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Abstract.

In this work, an abundance of ice-nucleating particles (INPs) from livestock facilities was studied through laboratory measurements
from cloud simulation chamber experiments and field investigation in the Texas Panhandle. Surface materials from two livestock
facilities, one in the Texas Panhandle and another from McGregor, Texas, were selected as dust proxies for laboratory analyses.
These two samples possessed different chemical and biological properties. A combination of aerosol interaction and dynamics in
the atmosphere (AIDA) measurements and offline ice spectrometry was used to assess the immersion freezing mode ice nucleation
ability and efficiency of these proxy samples at temperatures above -29 °C. A dynamic filter processing chamber was also used to
complement the freezing efficiencies of submicron and supermicron particles collected from the AIDA chamber. For the field
survey, periodic ambient particle sampling took place at four commercial livestock facilities from July 2017 to July 2019. INP
concentrations of collected particles were measured using an offline freezing test system, and the data were acquired for
temperatures between -5 °C and -25 °C.

Our AIDA laboratory results showed that the freezing spectra of two livestock dust proxies exhibited higher freezing
efficiency than previously studied soil dust samples at temperatures below -25 °C. Despite their differences in composition, the
freezing efficiencies of both proxy livestock dust samples were comparable to each other. Our dynamic filter processing chamber
results showed on average approximately 50% supermicron size dominance in the INPs of both dust proxies. Thus, our laboratory
findings suggest the importance of particle size in immersion freezing for these samples, and that the size might be a more important
factor for immersion freezing of livestock dust than the composition. From a three-year field survey, we measured a high
concentration of ambient INPs of 1,171.6 + 691.6 L (average + standard error) at -25 °C for aerosol particles collected at the
downwind edges of livestock facilities. An obvious seasonal variation in INP concentration, peaking in summer, was observed
with the maximum at the same temperature exceeding 10,000 L on July 23, 2018. The observed high INP concentrations suggest
that a livestock facility is a substantial source of INPs. The INP concentration values from our field survey showed a strong
correlation with measured particulate matter mass concentration, which supports the importance of size in ice nucleation of
particles from livestock facilities.
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1. Introduction

Atmospheric ice-nucleating particles (INPs) are a small subset of aerosol particles that initiate ice crystal formation in supercooled
clouds (Vali, 1968; Chapter-9-of-Pruppacher and Klett, 2010). While their importance, relevance, and perturbations to cloud and
precipitation properties have been revealed by numerous past studies (e.g., Kanji et al., 2017 and references therein), the potential
climatic impact of INPs and their representation in numerical models remain under debate (Boucher et al., 2013; Storelvmo, 2017;
Zelinka et al., 2020). One of the greatest challenges in the INP research field is the fact that we do not yet understand all INP
sources are-fast-changing-worldwide in part due to the ongoing global climate change (Murray et al., 2021). Thus, it is crucial to
identify and characterize any perturbation sources that alter INP abundance and cloud-phase feedback.

Recently, a resurgence of “fertile-and-agricultural soil dust” (soil dust hereafter) INP research has been underway in part
because of recent-emerging concerns regarding hydrological cycle alteraation contributed by modern agricultural practices (Alter
et al., 2015; Overpeck and Udall, 2020;-Akeret-al—2015). Moreover, since agricultural practices represent a substantial dust
emission source, accounting for up to 25% of total global dust emission (Ginoux et al., 2012), a large amount of INPs are globally
anticipated from agricultural activities. Motivated by these reasons as well as by earlier studies on ice nucleation (IN) of surface
soil organic and biological samples (Schnell and Vali, 1972; 1973), more recent studies utilized various online and offline
instruments. In turn, scientists now have a better understanding of ambient INP concentrations (nine, per unit volume of air),
especially through immersion freezing (i.e., the freezing prepensity—oftNRof aerosol particle(s) immersed in a supercooled
dropletwater), from different agricultural sources (Conen et al., 2011; Hill et al., 2016; Steinke et al., 2016; Suski et al., 2018).
These efforts allowed for first-orderthe-first-order estimates of immersion mode nine from soil dust that is relevant to mixed-phase
clouds (O’Sullivan et al., 2014; Tobo et al., 2014; Steinke et al., 2020). For instance, by compiling the data from the Colorado
State University continuous flow diffusion chamber and an ice spectrometer, the range of measured soil dust ninp at -20 °C produced
by the harvesting of several crops in the High Plains region of the United States from Suski et al. (2018) spanned from ~ 0.3 to 10
L. Based on global mean aerosol particle concentrations and immersion mode IN parameterization, O’Sullivan et al. (2014)
estimated the simulated nip at -20 °C and 600 mb to range from ~ 0.01 to 8 L%, Similarly, Steinke et al. (2020) estimated that soil
dust nine can be as high as approximately= 40 L at -20 °C based on their laboratory-derived IN parameterization for soil dusts
from Northwestern Germany and Wyoming, USA. Overall, these measurements and approximations represent the upper bound of
general field-studied nine from different geographical areas as summarized in Kanji et al. (2017; Fig. 1-10) in the same
temperatureT -range, i.e. =~0.002 to 60 L (see Sect. 3-6-3.2.3 for more detailed comparison discussion).

Agricultural land use is-in-exeess-6f50%-of-accounts for more than 50% of total U.S. land use according to the U.S.
Department of Agriculture_(Bigelow and Borchers, 2012), and there are > 26,000 “open-lot livestock facilities” (OLLFs) in the
U.S. (Drouillard, 2018). The term OLLF is adapted to denote a particular type of animal-feeding operation, in which cattle livestock
is raised in outdoor confinement, as distinct from partially or totally enclosed housing, and also as distinct from pasture or free-
range production systems (Auvermann et al., 2004). OLLFs are common in semi-arid and arid climates. Contrasted with the
alternative production systems typical of wetter and more temperate climates, they (1) are an intensified form of livestock
production, generating more marketable product per unit land area with less built infrastructure, (2) make use of the elevated
evaporative demand to reduce or eliminate precipitation-generated wastewater that must be controlled under water-quality
regulations, and (3) capitalize on the nocturnal cooling characteristic of semi-arid and desert climates to avoid major investments
in (and operating costs associated with) ventilation systems while still reducing the incidence and duration of livestock heat stress
under most conditions_(Auverman, 2001; Pastoor et al., 2012).

In particular, the Texas Panhandle (northern-most counties of Texas; also known as West Texas) is a major contributor to
the U.S. cattle production, accounting for 42% of fed beef cattle in the U.S. and 30% of the total cattle population in Texas (> 11
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million head, Annamalai et al., 2012; USDA, 2021). Annually, these cattle produce > 5 million tons of manure, which represents
a complex microbial habitat containing bacteria and other microorganisms, on an as-collected basis (\Von Essen and Auvermann,
2005). In general, cattle manure hosts a wide variety of bovine rumen bacteria (e.g., Prevotellaceae, Clostridiales), lipoprotein
components of certain bacterial cell walls, and non-bacterial fauna of the rumen, such as fungal spores, lichens, fungi, Plantae,
Protista, Protozoa, Chromalveolata, and Archaea (Nagaraja, 2016). Mainly by cattle movements, dried-manure become airborne
(Bush et al., 2014). Agricultural dust particles observed at OLLFs have long been known to affect regional air quality because the
dust emission -flux and 24-hour averaged ground-level dust concentration can be as high as 23.5 pg m2 s and 1,200 ug m™ (Bush
etal., 2014; Hiranuma et al., 2011). While there has been no study on the vertical profiles of OLLF dustFurthermere, our previous
study revealed a presence of OLLF-derived particles at 3.5 km downwind of the facility, suggesting their ability to be transported
regionally (Hiranuma et al., 2011). Moreover, some recent studies suggest that aerosol particles emitted from agricultural activities
might reach cloud heights due to wind erosion, scouring, and other relevant mechanisms (Steinke-et-al—2020-and-references
therein-Duniway et al., 2019; Katra, 2020; Steinke et al., 2020 and references therein). Convection and updraft system may also
help the vertical transport of aerosol particles in the Southern High Plains region (Li et al., 2017).
Due to the potentlal toactasa prevalent point source of mrcrobrome enriched dust particles, -in-the-Seuthern-High-Plains
A , we hypothesized that an OLLF ean-could be a source
of 50|I dust INPs To verlfy this hypothe5|s tN—prepen&ttese#aeresel—partrelesirerrr@t;l:Es-lN efficiencies of OLLF proxies,-and
their physicochemical and biological properties, and IN propensities of ambient particles from OLLFs were studied in both field
and-laboratory and field settings. Specifically, we examined_the immersion mode IN ability of surface-derived material samples
aerosolized |n a cloud S|mulat|on chamber and amblent OLLF dust {sampled |n the fleld throughand-analyzed-inan offline lab
analysisse e oud-5H 1oF . We focused on the immersion

mode freezing because recent modelrng srmulatron and remote sensing studies suggest that immersion freezing is the most
prominent heterogeneous IN mechanism, aceounting-for-85-t0-99%:-through which ice crystals are formed in mixed-phase clouds,
accountlnq for 85 to 99% of ice crvstal formatlon (Hande and Hoose 2017, Westbrook and IIlrngworth 2011) Qtzlzl;-em+tted

2. Materials and Methods
2.31. LAIBAaboratory study

2.21.1. Swrpecsamploster labaratony baspd pesarimenisSamples
Two types of OLLF surface derlved materials, namely—Texas Dust 01 (TXDOl) and Texas-Dust-05 (TXDO05), were used as

ved-3 A for our laboratory study—Fhese-proxy-samples

at the Aeresel—aerosol Jrnteraetren—lnteractlon and Bynamies-dynamics in the Atmeosphere
atmosphere (AIDA) facility. TXDO01 is a composite sample of surface soils from several OLLFs located in the Texas Panhandle.
The other sample (TXDO05) originates from a research feedlot in McGregor, TX. Both samples represent a raw surface material
composite from feedlot pens, where cattle are fed without antibiotics or probiotics. Soil samples were collected on September 20,
2017. All samples were scooped from the loose dry surface layer of the pens (<5 cm). Typically, the pen surface layer only extends
to a depth of about 5 cm, which represents the depth of hoof penetration into the pen surface (Guo et al., 2011). This surface layer
is rich in loose manure, which is a major source of ambient OLLF dust (Bush et al., 2014; von Holdt et al., 2021). All samples
were ground and 5|eved for graln S|ze <75 um%gram—sr—ze Thev were kept in chemlcallv |nert containers at room temperature

nt|I analyzed Phy

The bhv5|cal propertles of our sambles were characterlzed by several offllne analyses. Bulk density values of both samples

were measured using a gas displacement pycnometer (Quantachrome, 1200e Ultrapyc). Nitrogen adsorption-based specific surface
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area (SSA) values, Brunauer-Emmett-Teller (BET) SSA, for all samples were also carried out. The Autosorb iQ model 7 gas sorption
system (Anton Paar, former Quantachrome Instruments) was used to measure BET SSAs in this study. A summary of the physical
properties of our samples is provided in Sect. 3.1.1. In addition, we used a single-particle mass spectrometer to characterize the
aerosol particle chemical compositions of our surface samples in the size range between 200 and 2500 nm presented in

Supplemental Informatron (SI) Sect. S1.

2.1.2. Cloud simulation chamber experiments

We used the AIDA expansion cloud-simulation chamber (e.g., Mdhler et al., 2003) and a set of analytical instruments at the

Karlsruhe Instrtute of Technology to conduct a Iaboratory campalgn named TXDUSTOl |n 2018 —Thrsetudyannedratemvestrgatmg
U - nosa the AP A

O = S ou
o

and—hemtdﬂy—(s%%—l;ahe%eeat—.’%@%lhts The AIDA chamber generates art|f|C|aI clouds and actlvates partlcles ina S|mulated

atmospheric cloud parcel via expansion cooling. The air volume adjacent to the chamber wall in the 84 m?® vessel is much smaller
in-comparisen-tethan the actively mixed volume of the vessel Hence, we neglect the so- called wall effect (e.g., partlcle wall

deposmon) mthe AIDA. expe iment.

QO}LNremend—eeaJ—ZO}Z—Heeseene—Mehler—zeieza—The AIDA measurement uncertarntres for temperature relatrve humldrtv

(RH), and freezing efficiency are + 0.3 °C (Méhler et al., 2003), + 5% (Fahey et al., 2014), and + 35% (Steinke et al., 2011). Note
that the AIDA results provided a validation of the other INP spectrometers employed in this study.

An overall AIDA experimental schematic is shown in Fig. 21. Our OLLF dust proxy sample was injected into the AIDA
chamber in an aerosolized form bythrough a rotating brush disperser (PALAS, RGB1000). fellewed-by-passing-through Aa series
of inertial cyclone impactor stages (50% cut-size diameter ~1 and 5 pm) was deployed between the disperser and the AIDA vessel
to limit particle size to < 10 um in volume equivalent diameter, Dye. Physically pulverizing the surface samples simulates the
primary emission mechanism, which justifies the use of RGB1000 and characterization of aerosolized OLLF samples in the AIDA
chamber (von Holdt et al., 2021; Razote et al., 2006).

