile and cleanroom (CR) vinyl
gloves. All glove tests were corrected for background INPs in the DI water blank.
5.3.3.2 Cleanliness of work surfaces

Surfaces are major direct as well as indirect (by transferring INPs to items) sources of
INP contamination. Not surprisingly, Figure 5.3 confirms that laboratory floors are an especially
high source, with over 10,000 m™ by -7.5 °C. Benches that are not regularly cleaned will also
support many INPs, with over 10,000 m™ at -12 °C. Cleaning them definitely helps, as this
number is reduced to only 100 m™ at the same temperature. However, with the number of INPs
active at colder temperatures remaining large (i.e., >10,000 m at -20 °C), this is still not
sufficient since even terrestrial ground-based daily filter samples, which are quite heavily loaded
with particles, may only collect a few thousand INPs at -20 °C. By stark contrast, aluminum foil
had essentially zero detectable INPs down to the limit of testing at -28 °C. Hence, simply doing

all work, both in the laboratory and field, on fresh foil will eliminate this major source of
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contamination. Foil should be changed every day before commencing work, and the underlying
surface pre-cleaned to minimize lofting of dust when the foil is laid down. Additionally,

regularly wiping down all bench tops and storing items on foil will reduce the overall number of

INPs in the general workspace.
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Figure 5.3. Cumulative spectra from laboratory testing of background INPs on the uncleaned
floor, 2-week uncleaned benchtop, cleaned benchtop, and aluminum foil (the inner side of the
roll). The “DI” line indicates INPs in the 0.1 pm-filtered DI water sample blank, which was
subtracted from all surface tests.

5.3.4 PCR trays as a source of INPs

Polypropylene trays are mass produced for performing PCR reaction tests. They are, thus,
a convenient platform for measuring INPs, and are used in a growing number of ice spectrometer
designs (mentioned in Section 1). We compared 96-well PCR trays from five suppliers, each
loaded with 0.1 um-filtered DI water, for their low temperature performance. Unexpectedly, one
brand, OPTIMUM® ULTRA, consistently performed better, by a margin of 2-3 °C, over the
other well-known brands (Fig. 5.4). A consistent feature of the other brands was a habit of
freezing in the center first (Fig. 5.5), which was not, or minimally, displayed by the OPTIMUM®

plates. This appears to be a signature of some form of contamination introduced during
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manufacture, and suggests that the lower temperature limit of immersion freezing tests using

PCR plates is typically controlled by contamination in the plate itself. Low temperature

limitation caused by the PCR plate brand was alluded to by Kunert et al. (2018) when comparing

96-well plates from one company with 384-well plates from another. In the former, 50% of 3 uL.

droplets of DI water froze by around -25.5 °C, while in the latter, this level wasn’t reached until -

29 °C. The lower temperature limit of the OPTIMUM® plates may also be due to the plate or to

impurities in the DI water. While PCR trays are DNA/RNA-free they are clearly not particle-

free, and this could partially explain, in addition to droplet volume differences, why cold plates

can reach colder temperatures (e.g. Creamean et al., 2018; Tobo, 2016).
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Figure 5.4. Frozen fraction comparison of (a) Bio-Rad (BR), (b) Thermo Scientific™ (TS), (c)
Fisherbrand™ (F), and (d) Lifeline™ (L) with OPTIMUM® ULTRA (OU) PCR trays. Each 96-
well tray was divided into three 32-well sectors designated left (L) center (C) and right (R). All
wells contained 50 pL of 0.1 um-filtered DI water.
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Figure 5.5. Frozen wells of 0.1 um-filtered DI water (dark gray) in adjacent PCR trays in the Ice
Spectrometer at -26 °C. The left tray was made by Thermo Scientific™ and the right-side tray by
OPTIMUM® ULTRA. Note that in the left tray most frozen wells were clustered in the center.
5.3.5 Filter cleaning for sample collection

Contamination of filters with INPs during manufacture and packaging can limit the lower
temperature to which they can be used. Our new method for cleaning Nuclepore™ polycarbonate
filters reduces the intrinsic INPs on each filter to less than 20 at -27 °C (Fig. 5.6). This translates
to an approximately three-degree improvement from the previously used method of soaking in
10% H202, and over a five-degree improvement from using unwashed filters. In the process of
sampling, the filters may collect more INPs in their handling, but this method works to eliminate
a major source of contamination. Although the difference in background INPs released might not
be essential for terrestrial ground-based measures, this will certainly improve detection limits for
aerial and marine studies. Most importantly, the two short pulses of ultrasonication did not affect

the integrity of the filters; three filters were checked before and after cleaning with a mass flow
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meter, and the flows and pressure drops across them were unchanged. Ultrasonication for longer

periods of time (i.e., minutes) can result in tears at the edges of filters.
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Figure 5.6. Cumulative spectra of INPs released from Nuclepore™ polycarbonate filters after
different cleaning protocols. Apart from unwashed Nuclepore™ filters, which were taken
directly from a new pack, all filters were rinsed three times in DI water post treatment, the last
two rinses using 0.1 pm-filtered DI. All filter tests were corrected for INPs in the DI water blank.

5.4. Conclusions

This work aimed to quantify, and subsequently minimize, all potential sources of INP
contamination when making immersion freezing measures with filters and using PCR trays as
the measurement platform. Out of an abundance of caution, we assumed that every tool, surface,
and container was a significant extraneous INP source. The resulting general handling protocol
delivers improvements to the limit of detection, as well as ensuring consistently accurate and
representative measures over a wide temperature range. Although this continues to be a work in
progress, we can recommend many straightforward and easily-adopted practices to limit INP
contamination and so improve performance:

1) Work in a laminar flow hood, if available.
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2) Fresh, unwashed plastic slider bags are recommended for storage and cleaning of
laboratory tools as they contain few INPs.

3) The tested pipette tips, filtered compressed air dusters, Petri dishes, and pre-rinsed
polypropylene centrifuge tubes are minor sources of INPs.

4) Washed cleanroom vinyl and polyethylene gloves retain very low numbers of INPs on
their surfaces. Vinyl gloves are easier to work in than polyethylene gloves, and are
comparable in cost to nitrile gloves, the current standard.

5) Always work on fresh aluminum foil (inner surface) in the field, laboratory, and laminar
flow hood.

