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Abstract

Ice nucleation affects the glaciation and evolution of clouds and their properties including
radiative forcing and precipitation, yet the sources and properties of atmospheric ice nucleants are
poorly constrained. Heterogeneous ice nucleation caused by ice nucleating particles (INPs) enables
cloud glaciation at temperatures above the homogeneous freezing regime that starts near —35 °C.
Biomass burning is a significant global source of atmospheric particles and a highly variable and
poorly understood source of INPs. The nature of these INPs and how they relate to the fuel
composition and its combustion are critical gaps in our understanding of the effects of biomass
burning on the environment and climate. Here we show that the combustion process transforms
inorganic elements naturally present in the biomass (not soil or dust) to form potentially ice-active
minerals in both the bottom ash and emitted aerosol particles. These particles possess ice-
nucleation activities high enough to be relevant to mixed-phase clouds and are active over a wide
temperature range, nucleating ice up to —13 °C. Certain inorganic elements can thus serve as
indicators to predict the production of ice nucleants from the fuel. Combustion-derived minerals
are an important but understudied source of INPs in natural biomass-burning aerosol emissions in
addition to lofted primary soil and dust particles. These discoveries should advance the realistic
incorporation of biomass-burning INPs into atmospheric cloud and climate models. These mineral
components produced in biomass-burning aerosol should be studied in relation to other
atmospheric chemistry processes, such as facilitating multiphase chemical reactions and nutrient
availability.

Keywords: Aerosol-cloud-climate interactions, atmospheric chemistry, heterogeneous ice
nucleation, climate change, wildfires

Statement of Significance

Ice nucleating particles significantly alter cloud properties and lifetime, causing large but poorly
constrained climate impacts. Biomass-burning aerosol emitted by fires is a major and growing
source of atmospheric pollution. Prior work suggested that ice nucleating particles can sometimes
be emitted by biomass combustion, but the production and characteristics of these particles are
poorly understood. Here we show that mineral phases are a significant ice-active component of
both biomass-burning aerosol and ash particles. These mineral phases are derived from plant
inorganic material that decomposes and reforms as ice-active minerals during combustion; they
form more commonly from tall grass versus wood fuels. Aerosolized mineral and ash are now
understood as a major source of the ice nucleating particles in biomass-burning smoke.

Introduction

Ice nucleation (IN) and cloud glaciation have extensive effects on cloud microphysics and
the evolution, structure, lifetime, precipitation, and radiative properties of clouds (1-3). Ice
nucleating particles (INPs) compose a tiny fraction of atmospheric particle numbers. Typically 1
to 10 per 1 million ambient particles are found to be ice active at —30 °C under immersion freezing
conditions — where the INP is immersed in a supercooled cloud droplet (4). Despite their scarcity,
INPs exert significant effects on cloud evolution, largely driven by the scavenging of water from
unfrozen droplets by ice crystals in mixed-phase clouds. Glaciation of supercooled liquid clouds
dramatically reduces their visible optical depth and thus albedo (2, 3) while often initiating
precipitation (1-3). Furthermore, climate models with different representations of glaciation have
systematically different frozen fractions as well as climate sensitivities (5). Not only is the accurate
representation of INPs essential to represent the current climate state, but a proper understanding
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of potential changes to INPs due to human activity is essential to advance climate change
modeling. However, accurate determination of INP sources, budgets, distributions, and the
individual particle characteristics that affect ice nucleation are a significant challenge due to the
overall scarcity of INPs. The nanoscale nature of heterogeneous ice nucleation and the associated
ice-active surface sites that control this phase transition make this process challenging to directly
observe (6).