SubseguenthytThe OLLF number concentration and particle size distribution in the AIDA chamber werewas measured
prior to each simulated adiabatic expansion experiment. Specifically, a combination of a scanning mobility particle sizer (SMPS,
TSI Inc., Model 3080 differential mobility analyzer and Model 3010 condensation particle counter), an aerosol particle sizer (APS,
TSI Inc., Model 3321), and a condensation particle counter (CPC; TSI Inc., Model 3076) measured the eoHectively-measured-the
total-number-and-size-distribution-of-aerosol particles at a horizontally extended outlet of the AIDA chamber (Mohler et al., 2006).
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Table 1 summarizes estimated particle properties from individual AIDA expansion experiments. All lab data associated with this
study were archived according to the AIDA experiment number (i.e., TXDUST01 number), and we share these 1Ds with other
associated measurements-{e-g——HNSEKT). In addition, aAs seen in Fig. 21, a-set-of complementary-filtersamples-of-the-aerosol
particles were sampled on several filter substrates directly from the AIDA chamber was-also-collected-prior-tebefore expansion

experlments These fllter samgles were used for three comglementary offllne analyses w

The IN spectrometer of the Karlsruhe Institute of Technology (INSEKT) system is anether offline immersion freezing

technique, and As-deseribed-in-Sehiebel {2017);the-its design and concept ef INSEKTareis based on the ESU-ISColorado State State

University ice spectrometer-instrument (Hill et al., 2014 and 2016) as described in Schiebel (2017) and Schneider et al. (2021). In
this study, INSEKT was used to assess the IN ability of surface OLLF samples collected on 47 mm polycarbonate Nuclepore filters

(Whatman, Track-Etched Membranes, 0.2 um pore) at the AIDA facility. The INSEKT data are especially useful to complement
the AIDA chamber immersion results at temperatures above -25 °C. All filter samples were collected from-the-AlDA-chamber

prior-to-individual-expansion-experiments-with a sampling flow rate of 10 L min™%, and a total of = 600 L of air was sampled
through a cross——sectlon of each 47—mm—pelyearbenateuﬂlter (see Table 3-1- for correspondlng AIDA experlments) As-deseribed
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Filter-collected aerosol particles were suspended in 8 mL filtered nano-pure water, which has a negligible contribution to
background freezing (Schneider et al., 2021). The washing water volume was optimized based on the total amount of air sampled
through the cross-section of the filter, so that the resulting suspension contained at least 0.015 INP L™ at the upper temperature
detection limit of INSEKT. For the INSEKT analysis, aerosel-particleswere-washed-off the filterand-the resulting suspension is
was divided into volumes of 50 uL, which were placed in wells of a sterile PCR tray. It was then placed in an aluminum block
thermostated with an ethanol cooling bath (LAUDA RP 890; Lauda), which was cooled down at a rate of 0.33°C min™. If a well
froze upon the presence of an INP, a camera detected the associated brightness changes. The freezing data were analyzed with a
0.5 °C temperature resolution. The temperatureT uncertainty of INSEKT was + 0.5 °C, and the nine HNP-concentrations-error was
estimated by-means-ofas the binemial-95% binomial confidence intervals (C195%)E195% for each sample.

A series of diluted suspensions (x15 to x225) was consistently analyzed for each sample to acquire INP spectra covering
a wide range of heterogeneous freezing temperatures (above -25 °C), which complemented the AIDA results at higher temperatures
than AIDA could examine. For the overlapping temperatures, we chose the data exhibiting the minimum CI195% as representative
ninpe fOr a given temperature.

We now describe tFhe derivations of nine based on Vali (1971) is-as well as immersion freezing efficienciesdeseribed-in
SkSeet-S4. Initially, we computed the Cine(T) Value, which is the nucleus concentration in ultrapure water suspension (L * water)
at a given temperature. This Cinp(T) value was calculated as a function of unfrozen fraction, funsrozen(T) (i.€., the ratio of the number
of droplets unfrozen to the total number of droplets) as:

Cop(T) = — ln(ffv—m) [1]

in which, Vq is the volume of the sample in a well (50 pL) for INSEKT. Next, we converted Cinp(T) to nine(T): INP in the unit
volume of atmospheric air at standard temperature and pressure (STP), which is 273.15 K and 1013 mb, respectively. The
cumulative nyyp_per unit volume of sample air, described in the previous study DeMott et al. (2017), was then estimated as:

|4
nynp(T) = Cinp(T) X (DF) X ‘ [2]
awr
where DF is a serial dilution factor, Vair is the sampled air volume, and V| is the suspension volume. Finally, based on Egn. 3 of
Hiranuma et al. (2015), the INP concentration per unit aerosol particle mass [nm(T)], and INP concentration per unit geometric

aerosol particle surface as a function of T [ns.qeo(T)] Was derived as:

e (T) Stotal

mn(T) = "5~ (2 o (T) 3]

where My is the mass of a spherical particle of volume equivalent diameter (g), and Siotai/Miotal IS @ geometric specific surface area.
The Siota/Muota_Value used for this study was derived from particle size distribution measurements from the AIDA chamber
(presented in Table 1). Niemand et al. (2012) infers that the application of ns e is valid for small percentages of IN active fraction
(<1%). From the numbers of N0 given in Table 31 (total number concentration of particles at the initial stage prior to expansion)
we examined on average ~ 200,000 L"* aerosol particles in the immersion freezing mode in AIDA. INSEKT typically measures
INP counts up to several hundred. Even assuming we evaluate INP up to 2 OOO L2, our INP fractlon is 1%. Fhus.—our s

2.1.4. Dynamic filter processing chamber

Condensation/immersion mode ninp were-was also measured at National Research Council in Bologna ENR-ISAC-by
means of a dynamic filter processing chamber (DFPC, {Santachiara et al., 2010). The DFPC ehamber-system is a replica of the
Langer dynamic developing chamber (Langer and Rogers, 1975). A-The systematic temperature uncertainty in-terms-efTFin DFPC
is within £ 0.1 °C (Table S1 in Hiranuma et al., 2019). With a water saturation error of + 0.01, an ice detection error of + 33%, and
the experimental standard deviation, the overall IN efficiency uncertainties of DFPC are estimated to be less than + 62% for this
study. The application of DFPC for immersion freezing has been verified in previous inter-comparison studies (DeMott et al.,
2018; Hiranuma et al., 2019).

For the DFPC analyses, aerosol particles were collected on nitrocellulose black gridded membrane filters (0-45-pm
porosity—Millipere(Millipore HABG04700, nominal porosity 0.45 pwm)} from the AIDA chamber prior to each expansion
experiment (Table 31). Two parallel samplers employed in this study had an identical sampling flow rate of 2 L min, and a total
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of 100 L of air was sampled for each system. One sampling system collected the total aerosol particles, while another ene-was
equipped with a cyclone impactor (Mesalabs, SCC0732, S/N 13864) to collect only submicron-sized aerosol particles. This
impactor was characterized with a cut-off size around 1 pm in aerodynamic diameter (50% cut-off diameter at 0.9 um) at 2 L min
! flow rate (Kenny, et al., 2000). Therefore, the latter line selectively collected particles smaller than 1 um aerodynamic diameter.

The cut-size efficiency of this cyclone impactor was tested in the lab against NaCl particles. Particle transmission
efficiency along the total sampling line was taken into account by estimating gravitational losses in the horizontal tract of the
sampling tube and inertial losses in the bend. At a particle size of 10 um (larger than what was measured in the AIDA chamber),
the overall particle transmission efficiency was higher than 86%. For a particle size of 2 um, the particle loss is estimated to be =
2.5%. Due to the small loss, we neglected any corrections for aerosol particle counts. After collection, the filters were safely kept
in Petri dishes at room temperatureT until the freezing experiments were initiated.

Prior to the DFPC measurement, the sampled filter was inserted onto a metal plate and covered with a smooth surface of
paraffin in order to assure good thermal contact between the filter and the supporting substrate. Subsequently, the paraffin was
slightly heated and rapidly cooled in-erder-to fill the filter pores. DFPC controlled the temperatureFs of the filter and the air,
saturated with respect to finely-_minced ice, with the flow continuously grazing the filter. IN measurements of total aerosol
particles, ninp total, @S Well as, measurements of PM; (PMy = particulate matter smaller than x pum), nine,pm1, Were performed at water
supersaturation of 2%, and temperatureTske: 0f -18 °C and -22 °C. The supersaturation was calculated theoretically from vapor
pressures over ice and water. The exposure time of the filter was 20 min to grow visible ice crystals on INPs at the considered RH
and temperatureT conditions. The nine value was calculated by scaling the total counts of ice crvstals detected on each filter bv the
sampled air volume.

aerosollzed dust from the AIDA cloud chambers stalnless steel fllter holders contalnlng nueleepeFeLM mm Nuclepore filters
(44mm-diameterand-0.2 um pore size) were used. These filters were previously sterilized in a standard vapor autoclave and fitted
onto the AIDA cloud chamber for aerosol particle sampling prior to the expansion IN experiment. After the conclusion of the
experiments, the holders were removed from the chamber to extract total DNA directly from the Nrucleopore filters. DNA
extractions were performed using the FastDNA® Spin Kit for Soil (MP Biomedicals) as described in the manufacturer’s protocol.
Filters were aseptically removed from holders and placed in the Lysing Matrix E tube for mechanical cell disruption, which was
carried out with the FastPrep® Instrument (MP Biomedicals). The concentration and purity of the extracted DNA werewas
measured by using the QubltTM 3.0 (Thermo Fisher Scientific). The volume of each sample was 50 — 100 pL.

, J ibed-The amplification of phylogenetic marker genes and
the metagenomlcs analyS|s and sequence processing of ampllcons from each dust sample were performed by Eurofins Genomics
Germany GmbH using the INVIEW Microbiome Profiling 3.0 protocol in order to identify and classify the microbial population
(Fungi, Bacteria, and Archaea) of each sample. To achieve this, the hypervariable regions V1 — V3 and V3 — V5 of the bacterial
16SrRNA gene, the fungal internal transcribed spacer (ITS2) gene, and part of the archaeal 16SrRNA gene were amplified by
polymerase chain reactions from each sample using in-house primers. Amplicons were sequenced with the MiSeq next--generation
sequencing system with the 2 x 300 bp paired-end read module.

2.2%. Field deseriptioninvestigation

2.2.1. Locations

Four commercial OLLFs, ranging from 0.5 to 2.6 km? (maximums= 45,000 head capacity), located in the Texas Panhandle region
were used as the ambient aerosol particle sampling sites. All four sites are located within a 53 km radius of West Texas A&M
University in Canyon, Texas. Our experimental layouts at each site, denoted as OLLF-1 to OLLF-4, are shown in Fig. 22 (no
further specification is provided to protect location privacy). All sites have a capacity greater than 1,000 head, which are-is
categorized as a large concentrated animal feeding operation facilityies for cattle under the U.S. Environmental Protection
Agency’s definition_(https://wwwa3.epa.gov/npdes/pubs/sector_table.pdf). These OLLFs were selected primarily for the east-west
orientation of their feeding and working alleys, which were nearly orthogonal to prevailing south to southwest winds, allowing for
downwind and upwind sampling. When south wind prevailed (90° < wind direction < 270°), we used the Northern site as the
downwind site. Likewise, the Southern site was used as the downwind site while the north wind was dominant (270° < wind
direction < 90°). Our sampling sites represent typical OLLFs, as more than 75% of cattle are produced in large concentrated animal
feeding operation facilities in the U.S. (Drouillard, 2018).
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2 2 2. Field sampllnq

assa@ts—'FheseAll fleld samples were collected using 47 mm Nuclepore fllters (Whatman—'Fraek—EtchedrMembraHe&O 2 um pore)

through-pelycarbonatefilter samplers. A filter holder was deployed at ~ 1.5 m above the ground. The filter sampling conditions
measured locally (during individual sampling activities) are summarized in Table 2. For the given conditions, the estimated 50%

particle transmission of a 1.5 m conductive tube (0.5-inch opening diameter) employed for aerosol samplings was ~ 5 pm (von der
Weiden et al., 2009). Our samples were collected in different meteorological seasons, including summers in 2017 — 2019, springs
in 2018 and 2019, and winter in 2019, in order to examine the seasonal variation in nie. All samples were collected when the
OLLF pen surface was dry. In 2017, polycarbonate filter samplers were used at both upwind and downwind edges (< 80 m away
from OLLF pens) of OLLF-1, 2, and 3 to understand the spatial variation in nine within facilities (Fig. £2). Our sampling durations
varied, but were up to ~ 4.5 hours, and our final IN propensity results were scaled to the sampled volume of air and suspended
water afterwards (Table 2%). All filter samples were kept in sterilized tubes refrigerated at 4 °C until the immersion freezing
measurements commenced (typically within 24 hours after sampling).

To complement the polycarbonate filter samplers, simultaneous 1-min time-resolved mass concentration measurements
of PMyo (PM—particulate-mattersmaller-thanxm)-during individual sampling intervals were also carried out using DustTrak
partlculate monitors (TSI Inc Model 8520) eqmpped W|th a PMm inlet. Addrmgnany—tapemd-elemen%ese%mngm

2@46—2@%9—3&udy—pen9d—exeep¥fepmcmma#%naneeaewmes—The |nlets of DustTrak andiEQM&were malntalned at~15
m above the ground to be consistent with our polycarbonate filter samplers. Ht-is-neteworthy-that-our FTEOM-and-DustTrak-PMg
FRcostEemenis s rood i inin = 004 s nninan,

2.2.3. West Texas cryogenic refrigerator applied to freezing test system

To assess the ambient nine through samples collected in the field, we used an offline droplet-freezing assay instrument, the West
Texas Cryogenie-cryogenic Refrigeratorrefrigerator Apphied-applied to Freezing-freezing Fest-test system (WT-CRAFT; Vepuri
et al., 2021). Briefly, WT-CRAFT enables a simulation of atmospheric immersion freezing using supercooled droplets containing
aerosol particles at temperaturest > -25 °C. WT-CRAFT was a replica of NIPR-CRAFT (Tobo, 2016), but the two systems
currently possess different sensitivities to artifacts and detectable temperatureF ranges as described in Vepuri et al. (2021).