6) PCR trays typically contain contaminating INPs. Of the five brands tested, the
OPTIMUM® ULTRA brand was clearly superior.

Enhanced by these clean-working methods, we developed a simple but effective protocol for
background INP removal from Nuclepore™ polycarbonate filters. This will be particularly
beneficial for INP measures in clean environments, such as over oceans and in the free
troposphere. If stringent handling protocols are followed at every step of preparation, sampling,
and analysis, the number of INPs on field blanks will approach the cleanliness of the ultra-clean

filters themselves.
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6. Summary and future/in progress work

6.1 Summary of chapters

This work has covered the presence of INPs in the Arctic, from a general, central Arctic
perspective in Chapter 2, to potential terrestrial sources in Chapters 3 and 4. In Chapter 5, I stress
the importance of clean working protocols and the careful filter cleaning protocol that are needed
for accurate quantification of INP concentrations, particularly for aerosol samples. Some of the
sample preparation and analysis protocols that have become standard for our group, that have
also been shared with the broader community, include wearing vinyl gloves (not nitrile or latex),
always working on aluminum foil, storage of samples and consumables in plastic slider bags,
preparing samples in a clean laminar flow hood, and pre-cleaning filters by ultrasonication in
methanol.

Chapter 2 took a deep dive into the seasonal cycle of INPs to see how the INPs varied
over a year in their composition and concentration in the central Arctic. The INP concentrations
in the summer were significantly elevated, 2 orders of magnitude on average, compared with any
other season. Concentrations of up to 1.4 L' were detected at -15 °C in early July, typical of air
over continental regions. Aside from having the highest average INP concentrations, summer
also had the largest variability, with the highest standard deviation at -15 °C. This variability was
not expressed in summer INP composition, with nearly 100% heat labile INP fractions detected
at -15 and -20 °C. Samples from other times of the year could still contain high heat labile
fractions, but they also included variable fractions of heat stable and mineral INPs (especially
colder than -20 °C). The other part of the research question was to understand whether the
sampled INPs originated locally (in proximity to the ship) or regionally (general Arctic/longer-

range transport), through using the seasonality of the microbes in the air as a tracer of influences
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on the air mass composition. The airborne bacterial composition varied significantly by relative
abundance, limiting seasonal trends. Source tracking analysis indicated that, aside from periodic
snow influence during cyclones, the microbes likely did not come from sources in proximity to
the ship for most days, based on the subset of source samples analyzed. This finding was
strengthened by the detection of periodic terrestrial fungal influence and the majority of
airmasses spent time over the open ocean, ice, and land. Finally, the INP concentrations and
seasonal trends were similar to coincident INP measurements at Svalbard (especially in the fall,
winter, and spring), a maximum latitudinal distance of 1140 km, which suggests pan Arctic
sources contribute to a regionally coherent population of INPs.

In Chapters 3 and 4, I explored some of the likely most active Arctic sources of INPs,
with the research questions centered around the potential atmospheric relevance of permafrost.
Permafrost was the most focused-upon source for a number of reasons. It has been shown to be a
large reservoir of INPs with large horizontal and vertical extent across the Arctic. Permafrost is
thawing, with effects especially felt near eroding coasts, and this melting process controls
landscape features such as the vegetation coverage and presence of thermokarst lakes. Although
previous work (Creamean et al., 2020) showed that permafrost was a reservoir of INPs, with
concentrations per gram of soil on the order of midlatitude and glacial soil dusts, many questions
remained. If permafrost soils were washed into a thermokarst lake, would the INP activity
persist, or would it decay rapidly, since the soils were entering an environment significantly
different from that when it was frozen. These questions could start to be answered by running
two, 25-day laboratory experiments that placed permafrost into a tank with artificial fresh and
seawater and monitored the INPs and bacterial community in the water and in aerosol produced

through bubble bursting. The older permafrost had more stability and activity (on the order of

97



mineral dust when normalized by aerosol surface area), that lasted over the entire period. This
type of permafrost could enter water bodies especially through erosion. The younger permafrost
also had high levels of aerosol and water INPs that lasted throughout the period, but was
compositionally different (coarser material, more variable organic fractions). Thus, we
concluded that the permafrost INP reservoir has the potential to provide a source of active INPs
even after multiday transport through bodies of water, and that bubble bursting mechanisms in
these waters have the potential to release INPs to the air.

Chapter 4 focused solely on the field portion of the measurements, confirming not only
that permafrost represents a large reservoir of INPs (can be greater than 10% g! at -15 °C), but
that the thermokarst landscape in general contained many active sources of INPs that are
presently unaccounted for in modeling emissions of Arctic INPs. Thermokarst lakes were found
to have the potential to transfer these INPs to the atmosphere, an effect that could be
compounded by an airmass traveling over a landscape covered with such lakes. Since Arctic
waters, including the ocean in addition to land water, likely contain an amalgamation of various
active sources from the complex landscape, we investigated a method for prediction of INP
concentrations that could encompass the effects of such variable sources. A positive relationship
between total organic carbon (TOC) and INP concentrations in lake, lagoon, and seawater
suggests that this is one way to parameterize potential INP emissions from waters in this region.
One of the most important findings in this study was that the aerosol filters obtained at the fixed
DOE site over longer integration periods (generally 24 hours) showed relative insensitivity to
wind direction, again suggesting a well-mixed regional Arctic INP population. The MOSAiC
filters taken in September 2020 had the most comparability to the ARCSPIN DOE filters (Fig.

6.1), which showed that the Arctic tundra and central Arctic can have similarity in airborne INP.
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The shallow slope of most of the aerosol temperature-dependent spectra implies that the INPs are
from a mixture of sources, unlike a single fungal or mineral population (Kunert et al., 2019;

Murray et al., 2021).