Minerals are the most common type of atmospheric INPs and are typically ice-active below
—15 °C, with wide variation in ice nucleation activity (INA) observed for different mineral phases
(7). These ice-active minerals are found in atmospheric desert dust, soil, and volcanic ash particles
and have important effects on regional and global scales (7-10). Biomass burning represents an
important component of the global aerosol burden (11-15) and can be a major episodic and
regional source of particulate matter (11, 13, 14, 16, 17). Biomass-burning aerosol (BBA) has been
observed to undergo long-range transport (13, 15, 18) and to affect cloud properties by acting as
cloud condensation nuclei (18-20) and INPs (18, 21, 22) over large regional extents. Changes in
land use and climate at global and regional scales are predicted to increase the frequency, intensity,
and scale of wildfires and prescribed burns over the coming years (23-27), making biomass-
burning aerosol an even more important perturbation to the Earth’s atmosphere and climate
systems in the near future. Regions not historically prone to major wildfires, such as the
southeastern United States, have recently experienced extensive drought-driven biomass burning
events (28). The Australian bushfires of 2019-2020 represent the largest wildfire event in modern
history (29), where tall grasses, shrubs, and other brush species as well as leaf litter constituted
some of the major biomass fuels consumed. Our lack of understanding regarding the sources,
properties, and even the chemical identity of INPs present in biomass smoke plumes has precluded
their proper representation in chemical transport and cloud microphysical models (18).

Biomass burning is a complex process, producing aerosol (BBA) and ash particles
composed of variable amounts of organic carbon, elemental carbon (soot), and inorganic phases
(most commonly potassium salts). Elevated levels of INPs that freeze as warm as —16 °C are
inconsistently observed in plumes from wildfires and prescribed burns, but the INP sources and
particle types remain undetermined with no clear correlation to fuel type or combustion conditions
(21, 22, 30, 31). Petters et al. found that INP concentrations at —30 °C in BBA correlated with
aerosol potassium fraction, aerosol inorganic fraction, and modified combustion efficiency, and
negatively with organic carbon fraction (21). While soluble inorganic salts are not expected to be
ice active, each observed positive correlating factor is an indicator of higher-temperature flaming-
phase combustion emissions. However, these correlating factors have not proven definitive in
predicting INP production (18, 21, 31). The results of Petters et al. suggest that soot and other
inorganic or mineral components may be the major contributor to INPs from biomass-burning
emissions, or that hotter flaming combustion — which increases the inorganic fraction relative to
the organic fraction in the aerosol phase (32, 33) — enhances the production of INPs. In prior
studies, tall grass fuels such as wiregrass and sawgrass often produced particles with the highest
observed ice-nucleation activity (INA) (21, 22). The cause of the greater INA of BBA from tall
grasses versus wood was not determined, though the tendency of the tall grasses to combust more
intensely under flaming conditions is one possible explanation (30, 31). Soot as a potential INP
has also been suggested by measurements of ice-active particles sampled from biomass-burning
plumes, with soot found in up to 50% of the ice crystal residuals (22, 31). However, fossil fuel
combustion soot is generally a weak INP, typically lacking any measurable immersion freezing
activity above approximately —25 °C (18, 34-36), and is unlikely to be relevant for mixed-phase
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clouds. These studies on the INA of black carbon aerosol point to another, not clearly identified,
component in BBA besides black-carbon soot acting as the major ice nucleant, particularly above
—25°C (18).

The lofting of ash, soil, or mineral dust particles during or following combustion (37-39)
could account for INPs in BBA active above —25 °C, and explain differences between fuels and
correlations between aerosol composition and freezing efficiency. Biomass ash — the refractory
material produced through combustion — is mobilized by wind and precipitation following
combustion events (39). Recent observations have shown that precipitation can loft soil and
organic matter into the atmosphere (40, 41); such events could loft biomass ash through a similar
mechanism. Biomass ash and soil particles emitted by biomass burning up to 1 mm in diameter
have been observed at concentrations of >10 particles per m* of air (42, 43), while inorganics and
metallic elements attributed to soil markers have been measured in wildfire smoke-influenced
aerosol (44, 45). However, combustion of biomass is well known to produce a variety of new
inorganic components and crystalline mineral phases (46, 47) which may cause ash particles to
appear similar to mineral dust or soil particles if elemental markers are used for identification.
These phases are produced directly by combustion from elements naturally present in biomass
such as Si, Al, Ca, Mg, S, and K (48-51). Ash and aerosol composition depend on the elemental
composition and nature of the source biomass material (46, 47, 52) as well as combustion
characteristics, with higher temperature combustion producing more crystalline material (53-55).
While these issues have been extensively evaluated in the biomass combustion literature, the
potential role of biomass burning as a source of new ice-active mineral phases emitted to the
atmosphere has not been fully explored or directly examined in the emitted aerosol particles.
Combustion ash can be a source of INPs, as first observed through the combustion disintegration
of a sugar cane leaf skeleton that released INPs and inorganic refractory particles (56). Recent
studies have examined the INA of wood ash and observed moderate INA, with activity slightly
weaker than common INP such as desert dusts (57, 58). These studies have also suggested
inorganic mineral materials, rather than carbonaceous materials, as the source of ash INA.
However, the ash generated in these studies may not be representative of what would form during
natural combustion events, as ash samples were generated in domestic heating ovens that combust
fuel in a controlled and efficient manner.