In this study, for each ambient sample, we evaluated 70 solution droplets (3 pL each) placed on a hydrophobic Vaseline
layer with a cooling rate of 1 °C min-*. All droplets were prepared using filter rinse suspensions with high-performance liquid
chromatography (HPLC)-grade water. The amount of HPLC water volume (i.e., V|) was determined based on the total amount of
air sampled through the eress-cross-section of the filter-(Fable-1}, which limits the detection capability to 0.05 INP per L of air
(standard-T-and-pressure;-STP). As described in Vepuri et al. (2021), by optimizing the suspension water volume, the first frozen
droplet observed was considered to have 0.05 INP L in this study. Each freezing event was determined optically based on the
change in droplet brightness when the initially transparent liquid droplets became opaque upon freezing. If the freezing
temperatureT was not obvious for any droplets, the 8-bit grayscale images were assessed using ImageJ software to determine the
temperatureF of phase change.

After the measurement, we calculated the frozen fraction and estimated the nine per volume of air as a function of
temperatureF, nine(T), for every 0.5 °C following-theparameterization-deseribed-in-using Eqns. 1 — 2 (Vg = 3 pl: Vs and V, are
provided in Table 2)-efBeMoett-etal(2017}). As-shown-in-Hiranuma-et-al-{2019+eTable-S2)tThe temperatureF uncertainty
and immersion freezing efficiency in WT-CRAFT areis £ 0.5 °C and + 23.5 %, respectively (Vepuri et al., 2021). The experimental
uncertainty is typically represented by 95%-binomial-confidence-intervals{CI95%). While the background freezing contribution
of the field blank filter was negligible (< 3%_activation) at -25 °C, we purposely limited our WT-CRAFT data analysis to the
temperatureT range between 0 °C and -25 °C to eliminate any possible artifacts in our WT-CRAFT data._In addition, SI Sect. S33
provides a comparison of our two immersion freezing techniques and the ninp(T) results, which are reasonably comparable.

To evaluate the immersion freezing efficiency of ambient aerosol particles collected at OLLFs, we converted our WT-
CRAFT-based nine_measurements to ice-nucleating efficiency metrics, such as nine, Nm, and Nsgeo (EQN 3). The Siotal/Miotal_value
used for this study, ~ 0.4 m? g%, is derived from particle size distribution measurements presented in Fig. 3 of Hiranuma et al.

(2011).
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3. Results and Discussion
3.21. Laboratory results

3.1.1. Physical properties of samples
Table 3 summarizes the physical properties of surrogate samples from OLLFs. Additionally, geometric SSA values were computed
based on aerosol particle size distribution measurements in the AIDA chamber (i.e., a fraction of total surface area concentration
to total mass concentration estimated from the size distribution data). The summary of geometric SSA values for aerosol particles
in each AIDA experiment is summarized in Table 4.

As seen in Table 3, the measured densities of both sample types are slightly higher than typical grain dust densities (<1.69
g cm?; Parnell et al., 1986). The action of cattle hooves on the pen can cause compaction of the surface layer, which may result in
the higher densities of our samples (Guo et al., 2011). The measured BET SSA values of OLLF samples are slightly higher
compared to previously measured agricultural soil dust samples (0.74 — 2.31 m? g*; O'Sullivan et al., 2014), which suggests that
TXDO01 and TXDO05 are more porous than these previous soil samples, leading to higher BET SSA. Our geometric SSA values are
higher than the BET SSA values. In general, a small SSA value is often consistent with the presence of a large aerosol particle
population. Hence, the predominance of larger particles in bulk powders assessed in BET is presumably responsible for the
observed differences in these two SSA values. Indeed, the particles observed in AIDA were all £ 6.5 um volume equivalent
diameter, D¢ (Table 1) presumably due to the use of cyclone impactor stages after a rotating brush generator, whereas the particles
evaluated by BET were up to 75 um. Therefore, in association with the large grain size involved in the BET analysis, bulk samples
might have exhibited smaller SSA than dry dispersed ones. As seen in Table 1, the mode diameters of TXDO01 samples in AIDA
were in general smaller than that of TXD05 samples, which is consistent with our SSA measurements (see Tables 3 and 4).

As demonstrated in our previous study, the surface area distribution of ambient OLLF dust peaks in mode diameter at <
10 um (Hiranuma et al., 2011). This mode diameter is larger than surface-derived samples aerosolized and examined in the AIDA
chamber. However, it is cautiously noted that the ambient OLLF dust size distribution is not spatially uniform, and the emitting
mechanism itself is not controllable as it highly depends on a unit of mobile livestock. Granting the primacy of hoof action as the
decisive emissions mechanism of OLLF dust as described in Bush et al. (2014), a more controlled laboratory experiment has been
needed to characterize IN ability of OLLF soil dust.

3.1.2. AIDA measurements and HN-freezing eff|C|enC|es of surface materlals

! DO
sampl%%e#e&een%@%%e%%measumnen&—éseelable—%—%own in Flg +3 are expansmn expenment proflles of
these-all 10-6 AIDA expansion experiments-wi ! H

—vi)—and-—TXBO5H-(ix—). These profiles represent data pomts measured in the chamber over a series of time, such as
temperature¥ (a), pressure (b), relative-humidity(RH; (c), and aerosol particle and hydrometeor concentration (d) for each AIDA
experiment. For eacha cloud formation experiment, the pressure within the chamber was reduced (APressureP-~ 180 — 290 hPa),
causing the temperature¥ to drop and a simulated adiabatic ‘expansion’ to occur. As can be seen, measurements were made By
AlDA-simulated-immersion-freezing-at water saturation (RH with respect to liquid water around 100%). A droplet-ice threshold
typically coincideds with > 20 um D..{Hirarumaet-al—2016}. Thus, the number concentration of > 20 um Dye AHDA particles
measured by a welas optical particle counter (Benz et al., 2005) primarily represents pristine ice crystals formed during the
expansion (Figs. #é3d). The RH dropped during some expansions at low temperature¥s (Figs. #€3c.iii and #€3c.vi). At these
temperatureTs, ice crystals grow rather fast at the expense of available water vapor in the AIDA chamber, which causes the
observed RH drop. Nevertheless, droplets were fully activated within ~ 100 seconds of each expansion while reaching the peak
RH, where we see the steep slope of ARH/At in Fig. Z3. Further, as seen in Fig. Z3d, particles of > 20 um Dy. are not increasing
and the total aerosol concentration measured by CPC also does not change after the RH peak. Thus, all predominant ice formation
occurs at or before the RH peak through immersion freezing. Lastly, we made sure to only report our IN efficiency at temperatureTs
higher than ~ -30 °C, corresponding to a saturated condition in the AIDA vessel.

Figure 8-4 summarizes our nsgeo Spectra of our surface material samples from the AIDA, INSEKT, and DFPC (total
aerosol) experiments. For each sample, we compared our experimental dust nsgeo Spectra-ir-comparisen to six reference soil dust
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Nsgeo CUrvVesspeetra, 014 (England), S16_(Mongolia, Argentina, and Germany), S20_(Northwestern Germany, Wyoming), T14
(Wyoming), T14 (China), and U17_(desert dust samples from Aisa, Canary Island, Israel, and Sahara), available in previously
published studies (O Sulllvan et aI 2014 Steinke et aI 2016 2020 Tobo et al., 2014 UIIrlch et al., 2017) as well as our field

: As seen in F|g 84 our OLLF
spectra are comparable to the preV|ous 50|I dust Ns,geo parameterlzatlon at relatlvely low t emperature sT (e.g., the ns g0 Value range

in orders of magnitude from 109 to 10*° m2 at around -25 °C). Atlabeve‘zg—g—the%JSEK:LresultssuggesmmheﬂbuuéPXD%

Furthermere—the—lab—derived—The immersion spectra of both surface materlals are reasenabty—eemparabletelocated towards the
minimum—inaximum boundaries of our field nsgeo Spectra for temperatureF > -25 °C. While the variability of nsgeo at a single
temperature¥ could vary by several orders of magnitude for our field data, smallersimitar variations are found for both lab and
field-results, implying thesimilarity-of freezingefficienciesdifferent properties of our lab and field samples. The difference between
our Iaboratorv results and fleld data is dlscussed in Sect 3 3. l in more detall W&heut—sealmg—te—the—surfaeearea—nmp—speetra
J 2 *)These- Additionally, the
s|m|Iar|tv of our Iab resuIts between TXDOl and TXD05 suggests that (—B—therersard#erenem%NRabemdaneeJeetweenﬂbuH(

3.1.3. Size-segregated analysis

Our DFPC-derived nsgeo values in Fig. 8-4 agreed reasonably well with the INSEKT results at the measured temperature¥s within
our error ranges. This comparability suggests that freezing ability is similar for condensation and immersion for our surface
samples. Besides, several unique characteristics of OLLF INPs were disclosed. For instance, comparability of results from our
condensation freezing instrument (DFPC) and immersion freezing assay (INSEKT) was found for both sample types at the
overlapped temperatures (18°C and -22°C). A similar observation was previously made for kaolinite particles in Wex et al.(2014).
However, as the examined temperatures in our study are limited, the observed equivalence between immersion and condensation
freezing for our surface OLLF samples should be cautiously interpreted and may not be conclusive.

More importantly, Table 54 summarizes the comparlson of the submicron vs. supermlcron INPs for a set of eight samples
measured at -18 °C and -22 °C by DFPC.

statistical-variability-of our-individual data-But,—60n average; the supermlcron INP fractlon, glven by [(n.Np,m. - Ninp,pma) / n.Np,tom]
x 100, shows that this fraction contributed 49.7% + 6.0% (average + standard error) of the total INP for TXDO01 and TXD05
samples at the measured Ts. This highlights the importance of the large particles, which might dominate the particle surface and

mass, eearse-fraction-in the INP population. Note that we also compared the submicron vs. supermicron nsgeo values. Our PM;
Ns,geo @Nd SUpPermicron nsgeo Were virtually identical, implying non-size dependent IN ability across the sizes evaluated in this study
(not shown).

Several studies have shown evidence that coarse aerosol particles dominate INPs across the world. DeMott et al. (2010)
successfully demonstrated the correlation between immersion-mode nine and the number concentration of aerosol particles larger
than 0.5 Hm dlameter based on the compllatlon of fleld data for more than a decade. -a-number-ofstudies-have-shown-the-evidenee
a ~Mason et al. (2016) reported a substantial fraction
of supermicron INPs through immersion freezmg at a relatlvely ahlgh temperatur et (> 78% at -15 °C) measured at seven different
sites over North America and Europe. Even at -20 °C, the author reported_a-the fraction of supermicon INPs larger than 50%.
Compared to these numbers, our laboratory data show lower fractions, but the INP sources are presumably different. Based on
findings from recent studiesy of size-resolved INPs vs. fluorescent biological particles, these INPs activated at —15 °C are typically
thought to be biological (e.g., Huffman et al., 2013; Huang et al., 2021). While there ishas-been more evidence that terrestrial and
marine biological particles play an important role in immersion freezing of supermicron-sized particles (e.g., Ladino et al., 2019;
Sietal., 2018; Creamean et al., 2018), the atmospheric implication of such rare aerosol species and their overall impact on aerosol-
cloud interactions areis still under debate. More recently, high IN efficiency by supermicron INPs derived from quartz-rich
atmospheric mineral dusts hashave been reported from different locations, including East Asia (Chen et al., 2021) and Eeastern
Mediterranean (Reicher et al., 2019). These mineral components usually contribute to IN at low temperature¥s. However, there
has not been much discussion of large soil dust particles, especially organics, and their contribution to atmospheric ice-rucleationlN
in previous studies. Hence, direct implications of which components contribute to IN at different temperature¥s to the observed
freezing properties of OLLF particles areis still missing. Lastly, while we did not see a systematic increase inef supermicron INP
fraction as a function of temperature¥ as shown in Mason et al. (2016; i.e., supermicron INP fraction at -15 °C larger than at -
20 °C), our results in Table 4-5 support that ninpwtal is always higher than ninepmi for any-type-of-samples used in this study.
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Fungwnd—Arehae&Qsee&éeetéé%r—meFe{letaHs)—We examlned the dlver3|tv of Archaea Bacterla and Funm in TXDOl and

TXDO05. We analyzed aerosolized particles collected on Nuclepore filters. The results and data of metagenomics analysis are
summarized in supplemental Table S1. Useful data for Bacteria were generated from the amplification and sequencing of the VV3
— V5 region of the 16S rDNA phylogenetic marker down to the genus and species level. Data on Archaea were generated from
TXDO05 only. The predominant phyla of Archaea consisted of methanogens, colonizers of the bovine rumen, as expected (Fouts et
al., 2012) (Table S1a). The bacterial fraction of the microbiome was dominated by Actinobacteria (the most abundant phylum,
common soil inhabitants), Proteobacteria, Firmicutes (diverse bacterial phyla with species living in the soil as well as in the bovine
rumen), and Bacteroidetes (common members of the bovine rumen microflora) (Fouts et al., 2012; Chaucheyras-Durand and Ossa,
2014). No known IN-active bacterial species were identified in either sample (Després et al., 2012), although the genus
Pseudomonas (containing IN-active species) was detected in low numbers (Table S1b). The predominant fungal taxa in our
samples belong to Pezizomycetes (Ascomycota), common soil inhabitants. In this taxon, the coprophilic genus Ascobolus was
detected in _high numbers, as expected (Sarrocco, 2016). The genera Fusarium (Ascomycota-Hypocreales) and Mortierella
(Mucuromycota-Mortierellales) were also detected in low numbers. These genera contain species with IN activity; however, the
phylogenetic analysis did not detect any known IN-active species of these genera (Table S1c). Thus, we did not identify any known
IN-active microorganisms in our samples. This insignificance of the IN-active microbiome and relatively high importance of non-
biological supermicron particles as OLLF-INPs are deemed robust if these particles are emitted as individual, externally mixed
particles. Otherwise, the observed strong mass dependency of OLLF-nne (discussed in Sect. 3.2 below) cannot be explained as
microorganisms typically contain small mass (Hoose et al., 2010).
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3.2%. Field resultsAmbient INP-spectra

3.2. 1 Downwmd VS. Upwmd

mmmk%mgm%%%nmﬂwwn%{&&%—mdmdual va#ue&oieumui&ﬁve
PMyo-mass (derived from DustTrak measurements), nine, and nm for each sampling date are provided in Table 16.-On average, an
extremely high cumulative nie at -25 °C of 1,171.6 + 691.6 L* (standard error) L was found at the downwind site.