.
10 Lagoon/SW
102 1 DOE
1 TKL
107 MOSAIC Sep
ool
E 107"
‘T\_—L 10-1 -
Z 1072
Z
10'3.
107 | TTIReTeS
5 | 7(
10°

-30 -25 -20 -15 -10 -5
Temperature (°C)

Figure 6.1. Cumulative INP-Temperature spectra from the ARCSPIN (Purple: September 2021)
and MOSAIC (Orange: September 2020 only) field campaigns.
6.2 Ongoing and future work
6.2.1. ARCSPIN extended heat treatments

As INPs were enhanced downwind of all tested thermokarst lakes (Fig. 4.4), these lakes
may play a role in transfer of emissions to the atmosphere, especially under periods of
disturbance. Therefore, samples from these days (9/2/2021; 9/11/2021; 9/17/2021) are being
investigated further to understand their INP composition. The PCA (Fig. 4.7) indicated that

multiple surveyed sources likely contributed to the sampled aerosol due to the aerosol spanning

99



the range on PC1 (along with other, unsampled contributions). The 95 °C heat treatment
indicated that most source samples, along with the aerosol itself, had high percentages of heat
labile INPs (Fig. 4.8). To further test whether different behaviors could be discerned and thus
linked to different or similar compositions between the aerosol and source samples, the response
of the samples to other temperatures was investigated.

For the first treatment temperature, 50 °C was chosen based on several ice nucleating
(IN) bacterial isolates having reduced activity after exposure to this degree of heating (lowered
freezing onset: Fig. 6.2 Left). This temperature is high enough to lower the activity by breaking
apart aggregates of proteins but should not denature them. This heat will also affect some IN
fungi, such as Fusarium avenaceum, which started to lose activity above 40 °C (Hasegawa et al.,
1994). 60 °C is a more commonly reported heat test in previous studies: some fungal isolates
were affected by 60 °C, such as Acremonium implicatum and Isaria farinose (Pummer et al.,
2015), but 1solates of Mortierella alpina were generally not affected (Frohlich-Nowoisky et al.,
2015; Pummer et al., 2015) until they were exposed to 98 °C (we will assume comparability to
95 °C). 50 °C will also affect the IN activity of woody tissues (Gross et al., 1988), but not all
plant INPs are as sensitive, such as winter rye (Brush et al., 1994).

95 °C will denature the INPs of most bacteria and fungi, since IN activity is likely
derived from proteinaceous components, and has been used extensively in this dissertation. For
exploring sensitivity to somewhat higher temperatures, 121 °C was chosen because of its ease of
attainment in a pressure cooker, because it served as a middle point in this analysis, and because
it has the potential to degrade the activity of the first known IN positive gram positive bacterium
isolated from precipitation, Lysinibacillus (Failor et al., 2017). The molecule that is responsible

for ice nucleation is likely not a protein due to its resistance to 99 °C.
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The highest temperature chosen was 180 °C, based upon testing a birch pollen suspension
on the ice spectrometer after heating at various temperatures (95 °C, 121 °C, 150 °C, 167 °C)
without complete reduction in its activity. Virtually all activity was wiped out at 180 °C (Fig.

6.2, right panel) and so that temperature was chosen as a proxy for pollen INPs and
fragmentation and breakdown of other complex organic macromolecules such as RNA/DNA.
This choice is in agreement with Pummer et al. (2012) who showed reduction of activity of pine
and juniper pollen between 140-170 °C dry heat and birch pollen above 170 °C dry heat.

The 50 and 95 °C heat treatments are straightforward in that a suspension is aliquoted and
heated in a water bath in a centrifuge tube for 20 min before being diluted and pipetted as
normal. Wet heating has not been done at the two higher temperatures before, and so they needed
different vials to withstand the higher pressures experienced. For the 121 °C treatment, 2-Dram
reaction vials with a pressure-relief cap were used (Chemglass). They were prerinsed with DI
water before placing the sample in the vial and heated for 20 minutes after reaching 121 °C,
which took about 10 minutes after insertion into the pressure cooker. The vials were placed on
racks in the middle of the pressure cooker so that they could fully be exposed to the steam.

For the 180 °C treatment, a vial that could sustain a higher temperature and pressure was
needed (Cole-Parmer KX Microwave Vial). Both vials were made with borosilicate glass, but the
higher temperature vial had much thicker glass and had to be sealed with a crimping tool
(maximum pressure of 30 bar). The cap had a thick PTFE septum with an aluminum seal, and the
vials were also prerinsed with DI water. This reaction was first tried in an oven; however, the
caps would pop off after about 10 minutes, which was not long enough for the treatment. Instead,
a heating block with silicone oil (flash point greater than 250 °C) was used on a hot plate (Fig.

6.3) so that the sample could be fully immersed in the oil at the correct temperature, while the
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cap was not subjected to the same heat and so did not fly off. This treatment was performed in a
fume hood with the sash closed for safety. The treatment was run for 25 minutes, using empirical
observations of the septum ballooning out and reaching an equilibrium after 5 minutes. Since all
of the tests were performed under wet heat, suspensions of the original water samples and
aerosol filter suspensions could be aliquoted and analyzed identically. The 180 °C heat was
compared to a hydrogen peroxide (H20>) digestion for Wyoming pasture soil that was originally
collected in Hill et al. (2016). The 180 °C treatment yielded results similar to the H-O»
digestions, which means the 180 °C treatment was able to remove most of the organic INPs.
Some organic polymers that would not be affected by temperatures of 180 °C and have higher
decomposition temperatures include chitin, cellulose, hemicellulose, and polyhydroxybutyrate

(Arora et al., 2011; Kervran et al., 2022; Yang et al., 2007).
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Figure 6.2. (Left) Response of 6 ice nucleation active bacterial isolates to heating (credit Tom
Hill). (Right) Cumulative INP-temperature spectra for untreated birch pollen (black circles and
gray lines [a replicate to extend the spectra]), after 95 °C heating (red circles), after 121 °C
heating (pink circles), and after 180 °C heating (green circles).
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Figure 6.3. Picture of the 180 °C treatment setup, showing the two sample vials immersed in hot
silicone oil, with a thermometer constantly monitoring the temperature.
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Figure 6.4. Heat tests on Wyoming pasture soil [collected in Hill et al. (2016)], with comparison
to the hydrogen peroxide digestion treatment (purple) to remove all organics.
The first results of all treatments combined are presented in Figure 6.5. The 4 treatments

were done on the upwind and downwind thermokarst lake aerosol samples, as well as on every