Here we investigate the ice nucleants produced in biomass-burning bottom ash and aerosol
generated from the open-pan flaming combustion of grass and wood fuels relevant to the western
and southeastern United States (59, 60). Globally, both grassland and forest fires contribute
significantly to biomass-burning emissions (12, 61). Both grassland and forest biomes were major
components of the area burned during the 2019-2020 Australian bushfires that represent the largest
wildfire event in modern history. Investigation of BBA and ash in a laboratory setting allows for
isolation of BBA from ambient background or lofted aerosol (22, 44) and chemical aging effects
(13) that complicate ambient measurements of INPs in BBA. We observe immersion freezing to
occur at temperatures as warm as —13 °C. We find that the INA of ash and aerosol can be related
to the composition of the ash and aerosol and the new mineral phases produced, as well as that of
the original biomass fuel.

While previous studies have characterized BBA composition and identified INA, an
understanding of what drives the variability in INA between different fuels and what fuel or
combustion properties drive the production of INPs have been major knowledge gaps (18). Here
we have identified an important previously unrecognized relationship between the inorganic
components in the fuel, the crystalline phases produced during the transformation of biomass fuel
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to ash and aerosol, and the corresponding production of INPs in BBA. This new understanding of
the sources and properties of INPs produced by biomass burning will significantly improve our
understanding and model representations of INP budgets and transport, and mixed-phase cloud
microphysics, both in smoke-impacted regions and on a global scale (5, 18).

Results

Ice-nucleation activity of biomass-burning aerosol and ash

The INA of aerosols and ashes produced through biomass combustion was determined in
the immersion mode using a droplet-on-substrate cold plate assay (62, 63). BBA was collected
from a large Teflon chamber filled with diluted smoke from open pan combustion of 100-500 g of
authentic wood or tall grass fuels collected in the conterminous United States; flaming combustion
conditions were maintained during chamber filling (see Samples & Methodology). The ash
produced was collected from the same pan. BBA and ash produced from tall grasses are more ice
active than wood BBA and ash (Fig. 1), with freezing observed as warm as —13 °C in some ashes.
Three of the four grass BBA samples freeze well above the background freezing spectrum of the
filtered water control, with 50% of droplets frozen between —22 and —24 °C, while all of the woody
BBA samples are not distinguishable from the background (Fig. 1 and SI Appendix, Fig. S1). The
remaining grass BBA sample, switchgrass, possess weaker INA than the other grasses but still
exhibits freezing above background at temperatures warmer than —20 °C (SI Appendix, Fig. S1).

We observe immersion freezing of BBA at temperatures up to —15 °C, which is comparable
to ambient measurements of biomass smoke-impacted aerosol (22) and warmer than previous
laboratory measurements that were limited to temperatures colder than —28 °C (31). The woody
birch and fatwood fuels produce more soot than the grasses (SI Appendix, Fig. S5), suggesting
that the soot components of BBA are not significant INPs in the fuels examined in this study. The
tall grass BBA and ash also freeze at temperatures well above where combustion soot typically
nucleates ice (34-36). For both the sawgrass and cutgrass fuels, the ice-active site density (n;) — a
commonly-used measure of INA — of the ash is greater than but comparable to that of the aerosol
(Fig. 1). Birch ash possesses lower ng values than the other ashes indicating a lower concentration
of ice nucleants. Droplet freezing and n, spectra for other fuels studied are included in SI Appendix,
Figs. S1 & S2.