Figure 35a shows the nip comparison between downwind samples and upwind samples collected simultaneously at
OLLF-1, 2, and 3 in 2017. Figure 5a displays individual nyye spectra from each OLLF site. Additionally, Fig. 3b-5b summarizes

the ninp diversity between downwind and upwind in log(nine,downwing/Nine,upwing), Which represents the log-scaled ratio of individual
measurements-at-each-OLLF-site at given temperature¥s. These ninp ratios are shown only for the temperatureT range covered by
both downwind and upwind data. As can be seen in these two panels, none of the upwind spectra show ninp above -14 °C whereas
we detected ninp.downwing at temperature¥s above -10.5 °C, suggesting that the INPs that are active-detectable in WT-CRAFT at
temperature¥s above -14 °C originate in OLLFs. In fact, across the examined freezing temperatureTs, the downwind spectra from
all OLLFs exhibit higher nine than the upwind spectra; therefore, the log(nine downwing/Nineupwing) Values are above zero at
temperature¥s below -14 °C.

The source of upwmd INPs is unknown Howeve#bee&use%h&measwedrntMaPh@thheGL%%wotan

nm%wm%nopeonduswe—beyon%meeﬁanwm%amemw&nce our polycarbonate filter samplers were deployed

in the close proximity of livestock pens (< 80 m away as discussed in Sect. 2.2.21), the influence of soil dust even at an upwind
site could not be ruled out depending on local meteorolegical-conditions-and-livestock activities. Thus, it may be possible that-a
shert-episode-of resuspended OLLF soil dust results in high nine at a specific temperatureF range for the upwind sample. The

influence of soil dust from OLLFS on ninpupwing SPeCtra may be seen around -15 °C (Fig. 5a). At this temperature, the ninpupwind
(C195%) error in a log scale spectrum is relatively large as compared to the lower temperature region, and the difference between
NINP.downwind_aNd Ninpupwing 1S NOt conclusive beyond the uncertainty around -15 °C. Nonetheless, the downwind ninp values are
indeed higher than nineupwing (Deyond uncertainties) at temperatureTs below -20 °C. At -25 °C, all ninp,downwing Values appear to be
an order magnitude higher than the upwind ones without any exceptions, indicating that OLLF is a source of a notable amount of
INPs across the examined temperatureT range.

3.2.2. Seasonal variation

Shown in Fig. 4-6 is a compilation of ninp gownwing SOrted based on the sampling season (i.e., summer, spring, and winter).
Overall, we detected INPs at temperature¥s lower than -5 °C, and the range of ninp.downwing at -20 °C varied in different seasons in
2017 —2019: summer (5.0 —421.7 LY, spring (4.2 — 31.2 L), and winter (0.9 —20.4 L1). As inferred from Fig. 46, this seasonality
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holds true for all investigated temperature¥s. To complement our measurements and observations, more discussion on estimated
INPs from an OLLF and their seasonal variability is provided in SI Sect. S5 and Table S2.

The observed seasonal variation in ninp corresponds to the variationthat in cumulative PM mass (Table 16). In fact, wi¥/e
observed a prominent linear relationship between aerosol particle mass and INP number concentration (at -25 °C: Fig. 5a7a).
Furthermore, the nmame Values sealed-tothe-mass-(rm-Fig. 557b) show a nearly constant value (= 3 x 10° g1) at -25 °C (independent
of particle mass concentration).

Figure 6-8 depicts the ns g Spectra of aerosol particles from OLLF downwind ambient samples, color-coded with different
sampling seasons. As seen in the figure, the seasonal diversity of Ns geo,downwing IS l€SS apparent as compared to that of nine,downwind
(Fig. 46). There is no systematic difference in the range of ninp.gownwing in different seasons in 2017 — 2019 at -20 °C: summer (6.7
x 107 —2.7 x 10° m2), spring (2.4 x 108 — 2.3 x 10° m™2), and winter (1.2 x 108 — 2.9 x 108 m-2). This observation is consistent with
the ascribed preseribed-dominance and importance of large particles as soil dust INPs.

Ambient meteorological conditions during the field sampling activities are summarized in Table 7. Resuspension of
feedlot surface materials is not mainly wind-driven. As mentioned in Sect. 3.1.1, cattle movement and hoof action trigger feedlot
dust when the air is dry and hot. We performed linear regression analysis for wind speed vs. PM1q concentration, and the resulting
Pearson correlation coefficient (r) was -0.32. Concerning the high variability of PMio_concentrations while sampling, we also
examined the relationship between wind speed and cumulative PM mass, and the resulting r was -0.35. In addition, we could not
find any relevant statistical correlations between other meteorological parameters (temperature, pressure, and RH) and PMio. We
note that precipitation was not considered in this study because we assured to sample aerosol particles when the pen surface was
dry (at least several days after precipitation). These results imply the following: (1) ambient meteorological conditions, as
summarized in Table 74, might not be determining factors for nine for our study sites; (2) there are abundant is-a-predeminance-of
supermicron INPs from the feedlot (Sect. 3.1.3), which potentially dominates particle mass_and OLLF INPs (Fig. 7). Overall, our
offline measurements of ambient np using field filter samples collected in OLLFs show more than several hundred INPs L at
below -20 °C. More interestingly, there is a notable correlation between INP and am&en%ae#eseLpamelemas&eeneemFauensPMm
based on our 2017 — 2019 field study, which indicates the importance of large supermicron aerosol particles as INPs. This metivates
result supports the DFPCneed-forfurther characterization of our OLLF samples in a controlled_-lab setting in-orderto-identify

What_pameunlate—seepepmau%(l €., supermicron niye > submicron nineSupermicron-vs—submicron)-and-other-properties-trigger
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3.62.3. Comparison to previous soil dust IN studies

Figure 20-9 summarizes our field measured ninp (Fig. 46) aswell-as-estimated-atmospheric-np-in the temperatureT range between
-5 °C and -25 °C {Seet—3-5)-in comparison to the previously reported ambient nine of soil dust and a compilation of other field-
measured nine from across the world. We purposely-selectedchose to display our estimated nine with standard deviations and global
reference field ninp data from Kanji et al. (2017) at their temperature points (i.e., -15, -20, and -25 °C) to make all comparisons
visible in this figure. H-is-clearthat-the-estimated-Ane-from-OLLF-are-within-OLLF field-measured-Amp—implying-that-eurrne
estimation-isreasenable-and-atmospherically-relevant-It is alse-apparent that the OLLF nine Spectra are consistently located above
or overlapping with the upper bound of soil dust ninp Spectra from previous studies across the temperatureF range we examined in
our field study-(i-e—F-abeve—-25°C). Although our INP detection limit of 0.05 L™ in this study is higher than net-as-geed-as-Suski
etal. (2018; = 0.002 LY, our data exceed their data from crop fields (soybean, sorghum, wheat, and corn) or are at least positioned
towards the higher bound of the S18 data points. The observed consistent gap between our OLLF data and previous data holds true
even when compared to the globally compiled nine from multiple field campaigns at -15, -20, and -25 °C (Kanji et al., 2017),
indicating that absolute INPs per unit volume at OLLF are much higher than previously investigated field INP sources.

3.3. Laboratory vs. field results
3.3.1. Potentlal source of drscrepancv

nsgeo vaIues for our denved—tremsurfaeemateﬁarsasweu—asﬂﬁeldOFFL samples are comparable 1o other reference soil and desert
dust nsgeo (Fig. 4)-{Fig—8}. Taken together, N{egeeher—the observed comparabrlrtv suqqestsweeeﬂelede that OLLF soil dust is an

important point_ -source of atmospheric INPs;-w ;
dusts. However, there is a deviation between Iaboratorv Ns qeo and that from field mvesthatlon bevond uncertalntles at temperatures
above -22 °C. It is not clear what factors contribute to the observed deviation.

An application of different immersion freezing techniques (i.e., INSEKT and WT-CRAFT for laboratory and field study,
respectively) cannot explain the discrepancy. As demonstrated in Sect. S3, the immersion freezing results of 50:50 splits of our
field-collected filter sample were reproducible via the two technigues. Thus, the system difference can be ruled out of the potential
factors triggering the deviation.

Different protocols to preserve laboratory and field samples (i.e., Sects. 2.1.1 and 2.2.2) may have impacted our sample
properties and INPs. Beall et al. (2020) recently reported that different storage protocols in terms of time and temperature can alter
ninp_in precipitation samples at relatively high freezing temperatures (i.e., > -19 °C). The authors also noted that “non-heat-labile
INPs are generally less sensitive to storage”. This statement is important because our field airborne sample shows heat-stable
characteristics (SI Sect. 4). However, in part because we have studied a limited number of samples in this study, it is not conclusive
whether the difference in storage methods is fully responsible for the suppression of IN efficiency in our surface-collected proxies
compared to the airborne sample.

The comparison between the immersion mode freezing ability of ambient OLLF dust sampled in the field and that of
surface material samples aerosolized in the cloud simulation chamber shed light on the representativeness of dried, pulverized
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surface materials as surrogates for ambient dust particles in immersion freezing tests. Previously, Boose et al. (2016) studied
immersion freezing abilities of diverse natural dust from nine desert regions around the globe (4 airborne and 11 sieved/milled
surface samples) and found that the surface-collected samples tend to contain more efficient INPs than the airborne samples. The
authors suggested that mineralogy may play a significant role to explain the observed difference. On the other hand, Kaufmann et
al. (2016) found a similar freezing behavior of multiple surface dust samples despite the variation in mineralogy. Both studies
noted the necessity of investigating non-mineral compositions. While our laboratory and field samples are different in nature, our
organic-predominant samples show a reduction in IN efficiency for surface-collected samples compared to airborne field samples.
The observed offset motivates further research in organic INPs.

Microbiomes identified in the OLLF dust proxies from this study (Sect. 3.1.4) exhibited different microbiome diversity
from our field samples collected on 28 March 2019 and 22, 23, and 24 July 2018, which were previously reported in Vepuri et al.
(2021). Dust samples TXD01 and TXDO05 in this study were collected in September 2017; TXDO01 is a composite sample from
many locations of the TX panhandle, TXDO05 is from a location in central Texas. Although they are of the same type, open cattle
feedlot samples, a multitude of factors including sampling time, sampling methodology, location, cattle races raised in these areas,
different feeding strategies, as well as the different total DNA extraction protocols, very likely explain the observed differences in
microbiome composition. Nevertheless, they do share some common bacterial taxa, such as the presence of bacteria from the orders
Actinobacteriales, Caulobacterales, and Burkholderiales, as well the genus Marinoscillum, albeit in low numbers in this study.
An important caveat, however, is that we could not find any notable inclusions of known IN-active microbiomes in both sample
subsets. While we cannot rule out the possibility of IN from TXD01 and TXDO05 samples triggered by biological INPs, our current
results do not support it. In the future, we need to carry out an identical metagenomic analysis for ice crystal residual (ICR) samples
collected at various temperatures. Extracting enough DNA out of ICR samples would be challenging and is currently not feasible
at the AIDA facility. Facilitating a dynamic cooling expansion chamber and collecting ICRs for a prolonged expansion experiment
period would be a potential resolution. Future work should include metatranscriptomics (analysis of RNA) to estimate the
population size and diversity of live microorganisms, as well as gene expression in the microbial population. More interdisciplinary
strategy integrating, dietary, and health-related actions with cattle (e.q., how the diet of cattle, inclusion of antibiotics, and
probiotics influence INP abundance in samples of feedlot surface materials) would also be useful.

Identifying heat-stable organic compounds and studying their physicochemical properties may be key to understanding
the properties of OLLF INPs. Our chemical composition analysis of laboratory samples (SI Sect. S1) indicates that they are
exclusively organic in nature in terms of aerosol composition. Further, airborne particles collected in OLLFs are generally known
to include substantial amounts of organic materials. For example, our previous work using Raman micro-spectroscopy revealed
that = 96% of ambient aerosol particles sampled at the downwind edge of an OLLF contain brown or black carbon, hydrophobic
humic acid, water-soluble organics, less soluble fatty acids, and carbonaceous materials mixed with salts and minerals (Hiranuma
et al., 2011). Recently, organic acids (i.e., long-chain fatty acids) and heat-stable organics were found to act as efficient INPs
(DeMott et al., 2018; Perkins et al., 2020). However, our knowledge regarding what particular organics from OLLFs trigger
immersion freezing at heterogeneous freezing temperatures is still lacking. This deficit is another motivation to investigate OLLF-
derived ICR samples in the laboratory.