potential source sample that was collected in proximity to the lake. They are presented as percent
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decreases from the untreated spectra, with a colored triangle indicating a percent increased after
heating, which may be from fragmentation of complex organics. They are unlikely to be from
minerals, as the organics dominated the tested aerosol samples (Fig. 6.6), or pollen, due to its
degradation at 180 °C (Fig. 6.4). First starting with the 50 °C treatment, the highest sensitivities
across the temperature spectrum are from the ice wedge, thermokarst lake, and vegetation. The
active layer, sediment, and permafrost samples showed minimal effects on contained INPs from
50 °C heating. This treatment suggests the potential presence of ice nucleating bacteria or select
fungi in the water (which would be a part of the ice wedge) and vegetation. In the aerosol, 50 °C
led to a large reduction at -20 °C, over 75% in both the upwind and downwind aerosol, which
suggests the potential for IN bacteria in the air. The 95 °C has been shown and discussed in
Section 4.3.2., but the sample with the largest contributions across the temperature spectrum was
from the TKL water (e.g., 79% at -20 °C) and sediment, with large temperature dependent
contributions from the ice wedge and vegetation samples (above -25 °C). Variable contributions
were seen especially from the permafrost (no effect at -20 and -15 °C; 68% and 73% reduction at
-25 and -10 °C, respectively). The aerosol again had large (>85% reductions) at -20 °C in both
the upwind and downwind aerosol, with smaller reductions at -25 °C.

The 121 °C treatment is where samples start to diverge. Both the TKL water and
sediment had large and consistent reductions in INPs for this treatment across the temperature
spectrum (minimum of 94% for the TKL water and 78% for the sediment). The permafrost and
active layer samples both had reductions across the temperature spectrum but were variable in
the percent decrease. The vegetation and the ice wedge had nearly 100% reductions at -10 and -
15 °C, but both had no reduction at -25 °C, and a significant (outside of overlapping confidence

intervals) percent increase at colder temperatures. Both the upwind and downwind aerosol did
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not have any reduction after 121 °C at -25 °C, with the upwind aerosol having a significant
increase. These findings suggest a common INP that may have been present in the ice wedge and
vegetation and the air samples, which could be fragmentation of a complex polymer that still
retains its IN activity after heating, or exposure of IN active sites.

The 180 °C treatment showed large reductions with the sediment, permafrost, active
layer, TKL water, and vegetation samples across the spectrum. No effect of 180 °C was detected
in the ice wedge and aerosol samples at -25 °C, with a significant percent increase after heating
in the upwind aerosol. There was a clear percent increase at temperatures colder than -25 °C in
the ice wedge sample (not shown). The upwind aerosol had more of an increase after heating
than the downwind aerosol did, which may suggest similar populations that are resistant, but a
potential contribution from passing over the TKL in the downwind sample (of which the INPs
were heat sensitive), leading to less of a percent increase overall.

Figure 6.5 shows that the aerosol is a complex mixture of heat-labile and heat-stable
organics (minimal mineral assumed from Fig. 6.6), with potential contributions from IN bacteria
or fungi at -20 °C or warmer based on the sensitivity to heating to 50 °C. These INPs could have
originated from an ice wedge, TKL, or vegetation, and are unlikely to have large contributions
from other sources, based on this method. At -25 °C, there appear to be different populations
contributing, which could be INPs that are common to the vegetation and ice wedge sample, with
potential TKL contribution in the downwind aerosol sample. Based on this analysis, the INPs
from the collected active layer, sediment, and permafrost had minimal direct contributions to the
aerosol.

This analysis is still preliminary and has to be expanded to other days. Slope analysis

methods like the PCA used on the base samples can be used in this context as well. This analysis
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would also work better on the aerosol by applying it to the fixed-site filters, as these appear to be
more representative of the general Arctic (Fig. 6.1) and have collected more volume (lowering
the limit of detection). In the future, these results will also be binned in temperature intervals to
eliminate some uncertainty with the measurements, and more statistical testing, such as a
pairwise-t test, will be implemented. Testing more source samples will also be helpful to see if,
for example, a permafrost core collected along the coast has the same temperature properties to a
core collected inland. Nonetheless, this analysis has the potential to eliminate major
contributions of some sources to the aerosol, as some of the treatments revealed unique
properties, such as lack of sensitivity at colder temperatures, that are not evident with 95 °C

heating or hydrogen peroxide digestion alone.
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Figure 6.5. Percent decrease from untreated spectra for potential thermokarst region sources and
proximal aerosol at Emaiksoun Lake, collected on 9/17/2021. Histograms are colored by the
temperature of treatment and are given as a function of measurement temperature. A triangle
indicates a percent increase after thermal treatment, and BDL for the aerosol at -15 and -10 °C
indicates below detection limit. All treatments (4) were run for each sample.

106



1000 1
' DOE 9/9/2021

100 -

10 4

(=}
N
Ll
—°*
—

Nine (L' STP)

0.01 -

ot B LT

o808 A
-30 25 -20 -15 -10 -5 0
Temperature (°C)

Figure 6.6. INP-temperature spectra for an aerosol sample collected at the fixed Department of
Energy (DOE) site on 9/9/2021. The black indicates untreated, red is after 95 °C, and purple is
after hydrogen peroxide (H>O») digestion.
6.2.2. Sampler differences for bioaerosols

As the polycarbonate filters in the Arctic were used for DNA analyses in Chapters 2 and
3, an initial comparison is provided over another oceanic region that contrasts this method with a
higher flow volume method. The Sea2Cloud ship campaign traveled near New Zealand in March
2020 between 41 and 47 °S, and the goal was to connect Southern Ocean properties to
atmospheric fluxes and cloud formation (Sellegri et al., 2023). The polycarbonate filters used
were the same ones as in MOSAIC (0.4 pum Whatman Nuclepore track-etched hydrophilic
membranes). During MOSAIC, the average flow through the filters was 34.1 standard Liters (sL:
0 °C, 1013.25 mb) min™' over the course of the year, and similar values were reported from
Sea2Cloud. The filters in Sea2Cloud sampled for 1 or 2 days, and for comparison, a high volume

liquid impingement sampler, the Coriolis [e.g. (Archer et al., 2023)], was used during some of
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the time period. The benefit of this type of sampler is that it draws air at 300 L min™!, and also
impinges into liquid, which may be better than dry filter collection for preservation of microbes.
The Coriolis typically ran for 1-3 hours, and Coriolis samples obtained within the same time
period as the polycarbonate filters were pooled for analysis.

The results for taxonomy and diversity metrics are presented in Figures 6.7 and 6.8. The
relative abundance plot reveals that at the class level, the samples share overlap. Many of the
major groups are present in both samples, across the whole time period, with some differences in
relative abundance percentages. For example, Phycisphaerae were detected consistently in the
polycarbonate samples, but minimally in the Coriolis samples. Acidobacteriae were detected in
the Coriolis, but minimally in the polycarbonate samples. The alpha diversities (Fig. 6.8, left
panel) were very similar for the two samples, with the Coriolis sample slightly higher, which
indicates the samplers are picking up similar diversities of air microbes. Figure 6.9 shows a wide
diversity of taxa that were picked up in the air that were also in sequenced water samples. This is
encouraging in that the polycarbonate filters, a cheaper and longer duration alternative, sampled
alpha diversity levels similar to the Coriolis. For beta diversity (Fig. 6.8, right panel) there were
some detected differences between sampler type, which is consistent with varying detected
proportions of some taxa. The time component could be influencing the beta diversity as well,
with the Coriolis samples not able to span the entire polycarbonate (either 24 or 48 hours)
sampling period.

Overall, it is encouraging to see relative agreement between two methods of sample
collection in an oceanic environment. Future work should include quantitative PCR to detect
bacterial concentrations and track specific groups better than relative abundance, as well as

explore reasons for taxa divergence between sampler types, such as abundance of Gram-positive
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versus Gram-negative bacteria. Polycarbonate filters have benefits

that include easier elimination

of contamination potential, as the filter units are disposable and are preloaded in a clean

environment, reduced costs, and a gentler flow rate that may be advantageous for sampling in

stable airmasses where high variability with time is not expected (and thus not needing to be

captured). Polycarbonate filters also have lower backgrounds that can be used for sampling INPs

in remote regions.
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Figure 6.9. Phylogenetic tree that shows the amplicon sequence variants (ASVs: names
correspond to the class level) in sequences common to both the air and the water, over the entire
Sea2Cloud campaign. Names are visible with zoom but are not necessary to qualitatively see
sampled diversity.
6.3 Concluding remarks

This work has focused on INPs and bioaerosols measured in the Arctic over a full year
and has looked at some of the potential active sources that may contribute to the air; for the
latter, using a ground up approach over an active thermokarst domain during peak thaw. In
addition to its potential as an INP reservoir, permafrost is certainly critical in controlling much of
the past, present, and future Arctic terrestrial landscape, and thus influences the present INP
population. The MOSAIC study demonstrated the value of long-term Arctic INP measurements,
which showed seasonal variations as well as the impacts of periodic cyclones. Multiyear
observations, like those at Mount Zeppelin (Pereira Freitas et al., 2023), are also needed to see
longer-term trends that could not be addressed in this work. The comparability of longer-term
measurements taken at a variety of sites, including the Utqiagvik DOE site, Mount Zeppelin in
Svalbard, and the central Arctic MOSAIC site, points toward the benefit of continuous measures.
Since the sources seem to be well mixed to create a regional INP population over the time scale
of days, long term measurements may be best at fixed terrestrial sites instead of ship voyages to
the central Arctic, where costs and contamination potential are easier to control. Clouds could
still be affected by localized INP sources, such as melt ponds or exposed permafrost from
coastline erosion, thus more localized observations might be useful for process-level models like
Large Eddy Simulation.

Modeling of future changes to the Arctic aerosol and INP populations, and their impacts

on clouds, requires improved representations of relevant sources, most of which contain
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abundant organic INPs. Models require parameterizations for fluxes or concentrations of
specialized particles such as CCN and INPs, and thus effort is needed to provide this information
using new datasets. This dissertation provides the framework to be able to model emissions from
a region with a high density of thermokarst lakes, as the aerosol INPs were enhanced downwind
of all lakes measured, they can have a large horizontal extent, and could largely cover grid cells.
The lakes encompass the variety of sources tested and measured in active thermokarst regions, as
presented in Chapter 4.

Future work should further explore links to TOC, as well as refining the use of thermal
treatments to characterize INP-temperature relationships that can link sources to airborne INPs.
The compound heat treatment presented has the potential, depending on regional source
comparability, of ruling out major contributions of INPs the Arctic aerosol (such as the
permafrost, sediment, and active layer found on the September 17" samples). This method could
be expanded to other Arctic sources, such as glacial soil dust (Tobo et al., 2019). If TOC of
bodies of water can be predicted in models, the TOC parameterization could be the best way to
track INP emissions from the sources to the atmosphere via aerosol transfer under wind stress in
thermokarst lakes, estuaries, and the ocean, as this would simplify the complexity of the
landscape significantly and could track future INP contributions amid landscape changes. Future
measurements should additionally focus on more cloud-level sampling (such as through airborne
or tethered balloon sampling campaigns) to explore yearly comparability with ground-based
measures, as above -15 °C, Arctic ice-containing clouds that are coupled to the surface have been
shown to be more frequent than decoupled clouds (Griesche et al., 2021). Airborne campaigns
are especially valuable, as they can provide both free tropospheric and boundary layer

measurements.
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For bioaerosols, the largest work needed in the Arctic is increased numbers of
measurements, since unlike INPs, which have had emerging fixed-term sites, MOSAIC provided
the first yearly cycle of bacteria and eukaryotes in the Arctic. And additionally, unlike the INPs,
which were relatively stable in terms of composition and through having a regionally mixed
population, periodic influence of eukaryotes and wide diversity of aerosolized bacterial taxa
show that the bioaerosol population is more complex. Since ship community contamination can
easily affect bioaerosol filters, focusing on high volume samplers like the Coriolis or long-term
measurements at isolated fixed sites would be the best way to see how microbes evolve in the
future Arctic. Further work will additionally be done on this bioaerosol dataset, including
quantitative PCR, in order to better see how the concentration of bacteria and certain subgroups
varied over the year.