3.3.2. Immersion freezing efficiency and parameterizations

The exponential fits for temperature-binned ns g0 data (i.e., a moving average of every 0.5 °C) of lab and field measurements are
summarized in supplemental Table S3. This parameterization offers a simple representation of supermicron-dominant INPs from
15
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OLLF, which can act as an important point source of agricultural INPs in a very simple manner. Fit parameters are computationally
optimized for the best r value, and the resulting parameters for each category are provided in this table. The nsgeo(T) spectral slopes,
Alog(ns.geo)/AT, from this study were also computed. Individual parameterizations are useful to analyze spectra by comparing
Alog(ns o)/ AT values. Overall, the range of spectral slope deviations (0.41—0.52) is higher than what we previously studied in soil
dust samples in Fig. 4 (0.15 — 0.27; S16 — O14), indicating a unique feature of the OLLF dust. We note that offering a universal
single parameterization for soil dust-derived INPs is not the scope of this study. As OLLF represents a point source of fresh
livestock-generated dust, we expect that it would have different IN efficiency than aged and weathered dust samples.

4. Conclusions

This study aimed at investigating the immersion mode ice-nucleating properties of soil dust from OLLFs in Texas. Fhis-study
wasOur investigations were composed of two parts: (1) an AIDA laboratory campaign to investigate the INP propensity and
properties of two OLLF soil dust proxies; (22) A-a multi-year field investigation of |mmer3|on mode INPs from four commerual
OLLFs in the Texas Panhandle in 2017 — 2019; 3 3
properties-of two-OLLF soil-dustproxies. Our :ﬁeld—and—laboratory and fleld flndlngs support that OLLFs are a substantlal source
of micrebiomesupermicron size -enriched-dust particles and o rganlc rich soil dust INPs.;-which Overall, the estimated niyp_are
estimated-to-exceeds several hundred and several thousand INPs L at -20 °C and -25 °C, respectively, in the proximity to the
OLLF emission sources.

Our AIDA immersion freezing results for OLLF proxies reasonably agree with the range of previous soil dust ns g Values
at least at temperatures around -25 °C and lower, validating the comparability of our results. However, the INSEKT immersion
spectra of both surface materials measured for temperature > -25 °C are lower than previous soil dust outcomes. This difference
indicates different properties of our feedlot dust proxies compared to other soil dust samples. Moreover, the importance of large
aerosol particles on immersion freezing was verified in our AIDA-based laboratory study. The DFPC offline freezing instrument
assessed IN abilities of OLLF dust surrogates with PM; and total (> PM;) size fractions. Our assessment revealed that on average
~ 50% of OLLF nynpe derived from supermicron aerosol particle population in the assessed temperature range between -18 and -
22 °C. Thus, our laboratory study showed the potential importance of supermicron aerosol particles from OLLFs as INPs. While
our metagenomics analysis does not support the presence of known IN-active microbiomes, more research should be directed to
reveal the comp05|t|onal |dent|t|es and assomated IN abllltles of varlous other anlmal feedlnq facility samples.Fhe-importance-of
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From the flrst year of our f|eId Work we found that OLLF is a source of INPs that can be active at temperatur eFs below
~ -5 °C. Brieflythe-analysis-of-logratio-ofnunp dowswind-10-Punpupwing-From-three-different OLLEs consistenthy-shews-thatIn short

the INP abundance at the downwind site of each OLLF is an order magnitude higher than at the nominal upwind edge across the
examined temperatureT range (>-25 °C). This difference between downwind and upwind INPs clearly indicates that a vast majority
of INPs found in our field sites (as high as 11,000 INP L cumulatively at -25 °C) are from OLLFs{Fable-1). Over the three years
of our field OLLF investigation, there was a clear seasonal variation in nyp. Briefhyy-sSummer nine at -20 °C from the downwind
edge of OLLFs (5:0—421-7up to = 400 L) was notably higher than that of spring (4-2—3%2up to =30 L) and winter (up to =
200.9—20:4 LY. The observed seasonal trend persisted for all heterogeneous freezing temperatureTs investigated in this study
(temperatureF > -25 °C). Interestingly, the observed ninp Seasonality strongly correlated to that of PMy mass (r = 0.94). This
relationship implies the importance of large particles, which dominate aerosol surface area and mass, on IN of OLLF dust. By
scaling our ninp to the aerosol particle surface area, we are no longer able to see any clear seasonal variation in nsgeo; thereby, we
conclude that the abundance of INP from OLLFs depends on dust quantity at ground-level at a given time, but its IN efficiency is
consistent throughout the seasons at least for 2017 — 2019. These findings also suggest that future studies of soil dust INP might
need to focus on statistically validating the I|nk between the propertles of Iarge supermlcron particles and INPs with longer
observatlons from a multitude of regions,—w ; . Ipara

measurements of size- seqreqated INPs with a comblnatlon of a size- selectlnq |mpactor mlet and an onllne INP monitor will be

indeed meaningful to add insights on the importance of large INPs.
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Figure 21. Lab experimental schematic of the AIDA facility. All samples were injected using a rotating brush generator (RBG)
for aerosol particle generation. Multiple extramural instruments, welas optical particle counters (OPCs), an-ice-selective-pumped

counterflow-virtual-impacter-(1S-PCV/H;-a hygrometer, a tunable diode laser (TDL) spectrometer, a laser ablation aerosol particle
time-of-flight mass spectrometer (LAAPTOF; see Sl), and aerosol particle counters/sizers (SMPS, APS, CPCs), are connected to

the AIDA chamber. Downstream filters and an-impactors collected aerosol particles and-ice-crystal-residuats-for multiple offline

analyses.
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Figure 73. Temporal proflles of the AIDA immersion freezing experiment [TXDUSTO1_07 (i), _08 (ii), _30 (iii), _12 (iv), _
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Figure 209. The ninp(T) spectra Ambient-tNP-conecentrations-of soil dusts and aerosol particles as a function of temperature¥. The

red-shaded area represents the range of our field nine values at 0.5 °C intervals for -5 °C > temperatureT > -25 °C from this study

(Fig. 64). The red solidepen symbols are our estimated-median—(=-standard-deviation) at -15, -20, and -25 °C-diseussed-in-Seet-

3.5. Five reference data are adapted from O’Sullivan et al. (2014 Fig. 9; O14), Steinke et al. (2020 Fig. 3; S20), Tobo et al. (2014

1340 Fig. 6b; T14), Suski et al. (2018 Fig. 1a-d; Sul8), and Kanji et al. (2017 Fig. 1-10; K17). Note that we display the maximum and
minimum at -15, -20, and -25 °C of K17 in comparison to our estimation.
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Table 31. Characterization of particle properties: assessed prior to AIDA expansion experiments-{H-denotes-dry-heated).

Aerosol Particle Measurements

Aerosol

: P Mode (MinfMaX) Ntotal‘ox X]_03 L Stotal.oy xlo,g m2 L Mtotal,oy x10,§g Geometrie
Experiment 1D P_zli_r;:)(;le Diameter, um** 1 1 aug L SSA-mig*
TXDUSTO1_7 TXDO01 0.55 (0.10-3.16) 2137 98.8 18.4 5:38
TXDUSTO01_8* TXDO01 0.54 (0.11-2.69) 266.3 1155 211 £
TXDUSTO01_30 TXDO01 0.72 (0.08-6.44) 210.6 119.0 29.7 4.01

TXDUSTO01_12* TXD05 0.67 (0.09-5.14) 199.2 163.5 411 3.98
TXDUSTO01_13 TXDO05 0.71 (0.10-4.71) 155.0 117.2 29.6 2L
TXDUSTO01_32 TXD05 0.84 (0.15-4.37) 163.3 124.9 332 377

*INSEKT-and-DFPC-sSamples for offline analyses (Sects. 2.1.3 — 2.1.5) were collected. **Based on the dS/dlogD. fit; Min—Max values are estimated at 0.1 X
10" m? L%, Niorar0 = total number concentration of particles at the initial stage (t = 0) prior to expansion; Sy 0= total surface concentration of particles at the initial

stage (t = 0) prior to expansion; M0 = total mass concentration of particles at the initial stage (t = 0) prior to expansion; Dy. = volume equivalent diameter.
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Table 2. Summary of the ambient aerosol particle filter sampling conditions: UW denotes upwind.

Year Date Location Start Time End Time Flow Rate Air Volume, Vi (L Suspension Water
- = = (Local) (Local) (LPM)* STP) Volume, V, (mL)
2019 20190715 OLLF-1 18:45:00 22:05:00 4.19 838.00 8.74
) 20190716 OLLF-2 18:45:00 20:29:00 4.30 447.20 4.66
B 20190724  OLLF-3 19:24:00 20:34:00 4.54 317.80 331
) 20190226 OLLF-1 16:08:00 19:09:00 3.95 714.95 7.45
) 20190328  OLLF-2 16:26:00 20:52:00 5.00 1330.00 13.87
B 20190420 OLLF-3 17:05:00 21:05:00 4.15 996.00 10.39
) 20190116 OLLF-1 16:03:00 19:33:00 3.97 832.65 8.68
) 20190117  OLLF-2 15:48:00 19:30:00 3.97 880.23 9.18
_ 20190118 OLLF-3 15:40:00 18:40:00 3.62 651.60 6.79
2018 20180722  OLLF-1 18:42:00 22:39:00 6.58 1560.00 16.26
B 20180723  OLLF-2 18:42:00 22:17:00 5.46 1173.79 12.24
B 20180724  OLLF-3 18:20:00 22:13:00 3.65 850.31 8.86
_ 20180416 OLLF-4 16:53:30 20:06:40 5.99 1158.00 12.10
2017 20170709 OLLF-1 19:32:45 22:26:00 5.28 915.58 9.54
i} 20170710 OLLF-2 18:06:00 22:06:30 5.10 1227.19 12.79
i} 20170711  OLLF-3 18:28:00 22:08:00 5.13 1127.99 11.76
B 20170709  OLLF-1-UW 19:50:00 22:47:00 5.28 935.24 9.75
i} 20170710  OLLF-2-UW 18:28:00 22:24:00 5.10 1204.24 12.55
20170711  OLLF-3-UW 18:41:45 21:54:00 5.12 983.52 10.25

*A mass flow controller or a critical orifice was used to ensure a constant flow throughout each sampling activity. An airflow rate was measured with a
flowmeter (TSI Inc., Model 4140).
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Table 3. Properties of OLLF samples: TXD01 & TXDO05.

System TXD01 TXDO05
Density, g cm® 1.89+0.06 2.05 + 0.06
Geometric SSA, m? g* 4.95+0.82 3.97 £ 0.02
’BET-based SSA, m? g* 3.23+0.20 2.41+£0.20

With a measurement standard deviation of + 0.06, our system is capable of measuring densities of other powder samples, such as illite NX (2.91 g cm™) and

fibrous cellulose (1.62 g cm®). Note that these values are similar to the density values reported by manufacturers for illite NX (2.65 g cm™®) and fibrous cellulose

(1.5 g cm™®). ?Brunauer et al., 1938.
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Table 4. Geometric SSA values for individual AIDA expansion experiments.

Experiment ID

Aerosol Particle Type

Geometric SSA, m? g*

TXDUSTO1 7
TXDUSTO01 8

TXDUSTO01_30
TXDUSTO01_12
TXDUSTO01_13

TXDUSTO01_32

TXDO01
TXDO01
TXDO01
TXDO05
TXDO05
TXDO05

5.38
5.46
4.01
3.98
3.9
N

w
-
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Table 45. DFPC-estimated niyp for TXDO01 and TXDO05 samples:-H-denotes-the-dry-heated-sample. The subscripts of Tot and PM;
represent INP obtained from total aerosol particles and that from PM; size-segregated aerosol particles, respectively. Standard

deviations were derived based on multiple measurements for each samp
1 1 1 i i 1 it i 1 1 v 44

le. Q—F\l—y—ng,g ¢

TXDO5H
Dust Nine X10° (L) + standard dev. Supermicron INP fraction (%)
- -18 °C -22°C -18°C -22 °C
TXDO01 340.0+211.0 2580.0 + 698.0 26.5 465
TSDO1pm1 250.0£90.0 1380.0 £ 219.0 - —
TXDO057 770.0+110.0 6780.0 + 426.0 58.4 48.4
TSD05pm1 320.0+116.0 3500.0 + 1066.0 —_ —
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Table 6. Summary of the ambient aerosol particle mass and immersion freezing properties of all field samples used in this study:

UW denotes upwind.