In summary, the best recommendation for the Arctic lies within reliable, long-term
measurements to be able to track future changes as the permafrost continues to thaw and ice
extent continues to decrease. All future field measurements come back to the criticality of
sample cleanliness to support accurate measurement of INPs and bioaerosols in regions where
numbers are low. This includes proper filter cleaning, transport, storage in the field, and analysis
upon return. This is the only way to ensure reliability and comparability when comparing any
seasonal and long-term trends, and to accurately quantify, parameterize, and predict INPs in the

future.
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A.1 Appendix for Chapter 2

Text A.1

The laboratory analysis methods are inherently different, as the DRUM samples are
analyzed with the cold plate, while the polycarbonate filters are analyzed with the IS. The cold
plate uses 100-2.5 uL drops laid out on a petroleum jelly covered copper plate, and cools at a
variable rate, while the IS uses 32-50 uL drops (plus corresponding dilutions) in PCR trays, and
cools at a constant rate. Yet, the methods used to analyze two water samples collected during
MOSAIC produced data that agree well (Fig. A.1.3). A variable cooling rate, both within running
a particular sample, and as a function of the time of year (when sample stages were not
necessarily run on the same day) may have been a large factor (Fig. A.1.4). In early 2021, many
other instruments were running in the laboratory, raising the ambient temperature and causing
the cold plate (CP) to cool slowly. A liquid nitrogen dewar was placed near the Peltier cooling
system in mid-February and by mid-March, the instrument was placed in a different space for the
duration of the processed samples, generally kept between 15 and 18 °C. The cooling rate for all
samples run on the CP varied between 0.036 and 7.70 °C min™.

Other potential factors for disagreement involve the collection time, as the polycarbonate
filters were generally run for 72 hours, while the DRUM samples were run for 24 hours, and
from the fact that the DRUM was sampling off of an inlet, while the polycarbonate filters did
not. This difference is explored in Figure A.1.7, where a DRUM sample from within the same
period as the polycarbonate filter collection were both run on the IS. The DRUM did not see the
high concentrations that the polycarbonate filter saw (1.4 vs. 0.059 L™ at -15 °C), but the
underlying INP-temperature spectra are similar, with nearly identical freezing onsets. A nearby

time period DRUM sample analyzed on the CP (July 2-3) only saw 1.1¥103 L at -15 °C. This
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implies that there are periods where the DRUM is not efficiently collecting all particles due to
inlet transmission efficiencies (see Creamean et al., 2022), or that particles are not always
efficiently released from the substrate into liquid for analysis. For July 3-6, the period with the
largest INP concentrations observed, 60% of the particles were larger than 1 pm at -15 °C (Fig.
A.1.5), but this does not explain the entire discrepancy.

In conclusion, there are several potential reasons for the discrepancies: DRUM and
polycarbonate sampling differences, ineffective substrate particle release, and variable cooling
rates for the processed samples. Influences of these different factors may also change as a
function of different seasonal airmasses, as different populations of INPs will be present. At this
time, it cannot be advised to use the insensitive seasonal trend observed at colder temperatures
measured with the DRUM and CP (including and below -20 °C), whereas at warmer
temperatures, the general trends are similar to the polycarbonate filters. The average
concentrations that were 1-3 orders of magnitude lower with the DRUM and CP versus the
polycarbonate and IS is also concerning but are not able to be fully resolved here.

Table A.1.1: List of all potential source samples sequenced with Type (FT=Flowthrough
seawater samples; CTD=seawater samples collected on a Conductivity, Temperature, and Depth
rosette; SW=Surface or lead seawater samples; MP=Melt pond freshwater samples); Source

tracking category; Collection date in UTC (12:00 given if no specific time recorded); Collection
latitude in degrees, Collection longitude in degrees; and approximate collection depth in meters.

Type Source Tracking Collection Date Latitude Longitude | Depth (m)
Category (UTC) ) (©)
FT Seawater 11/14/2019 6:30 | 86.188309 | 118.416527 11
CTD Seawater 11/14/2019 12:00 | 86.153053 | 118.109711 100
CTD Seawater 11/14/2019 12:00 | 86.153053 | 118.109711 10
CTD Seawater 11/14/2019 12:00 | 86.153053 | 118.109711 200
CTD Seawater 11/14/2019 12:00 | 86.153053 | 118.109711 20
CTD Seawater 11/14/2019 12:00 | 86.153053 | 118.109711 2
FT Seawater 11/14/2019 12:00 | 86.174263 | 118.245308 11
Ice Ice-Melt Pond 11/18/2019 12:00 | 85.849571 | 120.581451 | Bottom 0-5 cm
Ice Ice-Melt Pond 11/18/2019 12:00 | 85.849571 | 120.581451 | Bottom 5-10 cm
Snow Snow 11/18/2019 12:00 | 85.849571 | 120.581451 0
SW Seawater 11/18/2019 12:00 | 85.849571 | 120.581451 0
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CTD Seawater 12/6/2019 12:00 | 86.140556 | 122.196701 10
FT Seawater 12/7/2019 10:00 | 86.161652 | 122.141006 11
FT Seawater 12/9/2019 9:30 | 86.40139 | 120.931358 11
CTD Seawater 1/23/2020 12:00 | 87.446587 | 94.088547 100
CTD Seawater 1/23/2020 12:00 | 87.446587 | 94.088547 10
CTD Seawater 1/23/2020 12:00 | 87.446587 | 94.088547 200
CTD Seawater 1/23/2020 12:00 | 87.446587 | 94.088547 20
CTD Seawater 1/23/2020 12:00 | 87.446587 | 94.088547 2
CTD Seawater 1/23/2020 12:00 | 87.446587 | 94.088547 50
CTD Seawater 1/23/2020 12:00 | 87.446587 | 94.088547 75
Snow Snow 1/27/2020 12:00 | 87.445847 | 95.670288 0
SW Seawater 1/27/2020 12:00 | 87.445847 | 95.670288 0
FT Seawater 3/19/2020 19:38 | 86.46608 13.94327 11
FT Seawater 3/20/2020 11:57 | 86.330116 14.79105 11
FT Seawater 3/21/2020 18:42 | 86.246986 15.42696 11
FT Seawater 4/7/2020 14:58 | 84.496758 14.54986 11
CTD Seawater 4/17/2020 12:00 | 84.409119 13.65277 20
FT Seawater 4/17/2020 18:58 | 84.428001 13.76142 11
CTD Seawater 4/18/2020 12:00 | 84.409119 13.65277 2
FT Seawater 5/1/2020 17:30 | 83.922569 17.61512 11
Ice Ice-Melt Pond 5/4/2020 12:00 | 83.886208 18.24058 | Top 0-10 cm

Ice Ice-Melt Pond 5/4/2020 12:00 | 83.886009 | 18.314541 | Top 30-40 cm
Snow Snow 5/4/2020 12:00 | 83.886208 18.24058 0
SW Seawater 5/4/2020 12:00 | 83.886208 18.24058 0
FT Seawater 5/15/2020 16:30 | 83.392342 9.17819 11
FT Seawater 6/15/2020 19:10 | 82.21862 8.21006 11
CTD Seawater 6/27/2020 12:00 | 81.955391 9.90316 100
CTD Seawater 6/27/2020 12:00 | 81.955391 9.90316 10
CTD Seawater 6/27/2020 12:00 | 81.955391 9.90316 2
CTD Seawater 6/27/2020 12:00 | 81.955391 9.90316 50
CTD Seawater 6/27/2020 12:00 | 81.955391 9.90316 | NA

CTD Seawater 6/27/2020 12:00 | 81.955391 9.90316 150
FT Seawater 6/27/2020 16:30 | 81.918716 9.77096 11
Ice Ice-Melt Pond 6/30/2020 12:00 | 81.783981 8.94839 | Bottom 0-5 cm
Ice Ice-Melt Pond 6/30/2020 12:00 | 81.783981 8.94839 | Bottom 5-10 cm
MP Ice-Melt Pond 7/2/2020 12:00 | NA NA 0
MP Ice-Melt Pond 7/4/2020 12:00 | NA NA 0
Ice Ice-Melt Pond 7/6/2020 12:00 | 81.674088 5.19019 | NA

Ice Ice-Melt Pond 7/6/2020 12:00 | 81.673447 5.17166 | Bottom 5-10 cm
Ice Ice-Melt Pond 7/6/2020 12:00 | 81.673447 5.17166 | Bottom 0-5 cm
MP Ice-Melt Pond 7/7/2020 12:00 | NA NA 0
MP Ice-Melt Pond 7/11/2020 12:00 | NA NA 0
MP Ice-Melt Pond 7/13/2020 12:00 | NA NA 0
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FT Seawater 7/13/2020 21:02 | 81.406662 0.25795 11
CTD Seawater 7/16/2020 12:00 | 81.230972 0.2981 2
CTD Seawater 7/16/2020 12:00 | 81.230972 0.2981 11
MP Ice-Melt Pond 7/16/2020 12:00 | NA NA 0
MP Ice-Melt Pond 7/20/2020 12:00 | NA NA 0
MP Ice-Melt Pond 7/23/2020 12:00 | NA NA 0
MP Ice-Melt Pond 7/28/2020 12:00 | NA NA 0
Lead Ice-Melt Pond 8/30/2020 12:00 | NA NA 0
Ice
SwW Seawater 8/30/2020 12:00 | NA NA 0
CTD Seawater 9/3/2020 12:00 | 88.560738 119.60759 100
CTD Seawater 9/3/2020 12:00 | 88.560738 | 119.60759 10
CTD Seawater 9/3/2020 12:00 | 88.560738 | 119.60759 200
CTD Seawater 9/3/2020 12:00 | 88.560738 | 119.60759 2
CTD Seawater 9/3/2020 12:00 | 88.560738 | 119.60759 50
CTD Seawater 9/3/2020 12:00 | 88.560738 | 119.60759 20
FT Seawater 9/3/2020 12:23 | 88.602692 | 120.106117 11
Lead Ice-Melt Pond 9/5/2020 12:00 | NA NA 0
Ice
Snow Snow 9/5/2020 12:00 | NA NA 0
Ice Ice-Melt Pond 9/7/2020 12:00 | 88.72242 | 112.05928 | Top 0-10 cm
Ice Ice-Melt Pond 9/7/2020 12:00 | 88.72242 | 112.05928 | Top 10-20 cm
FT Seawater 9/7/2020 13:30 | 88.688126 | 111.565254 11
FT Seawater 10/2/2020 12:00 | NA NA 11
Source Tracking Category Similarity
Snow
SwW
10.4
lce-MP 102
— 0

lce-MP

SW

Snow
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Figure A.1.1: Source tracking categories heatmap, using the leave-one-out option, that predicts
the grouping (x-axis) based on the feature abundance of samples (y-axis). (SW=Seawater;
MP=Melt Pond). Corresponding categories (e.g., Snow and Snow) are given 0.
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Figure A.1.2: INP concentration time series during the MOSAiC campaign at -15 °C (left) and -
20 °C (right). ZEP (green) refers to data take at Zeppelin Observatory at Svalbard (Pereira
Freitas et al., 2023); IS (blue) refers to filter samples analyzed with the Ice Spectrometer;
DRUM-CP (gray) refers to the total DRUM samples analyzed on the cold plate; and DRUM-IS
(red) refers to select total DRUM samples analyzed on the Ice Spectrometer.
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Figure A.1.3: Comparison of the same samples, Flowthrough water collected during MOSAIC,
analyzed on the Ice Spectrometer (IS: purple) and Cold Plate (CP: Blue).
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Figure A.1.4: Time series of the cooling rate of all the DRUM samples processed on the Cold
Plate. Each dot represents a frozen drop and is colored by the corresponding cooling rate at the
time of the manually detected freezing. Multiple samples and stages were ran on the same day,
which is why there are overlapping points on the same day.
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Figure A.1.5: Size filtering results for the July 3-6 polycarbonate filter and comparison to the
July 4-5 DRUM sample (all stages combined), both run on the Ice Spectrometer (IS).
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Figure A.1.6: Bacterial genus level relative abundance taxonomy for the different potential
sources as a function of month collected. FT=Flowthrough; MP=Melt pond; SW=Lead water.
The samples are colored by the top 10 genera for all sources combined.