. Start Time End Time Cumulative PM  nnp@ -25°C nm@ -25°C
Year  Date Location —\ haly  (Local) mass (ug STP)} (L STP) (g STP)
2019 20190715 OLLF-1 184500  22:0500 | 168.20 838E+01  4.1BE+08
20190716 OLLF-2 184500  20:29:00 | 41.92 366E+401  3.91E+08
20190724 OLLF-3  19:24:00  20:34:00 | 105.00 311E402  9.42E+08
20190226 OLLF-1  16:08:00  19:09:00 | 57.22 1.48E+02 1.84E+09
20190328 OLLF-2  16:26:00  20:52:00 | 20455 2.72E402 1.77E+09
20190420 OLLF-3  17:05:00  21:05:00 | 3450 110E402  3.18E+09
20190116 OLLF-1  16:03:00  19:33:00 | 12.02 478E+01  3.31E+09
20190117 OLLF-2  1548:00  19:30:00 | 4153 420E+01  8.94E+08
20190118 OLLF-3 154000  18:40:00 | 251.778 4.35E+02 1.13E+09
2018 20180722 OLLF-1 _ 18:42:00  22:39:00 | 1281.100 2316403 2.81E+09
20180723 OLLF-2  18:42:00  22:17:00 | 2917.869 110E+04  4.43E+09
20180724 OLLF-3  18:20:00  22:13:00 | 334.15 387E403  9.84E+09
20180416 OLLF-4  4:53:30  8:06:40 38.92 4.93E+02 147E+10
2017 20170709 OLLF-1 _ 19:32:45  22:26:00 | 44533 109E+03  2.25E+09
20170710 OLLF-2  18:06:00  22:06:30 | 226.475 148E+03  8.00E+09
20170711 OLLF-3  18:28:00  22:08:00 | 171.52 492E+02  3.23E+09
20170709 8\'7\'/-F‘1' 19:50:00  22:47:00 | 12.394 4.22E401 3.18E+09
20170710 SbVLF'Z' 18:28:00  22:24:00 | 12.40 101E+01  9.78E+08
20170711 8\5\/LF_3_ 18:41:45  21:54:00 | 1653 257E+01  1.53E+09

mass collected on a filter were estimat

ed by integr

ating DustTrak mas

g 0)—f7Cumulative values of the
s data, sampling time, and flow rate.
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Table 7. Summary of the ambient conditions during field sampling activities: UW denotes upwind.

Start End Time Wind Wind Temperature Pressure
Year Date Location Time (Local) Speed Direction ) (mb) RH (%

(Local) (Local) (MPH) (degree)
2019 20190715 OLLF-1 18:45:00  22:05:00 3.6+1.3 157.9+13.9 30.1+£32 10156+0.2 42.0+10.8
B 20190716 OLLF-2 18:45:00  20:29:00 106+1.7 186.4+4.3 34.3+0.9 10159+0.2 27.8+1.7
R 20190724 OLLF-3 19:24:00  20:34:00 10.1+1.3 1475+6.6 28.9+0.8 10206+0.1 316+1.4
R 20190226 OLLF-1 16:08:00  19:09:00 11.2+4.3 207.9+13.2 205+£2.7 10148+0.2 143+29
B 20190328 OLLF-2 16:26:00  20:52:00 8.7+33 217.2+6.7 235+3.6 1012.7+0.2 265+6.8
R 20190420 OLLF-3 17:05:00  21:05:00 10.2+29 197.2+19.1 27.0+£2.9 1009.0+0.4 16.6+5.0
R 20190116 OLLF-1 16:03:00  19:33:00 16.6+2.8 256.0+6.8 165+1.9 1014.7+0.4 30.3+3.1
B 20190117 OLLF-2 15:48:00  19:30:00 8.7+1.8 188.3+11.6 146+29 1017.4+0.3 30.2+5.6
_ 20190118 OLLF-3 15:40:00  18:40:00 23.3+25 3194 +£33.1 11.5+39 10053+22 41.1+218
2018 20180722 OLLF-1 18:42:00  22:39:00 57+1.6 170.7+11.0 33.4+4.3 1015.7+0.3 17.8+5.8
B 20180723 OLLF-2 18:42:00 22:17:00 51+3.9 83.6+21.1 28.8+2.4 1022.4+0.8 39.0+5.1
R 20180724 OLLF-3 18:20:00  22:13:00 79+1.9 136.6+12.0 289+1.4 1023.3+0.6 38.1+2.6
B 20180416 OLLF-4 16:53:30  20:06:40 12.1+4.0 216.2+8.3 295+1.8 10099+0.1 56+0.8
2017 20170709 OLLF-1 19:32:45  22:26:00 9.3+2.9 160.5+10.1 279+29 1017.0+0.4 528+13.1
R 20170710 OLLF-2 18:06:00 22:06:30 10.3+3.0 183.8+9.0 316 +2.7 10155+0.3 30.8+5.1
B 20170711 OLLF-3 18:28:00  22:08:00 6.4+1.7 172.0+10.9 29.9+25 1015.2+0.4 26.6+6.0
R 20170709 OLLF-1-UW 19:50:00  22:47:00 9.6+28 160.4 +9.4 27127 1017.2+0.5 56.1+12.3
R 20170710 OLLF-2-UW 18:28:00  22:24:00 10.0+3.0 182.6 +8.1 309+29 10155+0.4 32.1+5.6
B 20170711 OLLF-3-UW 18:41:45  21:54:00 6.2+1.7 1726+108 30.0+23 1015.2+0.4 26.1+54
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Winter | - 6:3E-08
Spring | - 1.6E-07
20172018 - 4.8E-07
Summer | - 3.0E-07
Fall | - 31E-07
Winter | - 25E-07
Spring | - 92E-07
20182019 - 37E-07
Summer | - 49E-07
Fal | - 24E-07
Winter | - 1.5E-07
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S2S1. Chemical composition analysis

Single-Single-particle mass spectra of dry dispersed TXD particles in the size range
between 200 and 2500 nm (vacuum aerodynamic diameter) were measured in the lab using a laser
ablation aerosol particle time-of-flight mass spectrometer (LAAPTOF; AeroMegt GmbH) (Shen et
al., 2018; 2019). Beoth-untreated-and-heat-treated-samples-were-examined-—The powder particles
were generated by powder dispersion using a rotating brush generator (PALAS GmbH, RBG1000),
where a small volumes of dry FxB-samples were-was dispersed by dry synthetic air.

The averaged mass spectra of TXDOl and TXD05 are shown in Frg 8281 We4eend—ne

In general the mass spectra of the dry
dispersed particles showed high signals of organic markers at mass-to-charge ratio, m/z, of +44
(COO/C2HsN*Y), -26 (CN/CzH2), -42 (CNO/CzH207), -45 (COOH7), -59 (CH2COOHY), -71
(CCH2COO0H), +30 (NO/CHsNH/CH20%), +58 (C2Hs-NH-CH2*), and +59 ((CHs)sN*). These are
typical markers for organic acids and amine-containing particles. For example, peaks at m/z of +44
can be attributed to COO/CH2NO" derived from organic compounds/ritregen-nitrogen-containing
organic compounds (Schneider et al., 2011). It should be noted that m/z 44 can also be contributed
by SiO*, which is a silicon marker (Silva and Prather, 2000). Further, -45 (COOH), -
(CH2COOH"), and -71 (CCH2COOH") are the markers for carboxylic acids. Peak-The peak at m/z
of +30 can be attributed to NO* arising from nitrate, ammonium (Murphy et al., 2006; Shen et al.,
2018), and CHsNH* from amines (Silva and Prather, 2000; Schmidt et al., 2017). The other amine
markers at +58 (C2HsNHCH:*) and +59 ((CHs)sN*) were identified by previous studies (e.g.,
Angelino et al., 2001; Pratt et al., 2009; Schmidt et al., 2017).

For the inorganic markers, the characteristic ions were found on the peaks at m/z +23
(Na*), +24 (Mg™), +27 (Al*), +28 (Si*), +39 (K*), +40 (Ca*), +44 (SiO*), +56 (CaO/Fe*), +64/66 (Zn*),
-97 (HSO4),+30 (NO"), -63 (PO2), -79 (POs’), and -95 (POy). Calcium and sodium are used as
additives in the diet fed to the cattle, and they also exist in the unpaved road dust (National
Research Council, 2000; Ocsay et al., 2006). Manure is a source of ammonium and phosphate.
Minor fractions of other salts and mineral dust constituents found in this work; were also identified
in the field samples (Hiranuma et al., 2011 and references therein). As mentioned above, +30 NO*
can arise from ammonium (Murphy et al., 2006; Shen et al., 2018). In addition, -63 (PO2), -79
(PO3), and -95 (POs) are phosphate markers (Schmidt et al., 2017; Zawadowicz et al., 2017).
However, our inorganic quantification is inconclusive, and the result may deviate from other
guantitative composition analyses.

Comparing TXDO01 to TXDO05, we found that TXDO1 had more intensive phosphate (-63, -
79) and potassium (+39) compared to TXDO05 (Fig. S2S1). In particular, phosphate intensity was a
few times higher than TDX05. On the other hand, TXDO05 had a-higher signals of sodium- and
nitrogen-containing compounds as well as stronger amine markers, i.e., m/z +30 (NO/CH3NH*) and
+58 (C2Hs-NH-CH2*), than TXDO1.

A more detailed analysis of the individual mass spectra revealed several distinct particle
types. Using a combination of the fuzzy c-means clustering (Shen et al., 2019) and the marker peak
search method based on the above-mentioned and other characteristic ions, we found several
distinct composition classes, such as "Petassivm-Potassium-rich,” “Potassium and phesphate
phosphate-rich,” “Potassium, sodium, and ammonium rich,” “Amine rich,” and “Mineral and Metal
Metal-rich.” We note that the “rich” used here only indicates intensive characteristic peaks in the
mass spectra rather than a large mass fraction. Figure S3-S2 shows the fuzzy classification results.
As can be seen, there was no notable sr;fesrze dependent composmon for any-both sample types

amount of carboxylic acid groups (| e., m/z-45 and -71) was found in each particle. These prevalent
organic markers suggest that, regardless of the classification, TXD are predominantly organic in
nature. This organic predominance as well as the substantial inclusion of salts (e.g., potassium)
are consistent with our previous study of TXD particles’ composition (Hiranuma et al., 2011). We
also note that our LAAPTOF aerosol particle chemical composition analysis was not intended to
find ice nucleation (IN) -active composition. Ice-nucleating particles (INPs) generally represent a
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small subset of aerosol particles (roughly one per million, even at low temperatureFs). Thus,
examining aerosol particle chemical composition cannot be directly linked to the role of chemistry

manuseript—ButHowever, aerosol particle composition data are important for understanding the
general chemical compositions of our samples.
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Figure S2S1. Laboratory reference mass spectra of dry dispersed TXD0O1 and TXDO5 particles
with LAAPTOF. Fheleftpanels-show (a) Tthe stacked averaged spectra of cations (top) and anions
(bottom) found in TXDO1 and TXDO05. (b)Fheright panelsrepresent Tthe absolute signal difference.
These mass spectra represent a compilation of > 450 of the particles for each type (TXD01: 972
and TXDO05: 472). Note that each ion peak intensity is normalized to the sum of ion signals in each
spectrum before further compilation.
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Figure S3S2. Particle population fraction and size distribution based on clustered types, for TXD01
()7 XBoiH-(b); and TXDO05 (be)-and-—XDBO5H(d}. Note that the class named “others” (in grey
color) is the small fraction of particles with unknown patterns. This class differs across TXD particle
165  samples.
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S5S2. Taxonomrc drversrty of two Texas dust samples

eur—samplfes—Table Sl summarizes our results of metaqenomlcs analvsrs Here we descrlbe the
methodology employed for our metagenomics analysis of sample microbiomes.

_As the first step of the microbiome analysis, all reads with ambiguous bases ("N") were
removed. Chimeric reads were identified and removed based on the de-novo algorithm of UCHIME
(Edgar et al., 2011) as implemented in the VSEARCH package (Rognes et al., 2016). The
remaining set of high-quality reads was processed using minimum entropy decomposition (MED;
Eren et al., 2013 and 2015). MED provides a computationally efficient means to partition marker
gene datasets into operational taxonomic units (OTUs). Each OTU represents a distinct cluster with
a significant sequence divergent from any other cluster. By employing Shannon entropy, MED uses
only the information-rich nucleotide positions across reads and iteratively partitions large datasets
while omitting stochastic variation. The MED procedure outperforms classical identity-based
clustering algorithms. Sequences can be partitioned based on relevant single nucleotide
differences without being susceptible to random sequencing errors. This allows a decomposition of
sequence datasets with a single nucleotide resolution. Furthermore, the MED procedure identifies
and filters random "noise" in the dataset, i.e., sequences with very low abundance (less than 0.02%
of the average sample size).

To assign taxonomic information to each OTU, DC-MEGABLAST alignments of cluster-
representative sequences to the sequence database were performed. The most specific taxonomic
assignment for each OTU was then transferred from the set of best-matching reference sequences
(lowest common taxonomic unit of all the best matches). A sequence identity of 70% across at least
80% of the representative sequence was the minimal requirement for considering reference
sequences. Further processing of OTUs and taxonomic assignments was-were performed using
the QIIME software package (version 1.9.1, http://giime.org/). Abundances of bacterial taxonomic
units were normalized using lineage-specific copy numbers of the relevant marker genes to improve
estimates—{Angh,—2014). Taxonomic assignments were performed using the NCBI_nt reference
database (Release 2019-01-05).

Table S2S1. An aAbundance of major orders of Archaea (a) Bacteria (b) and Eukaryotes (c) in

dust samples TXD01 and TXDOS—(a} Numbers—mdmate—pereen&ag&ef—the—@lus—fer—eaeh—phyrum

the percentage of the OTUs for each order in the total archaeal, bacterlal and eukaryotic
microbiome. The analysis of the aerosolized TXD01 sample did not generate any useful archaeal

data.


http://qiime.org/

a.  Archaea Taxonomy Aerosolized Aerosolized
TXDO1 TXDO5
Unclassified - 0.00%
Rl
Euryarchaeota; M(lathar?omicrobia; ) 0.10%
Methanomicrobiales
Euryarchaeota; Methgnomicrobia; ) 0.00%
Methanosarcinales
Euryarchaeota; The'*({noplasmata,' ) 0.00%
Methanomassiliicoccales
e R
b.  Bacteria Taxonomy Aeroselized Aerosolized
TXDO1 TXDO5
Unclassified 4.00% 2.60%
Actinobacteria; Acidimicrobiales 0.80% 0.20%
Actinobacteria; unclassified 3.00% 2.10%
Actinobacteria; Actinomycetales 0.20% 0.00%
Actinobacteria; Bifidobacteriales 0.00% 0.00%
Actinobacteria; Corynebacteriales 16.40% 13.70%
Actinobacteria; Frankiales 0.20% 0.00%
Actinobacteria; Geodermatophilales 0.30% 0.00%
Actinobacteria; Glycomycetales 0.20% 0.40%
Actinobacteria; Jiangellales 0.00% 0.00%
Actinobacteria; Kineosporiales 0.00% 0.00%
Actinobacteria; Micrococcales 12.30% 2.10%
Actinobacteria; Micromonosporales 0.10% 0.00%
Actinobacteria; Propionibacteriales 5.00% 0.20%
Actinobacteria; Pseudonocardiales 7.70% 39.20%
Actinobacteria; Streptomycetales 11.30% 28.60%
Actinobacteria; Streptosporangiales 2.30% 6.50%
Actinobacteria; Coriobacteriales 0.00% 0.00%
Actinobacteria; Solirubrobacterales 0.20% 0.00%
Bacteroidetes; unclassified 0.10% 0.00%
Bacteroidetes; Chitinophagales 0.30% 0.00%
Bacteroidetes; Cytophagales 0.70% 0.00%
Bacteroidetes; Flavobacteriales 4.20% 0.00%
Bacteroidetes; Saprospirales 0.10% 0.00%
Bacteroidetes; Sphingobacteriales 1.10% 0.00%
Chloroflexi; Sphaerobacterales 4.00% 1.10%
Cyanobacteria; Chroococcales 0.00% 0.00%
Fibrobacteres; Fibrobacterales 0.00% 0.00%
Firmicutes; unclassified 0.10% 0.00%
Firmicutes; Bacilli; unclassified 0.10% 0.00%
Firmicutes; Bacillales 6.10% 2.40%
Firmicutes; Lactobacillales 0.60% 0.00%
Firmicutes; Clostridiales 5.90% 0.30%
Firmicutes; Erysipelotrichales 1.00% 0.10%
Firmicutes; Acidaminococcales 0.00% 0.00%




Firmicutes; Tissierellia; unclassified 0.00% 0.00%
Firmicutes; Tissierellales 0.00% 0.00%
Gemmatimonadetes; 0.40% 0.00%
Gemmatimonadales
Gemmatimonadetes; Longimicrobiales 0.00% 0.00%
Nitrospinae; Nitrospinales 0.00% 0.00%
Planctomycetes; o o
Candidatus Brocadiales 0.00% 0.00%
Proteobacteria; unclassified 0.10% 0.00%
Proteobacteria; Alph.aproteobacter/a; 0.30% 0.00%
unclassified
Proteobacteria; Alphaproteobacteria; 0.50% 0.00%
Caulobacterales
Proteobacteria; Alpi?aproteobacteria; 2.90% 0.00%
Rhizobiales
Proteobacteria; Alphaproteobacteria; 0.50% 0.00%
Rhodobacterales
Proteobacteria; Alphqproteobacterla,' 0.00% 0.00%
Rhodospirillales
Proteobacter{a; Alphaproteobacteria; 1.60% 0.00%
Sphingomonadales
Proteobacteria; Betagroteobacter/a; 1.30% 0.00%
Burkholderiales
Proteobacteria; Deltaproteobacteria; 0.00% 0.00%
Desulfuromonadales
Proteobacteria; Deltaproteobacteria; 0.00% 0.00%
Myxococcales
Proteobacteria; o o
Gammaproteobacteria; unclassified 0.00% 0.00%
Proteobacteria;
Gammaproteobacteria; 0.00% 0.00%
Aeromonadales
Proteobacteria;
Gammaproteobacteria; 0.00% 0.00%
Cardiobacteriales
Proteobacteria;
. 409 .009
Gammaproteobacteria; Cellvibrionales 0.40% 0.00%
Proteobac?erla; ' 0.00% 0.00%
Gammaproteobacteria; Chromatiales
Proteobacteria;
Gammaproteobacteria; 1.60% 0.50%
Enterobacterales
Proteobacteria; o o
Gammaproteobacteria; Nevskiales 0.00% 0.00%
Proteobacteria;
Gammaproteobacteria; 0.00% 0.00%
Oceanospirillales
Proteobacteria;
Gammaproteobacteria; 0.60% 0.00%
Pseudomonadales
Proteobacteria;
Gammaproteobacteria; 1.00% 0.00%
Xanthomonadales
Proteobacteria; Bdellovibrionales 0.50% 0.00%
Rhodothermaeota; Rhodothermales 0.00% 0.00%
Spirochaetes; Spirochaetales 0.00% 0.00%
4 Eukaryotesie Taxonom . '
: ryolgs 4 TXDO1 TXDO5




Unclassified 0.30% 1.60%
Trichiida 0.00% 0.00%
Oligohymenophorea; Philasterida 0.00% 0.00%
Oligohymenophorea; Sessilida 0.00% 0.00%
Phyllopharyngea; Chlamydodontida 0.00% 0.00%
Spirotrichea; Sporadotrichida 0.00% 0.00%
Ascomycota; unclassified 1.10% 0.90%
Ascomycota; Capnodiales 0.00% 0.00%
Ascomycota; Pleosporales 0.00% 0.00%
Ascomycota; Eurotiales 1.30% 2.80%
Ascomycota; Onygenales 1.70% 5.20%
Ascomycota; Pertusariales 0.00% 0.00%
Ascomycota; Leclal"iomycetes; 0.10% 0.00%
unclassified
Ascomycota; Rhytismatales 0.00% 0.00%
Ascomycota; Thelebolales 0.00% 0.00%
Ascomycota; Pezizales 68.00% 20.40%
Ascomycota; Saccharomycetales 0.10% 0.10%
Ascomycota; Glomerellales 0.00% 0.00%
Ascomycota; Hypocreales 16.90% 59.50%
Ascomycota; Melanosporales 0.10% 0.10%
Ascomycota; Microascales 0.60% 3.10%
Ascomycota; Sordariales 5.30% 2.80%
Basidiomycota; unclassified 0.00% 0.00%
Basidiomycota; Sporidiobolales 0.00% 0.00%
Basidiomycota; Tre.rfﬂellomycetes; 0.00% 0.00%
unclassified
Basidiomycota; Trichosporonales 4.40% 3.30%
Basidiomycota; Wallemiales 0.00% 0.00%
Chytridiomycota; Rhizophlyctidales 0.00% 0.00%
Chytridiomycota; Spizellomycetales 0.00% 0.00%
Chytridiomycota; Neocallimastigales 0.00% 0.00%
Mucoromycota; Mortierellales 0.00% 0.00%
Mucoromycota; Mucorales 0.10% 0.20%
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S3. Comparison of two immersion freezing techniques

As-shown-in—Fig—S4—tThe West Texas Cryogenic—cryogenic Refrigerator-refrigerator Applied
applied to Freezing-freezing Fest-test system (WT-CRAFT) system and the lee-ice nNucleation

sSpeEctrometer of the Karlsruhe Institute of Technology (INSEKT) measured-the-immersionmede

freezing-efficiency of-a-bulk-test open-lotlivestockfacility (OLLF)-materia (TXD0OL)were compared

using an identical sample collected at an open-lot livestock facility (OLLF). This complementary

analysis was performed to indirectly validate WT-CRAFT against INSEKT measurements. The data
from both techmques were analyzed and compared in terms of ambient INP concentration, nine. Wﬁh

teehmqees—was—assessed—usmg—tWe used the f|eld aerosol partlcle samples collected usmg
polycarbonate filter samplers{PFESs) at OLLF-3 on July 24%in 2019 for this comparison test (Table

2). A 50% split of the filter was used for each assay to measure nine as a function of temperature,
nine(T), by the methods described in Sects. 2.1.3 (INSEKT) and 2.2.3 (WT-CRAFT). We
eheseUsing this sample for the comparison is reasonable since its INP-concentration-ninp; spectra
fall between the measured maximum and minimum nine(T) in 2017-2019 even when considering
95% binomial confidence intervals (CI95%)-beunds. Thus, it is representative for-of the field OLLF

nine(T) data presented in this study. Furthermore,-with-this-sample-we-also-conducted-the INSEKT

wet-boiling—treatment-analysis—Figure S5-S3 shows the nine(T) spectra of the same sample
measured by WT-CRAFT and INSEKT in the temperatureF range between -8 °C and -22.5 °C. As

can be seen, both techniques successfully generated nine(T) data virtually overlapping and-within
error bars.; enly-aAt temperatureT < -22°C, WT-CRAFT measures lower values. The two methods
correlate WeII with each other, with the Pearson correlation coefficient (r) of 0.90 (nine,NsexT =

(2 121—3 X NINPWT: CRAFT) - 11. 234:9) Ih&eempaesen—ef—nen—hea%ed—vs—we@—beﬂed—nmmsemea%a
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S4. Heat treatment analysis

INSEKT was also used to assess immersion freezing ability and efficiency of heated filter samples.
As explained in Sect. 2.1.3, a series of diluted samples were examined in INSEKT. We made sure
to assess overlapping T intervals in a series of measurements to see if immersion freezing spectra
from multiple measurements agree within CI95%.

As for heat treatment, the suspension sample tube was immersed in boiling water (=100
°C) for 20 minutes. This temperature was chosen to denature proteinaceous INPs. The choice of
100 °C for heat treatment seems valid because proteinaceous structures will be destroyed below
~ 100 °C (Steinke et al., 2016). For example, Szyrmer and Zawadzki (1997) found some known
cell-free IN-active microbes (e.qg., Fusarium nuclei) are stable only up to 60 °C. Other than this
study, IN activity by bacteria (Morris et al., 2004; Christner et al., 2008), fungi (Humphreys et al.,
2001), and lichens (Henderson-Beqgg, et al., 2009) has been shown to be heat-sensitive irreversibly
at 100 °C or below. Other soil organic components can be decomposed at temperatures between
100 °C and 300 °C (Tobo et al., 2014). Thus, subtracting heated nine or INP concentration per unit
geometric particle surface area (nsqe0) from non-heated values allows us to assessassessing their
contribution to immersion freezing. The rest of the heating procedure is adapted from Schiebel
(2017). Briefly, the aerosol particle suspension (3 mL) from a non-treated stock was first transferred
to a sterile falcon tube. The screw-cap was closed, such that no water was lost. Then the tube was
placed together with a precisely fitting styrofoam ring in a water-filled glass beaker. The styrofoam
ring ensured that the tube was floating, and all of the aerosol suspension was submerged below
the water surface for best heat transfer. The beaker was placed on a stirring hot plate to boil the
water.

The effect of heat treatment on our laboratory and field samples for immersion freezing,
summarized in Fig. S4, revealed inclusion of heat-labile INPs in our laboratory samples but not in
the field sample. While the effect of heat treatment is not as obvious as what was previously
observed in other soil dust samples: e.g., a wheat harvest soil dust in Suski et al. (2018), the TXD01
sample showed a reduction in ns,qeo at temperatures above -22 °C after heat treatment. At -19 °C,
the heat eliminated INPs for our detection limit in this study (i.e., Nsgeo = 5 X 10° m-2). Similarly,
TXDO05 also exhibited a sensitivity to heat above -20 °C. Heating reduced the freezing efficiency of
the TXDO05 sample below our detection limit at -19 °C. From our metagenomics analysis, presented
in Sect. 3.1.4, no known IN-active microbiomes are present in our laboratory samples, which limits
the heat-labile composition to be heat sensitive organics.
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In contrast, heat treatment on the field sample, collected in OLLF-3 on July 24t 2019, did
not show substantial sensitivity to heat compared to our laboratory samples. The INP
concentrations are reduced in the temperature range between -10 °C and -12.5 °C, presumably
due to the loss of heat-labile INPs. However, the overall heat-stable feature of this field sample
suggests the presence of immersion freezing mode active heat-stable components, including non-
heat-labile organics and mineral compounds. This heat-resistant feature of OLLF samples may
also be due to their pre-exposure to soil temperature on average higher than ambient temperature
even at a depth of 150 mm during summer (Cole et al., 2009).