152



A.2 Appendix for Chapter 3

Table A.2.1 Recipe used to make up the artificial freshwater for the tank experiments.
Concentrations are given in millimolar (mM) as well as the total grams added to the 4 L of water
in the tank.

mM gin 4L
NaHCOs | 0.6 0.202
CaCOs; |05 0.200
MgCl, | 0.3 0.244
KboSOs4 | 0.03 0.0209

108_
107-
106 %
105-
104_
103 1 %,
102_
101-
10° - %
10—1_

10-2 |||||||||||||||||||||||||

-30 -25 -20 -15 -10 -5
Temperature (°C)

¢ Day 1 Frozen
® Day 2 Fresh

-1
NINP (mL ") Water

Figure A.2.1. Ice-nucleating particle (INP) temperature spectra for the 1000-year-old (S69CM)
permafrost core experiment, which shows no difference in concentration in fresh or frozen
samples (1 day after thawing).
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Figure A.2.2. Ice-nucleating particle (INP) temperature spectra for the 30,000-year-old (OT83L)
permafrost core experiment. The aerosol is plotted on the left and water on the right. Points are
colored by day of experiment. Salinity of tank water is listed in g/L in the legend starting at day

17, when artificial sea salts were added to the tank.
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Figure A.2.3. Ice-nucleating particle (INP) temperature spectra for the 1000-year-old (S69CM)
permafrost core experiment. The aerosol is plotted on the left and water on the right. Points are
colored by day of experiment. Day 28 post-stir tests are given in pink squares. Salinity of tank

water is listed in g/L in the legend starting at day 15, when artificial sea salts were added to the

tank.
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Figure A.2.4. The slope of the ice-nucleating particle (INP) concentrations for the aerosol (dotted
lines) and water (solid lines) as a function of experiment day for T=-26 (black), -18 (purple), and
-10 °C (magenta). The 30,000-year-old (OT83L) permafrost core experiment is plotted on the
left and the 1000-year-old (S69CM) permafrost core experiment on the right. Background
shading denotes salinity transitions (AFW=artificial freshwater; AEW=artificial estuary water;
ASW=artificial seawater).
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Figure A.2.5. Day 1 water ice-nucleating particle (INP) size histograms for the 30,000-year-old

(OT83L: left) and 1000-year-old (S69CM: right) permafrost core experiments. The color denotes
the size range of the INPs in each temperature bin.
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Figure A.2.6. Ice-nucleating particle (INP) treatment temperature spectra for the 30,000-year-old
(OTB83L) permafrost core experiment. Aerosol is given in panels a-b and water in panels c-d.
Day 1 spectra are shown in panels a,c and day 25 spectra in panels b,d. Black denotes the
untreated spectra, red denotes heat treated spectra, and purple is the peroxide digested spectra.
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Figure A.2.7. Ice-nucleating particle (INP) treatment temperature spectra for the 1000-year-old
(S69CM) permafrost core experiment. Aerosol is given in panels a-b and water in panels c-d.
Day 1 spectra are shown in panels a,c, day 25 aerosol spectra in b, and day 28 water spectra in
panel d. Black denotes the untreated spectra, red denotes heat treated spectra, and purple is the
peroxide digested spectra.
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Figure A.2.8. Ice-nucleating particle (INP) compositional histograms for the 1000-year-old
(S69CM) permafrost core experiment. Day 1 water (W) is shown on the left, pre-stir day 28
water in the center, and post-stir day 28 water on the right. Heat labile organics (INPs destroyed
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after 95 °C heating) are in red, heat stable organics (INPs additionally destroyed after hydrogen
peroxide digestion) are in purple, and the remainder (presumed mineral INPs) are shown in tan.
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Figure A.2.9. Alpha diversity (Shannon Index) as a function of time for the 30,000-year-old
(OT83L; left) and 1000-year-old (S69CM; right) permafrost core experiments. The colors of the
lines denote sample type: water (blue) or aerosol (purple).
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Figure A.2.10. Aerosol surface area size distributions for the 30,000-year-old (OT83L)
permafrost core experiment. Points are colored by day of experiment. Salinity of tank water is
listed in g/L in the legend starting at day 17, when artificial sea salts were added to the tank.
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Figure A.2.11. Aerosol surface area size distributions for the 1000-year-old (S69CM) permafrost
core experiment. Points are colored by day of experiment. Salinity of tank water is listed in g/L
in the legend starting at day 15, when artificial sea salts were added to the tank.
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A.3 Appendix for Chapter 4

Table A.3.1. Average INP concentration at -15 °C for all aerosol and potential source samples.
TKL=Thermokarst lake.

Source Mean INP
Concentration (-15 °C)

Aerosol 4.4*102 11
TKL 1.2*#10° mL-1
Lagoon 3.1*104 mL-!
Seawater 1.7*10* mL-!
Active Layer 3.6%108 gt
Permafrost 1.1%108 g1
Sediment 3.2%107 gt
Vegetation 2.0%106 gl
Ice Wedge 1.7%10° g1
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Lagoon/SW
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Figure A.3.1. Complete INP-temperature spectra for all aerosol samples, colored by environment
collected (SW=seawater; DOE=fixed site; TKL=thermokarst lake). 95% confidence intervals are
plotted (any confidence intervals overlapping with O are not shown).
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Figure A.3.2. A heatmap indicating results of statistical testing for downwind versus upwind

aerosol INP concentrations. Purple represents an increase over upwind at 95% confidence, while
gray represents no difference at 95% confidence.

8.
10 TKL
107 1.« joon
6 F Sea Water
10°
~ 10°]
:El, 104.
3 10°
< 102
101.
100.
107"
-30 -25 -20 15 -10 5

Temperature (°C)

Figure A.3.3. Complete INP-temperature spectra for all water samples (thermokarst lake water:
green; lagoon: light blue; seawater: dark blue). 95% confidence intervals are plotted (any
confidence intervals overlapping with 0 are not shown).
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Figure A.3.4. Complete INP-temperature spectra for terrestrial samples (permafrost: gray;
sediment: salmon; vegetation: dark green). 95% confidence intervals are plotted (any confidence
intervals overlapping with 0 are not shown).

1010. 1010.
10°
108
107.
106.
105.
104.
103.
102.

N @)

30 25 -20 -15 -10 -5 -30
Temperature (°C)
Figure A.3.5. Complete INP-temperature spectra from permafrost cores collected on September
11 (left) and September 17 (right). The different colors represent depth of sample taken in

relation to the top of the permafrost core. 95% confidence intervals are plotted (any confidence
intervals overlapping with O are not shown).
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Figure A.3.6. INP concentration per g at -15 °C for active layer (maroon) and ice wedge (bright
green) samples. The size of the markers corresponds to the INP concentration.
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Figure A.3.7. Complete INP-temperature spectra for terrestrial samples (active layer: maroon; ice
wedge: bright green). 95% confidence intervals are plotted (any confidence intervals overlapping
with O are not shown).
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