Previously, Suski et al. (2018) found that heat-treatment (95 °C for 20 min) can suppress
the nine_of wheat harvest soil dust samples from Kansas, USA by more than two orders of
magnitude at -12 °C. The authors concluded that the decomposition of IN-active heat-labile
organics and bacteria is responsible for the observed nine_suppression. This result is consistent
with the impact of heat treatment on the IN efficiency of soil dust samples from different regions,
such as the one from a lodgepole pine forest in Wyoming, USA (Hill et al., 2016; 105 °C for 20 min)
and another from Central Yakutia (Conen et al., 2011; 100 °C for 10 min). Similarly, Tobo et al.
(2014) found that 300 °C combustion can reduce the IN fraction of Wyoming soil dust at -24 °C by
the same orders of magnitude observed by Suski et al. (2018). In contrast, Steinke et al (2016)
found no notable effect of heat treatment (~ 110 °C) on the Argentinian soil dust IN efficiency at ~
-24 °C. This heat-stable nature of Argentinian soil dust may have coincided with its lack of IN-active
proteins _and/or heat-sensitive _microbes, which aligns with the absence of known IN-active
microbes in our OLLF samples. In total, our findings and the observations by Steinke et al. (2016)
eliminate proteinaceous and biological ice-nucleating components as the primary source of IN
abundance in air. Thus, the investigation of heat-stable organic INPs is key to further understand
the properties of soil dust INPs. Future research should focus on understanding how organic
composition influences atmospheric immersion freezing. Our current knowledge regarding IN-
active organics is still limited.
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3.S5. Estimated INPs released from an OLLF

Tapered-element oscillating _microbalances (TEOMs; Thermo Scientific Inc., Model
1400ab; Patashnick and Rupprecht, 1991) were deployed at OLLF-1 to continuously monitor mass
concentrations of particulate matter less than 10 um diameter (PMio). Two identical TEOMs were
deployed at OLLF-1: one at the upwind edge and another at the downwind location of OLLF-1 (Fig.
2). With an operating flow rate of 16.7 LPM, our TEOM measured <1 g m-3 of PM with a 5-min time
resolution. Both TEOMSs ran continuously during the entire 2016 — 2019 study period except for
routine maintenance activities. The inlets of DustTrak and TEOMs were maintained at ~ 1.5 m
above the ground to be consistent with our polycarbonate filter samplers. It is noteworthy that our
TEOM and DustTrak PMlO measurements aqreed W|th|n + 40% on average.

s geo-vValues,-we-proceeded
withTo complement our observatlon we estlmated amb|ent INP concentration at OLLF-1ame
estimation based on our field mass concentration data, using the OLLF-1 TEOM PMyo data. We
elected-chose to use the OLLF-1 data due to their reasonable spatiotemporal coverage (i.e., two
identical model TEOMs deployed at the downwind and upwind sites for 20472016 — 2019). A
summary of TEOM mass concentration data in different seasons over 2047-2016 — 2019 isare

available in Table 8S2. In general, PMio mass concentrations from OLLF-1 (average + standard
errors) were high in meteorological summers (3.9 x 107 + 5.6 x 108 g L) and springs (4.5 x 10”7
+2.4x107gL?1) as compared to fall (2.4 x 107+ 4.4 x 1089 L1) and winter (1.5 x 107+ 5.3 x 10
8g L1). A similar trend was found for the upwind PM10o mass concentration: summer (3.4 x 10 +
9.0 x 10°g L) > spring (2.8 x 108 + 9.3 x 10°%g L) > fall (1.8 x 108 + 5.7 x 10°g L1) > winter
(1.4 x 108+ 7.1 x 10%°¢g LY. But, the measured values at the upwind location are consistently an

order magnitude lower than that from the downwind location.
Frequently, the observed PM1o concentration exceeded 107 g L, which is consistent with

previous studies (Bush et al., 2014;-Hiranuma-et-al-2011). On the other hand, the observed mass
concentration at the upwind sites was typically-substantiallylower except for known/recorded
interruptions (e.g., a tractor-trailer passing by), resulting in a transient increase in mass
concentration. As the upwind nine can be considered non-negligible (see Sect. 3.2.1), we
subtracted mass concentrations measured at a nominal upwind edge from the downwind TEOM
mass concentrationeencertation values to compute PMzio from OLLF-1. The screened TEOM data
were used as ambient particle concentration data to estimate nine from an OLLF.

To-estimate-ninp—we-used-the ns geo parameterization-given-in-Sl-Seect—S6--Due to the
atmospheric relevance and temperatureF coverage extending to -5 °C, we used a fit of
Field_Median in Table S3 to compute representative nsgeo relevant to OLLF. To convert nsgeo t0
nine, We have adapted Equations (1) — (3)_in_Sect. 2.1.3-in-Hiranuma—etal{(2015). Briefly, the
measured mass concentration, as well as field specific surface area (SSA), as-well-asfield-SSA
were used to convert from nsgeo t0 Ninp:

_ - . m? g
nnp(TY(LTY) = N geo (T)(M 2) x Geometric SSA ? X Mass Conc. (z) [S1]

where the geometric SSA value for field data_is; ~ 0.4 m2 g-!

—s-derivedfrom-particle size distribution
measurementspresented-in-Fig—3-ef Hirahuma-etal{(2011) (Sect. 2.2.3). Our assumption of nine

to be linearly scaled to mass concentration is supported by the observed correlation between PM
mass and nine (Fig. 7a).

Table 8-S2 also summarizes the TEOM mass-concentrations-and-estimated annual and
seasonal Ninp m—dtﬁetent—seasens—eve#from 294?7—2016 to— 2019 ¥H=g%epa4=l;k4;g=m%

A - On average the estlmated mean ninp values at -15, 20 and -25 °C in 2016 -
2019 were estimated as 46.8 (+25.3 seasonal standard deviation; same hereafter), 288.1 (+ 156.1),
and 5,250.9 (*+ 2,845.6) L1, respectively. In addition, the median nine at -15, -20, and -25 °C in 2016
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— 2019 were estimated as 14.7 (+ 9.2), 90.9 (£ 56.4), and 1,656.3 (+ 1,028.1) L1, respectively. As
our nine is linearly scaled to mass concentration (Eqn. S1), estimated nine showed a similar
seasonal variability as seen in mass concentration. For instance, at -20 °C, the cumulative nine
averages for each meteorological season over three years from 2016 to 2019 2016—2019-were
estimated as follows: spring (315.4 + 164.9 L'1) 2 summer (270.4 + 39.0 L?) > fall (165.1 + 30.8 L-
1) = winter (106.9 + 36.8 L1). The observed high nine values were expected for such a-high PMuo
mass concentrations emitted from the cattle feedlotfeedyard, which represent an important point
source of agricultural aerosol particle emission. However, we reemphasize that the IN efficiency of
OLLF aerosol particles is semehow-similar to other agricultural aerosol particles found in previous
studies as showndiscussed in Sect—3-2{Fig. 84).

Figure 9-S5 displays the TEOM mass concentration time series over 2047-2016 — 2019
as well as cumulative ninp estimated at temperatureTs of -15 °C, -20 °C, and -25 °C. The
background mass concentration measured at the upwind location (1.7 x 108 to 2.6 x 108 g L 1) is
shown with a red dashed line in Fig. 9a-S5a and subtracted from the downwind data. The resulting
OLLF mass concentration was on average is-4.12 x 107+ 2.96 x 10°g L* (or 411.57 £ 2.96 ng m-
3). Annual averages of OLLF mass concentrations are indicated with a blue dashed line in Fig.
9aSbha. On average, the downwind concentration exhibited higher mass concentration by more
than an order of magnitude. This result implies a constant high particle load from the OLLF, which
was also seen by a previous study at the same OLLF (Hiranuma et al., 2011). Seasonal variation
is also seen in Fig. 9aS5a, as the annual peak of mass concentration (> 10-° g L1) coincided with
summer in each case.

Figure 9b—-S5b shows associated nine estimations. As-seen-in—Fig—9b,—The average
estimated INPs at three different temperature¥s, -15 °C, -20 °C, and -25 °C, are shown as a gray
dashed line, black dashed line, and black solid line, respectively. Our results show that the aerosol
particles downwind of a feedlot contain several thousand INPs L1 (median = 1,656 L1; average =
5,251 L1) at standard temperatureT and pressure (STP) at -25 °C, which is three orders of
magnitude higher than typical ambient nive from continental sources as reported in DeMott et al.
(2010). -More discussion of OLLF nine in comparison with previous studies is provided in Sect.
3.2.36. We note that our estimation of nINP is limited at the source location. Further understanding
of OLLF-derived INPs in the atmosphere will require future research in the dust generation
mechanisms in association with local dynamics and thermodynamics, vertical distribution of OLLF

dust, and their fate in the atmosphere.
O a N 1
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Figure S5Figure-9. OLLF INP concentrations. Time-series plot of TEOM mass concentration
measured at the downwind side of OLLF-1 (a) and cumulative nine estimated at temperatures of -
15 °C, -20 °C, and -25 °C (b). In Panel a, inter-annual average mass concentrations of aerosol
particles from OLLF (blue dashed line) and upwind (red dashed line) are shown (numbers adapted
from Table 8S2). In Panel b, likewise, inter-annual average nine estimated at -15, -20, and -25 °C
(reported in Table 8S2) are also shown. Meteorological summer in Texas is used for the beginning
and ending time-stamps of each year.
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Table8Table S2. Inter-annual and seasonal PM1o mass concentrations from OLLF-1 as well as
estimated ninp.

PM1o Mass Concentration (g L) Estimated nine(T) (L)
*OLLF Upwind T :(;15 T=20°C T=-25°C

2016 — 2017 1.8E-07 2.6E-08 20.7 127.5 2323.4
Summer 3.7E-07 5.2E-08 42.3 260.5 4747.7

Fall 1.6E-07 2.8E-08 18.1 111.7 2036.3

Winter 6.3E-08 1.5E-08 7.2 442 806.2

Spring 1.6E-07 2.1E-08 17.7 108.9 1985.5

2017 — 2018 4.8E-07 2.6E-08 54.6 336.4 6133.0
Summer 3.0E-07 2.3E-08 33.8 208.5 3801.1

Fall 3.1E-07 1.9E-08 354 218.2 3978.3

Winter 2.5E-07 1.3E-08 27.9 171.7 3129.6
Spring 9.2E-07 4.6E-08 104.1 641.3 11690.9

2018 — 2019 3.7E-07 1.7E-08 42.3 260.7 4752.5
Summer 4.9E-07 2.6E-08 55.6 342.3 6240.6

Fall 2.4E-07 7.9E-09 26.8 165.3 3013.0

Winter 1.5E-07 1.3E-08 17.0 104.8 1910.2

Spring 2.8E-07 1.6E-08 31.8 195.8 3570.0

*Upwind concentration is subtracted.
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Table S3. OLLF-INP parameterization: List of exponential fit parameters to the nsgeo for temperature¥-binned ensemble datasets of lab study as
well as field study. The datasets are fitted in the log space. The correlation-coefficientr value; correlation-coefficient,+-for each fit is also shown. All
Nsgeo Values are in m=2. temperatureT is in °C. Note the fifth-order polynomial fit function is sensitive for all decimals shown here. To reproduce the

fitted curves, we needed to include all decimals.

Fitted dataset:
Sample ID (INSEKT sample

Fitted T range

Fit Parameters
Nsgeo(T) = €Xp@+b-T+cT?+d-T3+e-T* +T9

Alo
type) a(m? b (m2°C? ¢ (m?°C? d(m?2°C? e(m?2°C* f(m?2°C?) r 9
(Nsgeo)/ AT
i . . -649.60926 -166.17848 -16.3314245 -0.78540314  -0.018456365  -0.000170230
TXDO1 (filter) 29°C<T<-135C 61424044 015453706 41701384 3752226 06788169 48008878034 0.99 0.41
TXDO1H (filter; dry-heated) -285C<T<-12C 17:8855111 8325915 056508783 0-04817379 0001623522 -1-973016312 0.97 0.35
) . . -313.30582 -75.912698 -6.90433259 -0.30470826  -0.006460682  -5.275536449
TXDO5 (filter) -285°C<T<-14C 52180446 717769 32941135 275283364 825208372 8764944e-05 0.62 0.42
FXBO5H-(flter-dry-heated) 27FC<F<-14C 238097746 672273883 34161058 71815891 373972207 0575218297 ; 041
TXDO5SH (filter, wet-boiled)} 27°C<T<-195C 0.97
Field_ 25°C<T<-5C Ao 0aIN%  1e3170s83s  OPM098% 01625704680  0.0055230335 /2393900 0.94 0.52
Median 439328 7120043 23123538
— 5003339 frai 94984 20726083 404568-05
95064234 34987 7949928 790211352 8225184e-05
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S6. List of abbreviations

AIDA: aerosol interaction and dynamics in the atmosphere

APS: aerosol particle sizer

BET: Brunauer-Emmett-Teller

Cl195%: 95% confidence intervals

Cine(T): nucleus concentration in ultrapure water suspension

CPC: condensation particle counter

DF: dilution factor

DFPC: dynamic filter processing chamber

Dve: volume equivalent diameter

funfrozen(T): ratio of the number of droplets unfrozen to the total number of droplets

ICR: ice crystal residual

IN: ice nucleation

INP: ice-nucleating particle

INSEKT: IN spectrometer of the Karlsruhe Institute of Technology

LAAPTOEF: laser ablation aerosol particle time-of-flight mass spectrometer

MED: minimum entropy decomposition

Mve: mass of a spherical particle of volume equivalent diameter

nine(T): INP concentration per unit standard air volume as a function of temperature

nm(T): INP concentration per unit particle mass as a function of temperature

Ns,geo(T): INP _concentration per unit geometric particle surface area as a function of

temperature
014: O’Sullivan et al. (2014)

OLLF: open-lot livestock facility

OTU: operational taxonomic unit

PFES: polycarbonate filter sampler

PM: particulate matter

PMyx = particulate matter smaller than x um in diameter

r: correlation coefficient

RH: relative humidity

S16: Steinke et al. (2016)

S20: Steinke et al. (2020)

Sl: Supplemental Information

SMPS: scanning mobility particle sizer

SSA: specific surface area

Stotal/ Miotal: geometric specific surface area

STP: standard temperature and pressure

Sul8: Suski et al. (2018)

T14: Tobo et al. (2014)

TEOM: tapered-element oscillating microbalance

U17: Ullrich et al. (2017)

Vair: sSampled air volume

Vg4: volume of the sample in a well

Vi: suspension liquid volume

WT-CRAFT: West Texas cryogenic refrigerator applied to freezing test system
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