Several groups have recently examined the INA and composition of domestic wood and
coal ashes and found each to be moderately ice active (57, 58, 64, 65), while our results are the
first to target both fuels and conditions relevant to natural biomass combustion. These results, some
of which are included in Fig. 1, are similar to ours with ash-induced freezing spanning —12 °C to
—37 °C and n;, values from 10! to 10> cm™. The freezing temperatures and 7, values observed for
the BBA and ash produced from the tall grasses studied here possess similar or higher INA (#;)
than domestic wood ash. Coal fly ash has a much steeper rise in ng but starts at a slightly lower
temperature than the biomass ashes reported here.

The ash samples freeze over a similar temperature range, from —16 °C to —30 °C, though
several grass ashes (cutgrass and NC grass) start freezing at temperatures as warm as —13 °C.
However, ashes also possess n; values that vary from 107! to 10* over these temperatures, with
most ashes (cutgrass, NC grass, wiregrass, switchgrass, and ponderosa pine) possessing similar #;
values in the range of 10%° to 10%°. Considering that n, can vary over a range of 10'° (7) and that
typical measurement uncertainties or method differences cause variability in n, of 10!-102 (66, 67),
these can be regarded as possessing similar INA. These freezing results together suggest a similar
origin for the INA in the ash samples, but that the amount of ice-active material varies between
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the ash samples. The above-mentioned prior studies on coal fly ash INA found a link between INA
and mineral components, in particular calcium-bearing phases, with some possible contribution
from silicon-bearing phases (64, 65), and are discussed further in the SI Appendix, Section 3. Our
results are also the first to study the INA of ash from tall grasses and wood generated during open-
pan flaming combustion that is more representative of how fuels combust in a variable and
uncontrolled manner during natural wildfires and prescribed burns, as opposed to more controlled
combustion in a stove or high-efficiency furnace. Immersion-freezing activity at temperatures
similar to our BBA and ash in Fig. 1 has been observed for calcium minerals (68, 69) as well as
quartz (69-71) and amorphous silica (70, 72). Nominally mineralogically similar quartz minerals
were recently reported to possess widely varying INA that depend on the particle surface properties
and environmental factors (71), indicating that the INA of silica mineral phases can be higher and
more variable than previously understood.

Ash composition and relationship to ice nucleation activity

The INA of biomass-burning ash likely results from ice-active calcium and silicon-based
mineral phases. These types of phases are observed in the X-ray diffraction (XRD) spectra of each
ash sample (Fig. 2), and are similar to some of the phases observed in prior work (57). Stronger
ash INA is also associated with higher amounts of crystalline material in the ash, with ashes
composed of more amorphous material possessing weaker INA. Similar associations between INA
and increasing crystallinity have also been observed with alumina minerals (73). The weaker INA
of the birch ash could also be due to greater amounts of organic carbon material, which has
generally been shown to be an ineffective ice nucleant in the immersion mode over this
temperature range (10, 21). These associations are also consistent with the composition of the ash
and unburnt fuels, as birch wood and ash contain 10-1000 times less calcium and silicon compared
to those from tall grass fuels (Table 1). This would suggest that combustion of birch has a smaller
potential to produce ice-active mineral phases, and a correspondingly lower INA results (Fig. 1).

Despite similar fuel characteristics and combustion procedures, combustion of cutgrass,
sawgrass, switchgrass, and the NC grass produces ash with varying amounts of crystalline phases
and amorphous material. The reason for this difference is unclear but illustrates the variability
inherent to biomass-burning emissions. Some grass ashes contain quartz (SiO2) and all likely
contain amorphous silica phases, as the grass ashes analyzed contain large amounts of silicon. The
INA of both quartz and amorphous silica has previously been linked to grinding of the sample that
may create ice-active surface sites (70, 72), and we ground our ash samples prior to INP analysis.
The aerosol samples were not ground, however, and were simply extracted off the filter into water
yet still exhibit INA similar to though somewhat lower than the ashes (Fig. 1). Both our aerosol
and ash samples exhibit INA similar to the range reported for quartz minerals (71).

The mineral phases present in the combustion particles likely possess surfaces that are
topographically and chemically diverse and also distinct from those of pure mineral standards (70—
72) or synthesized commercial products (70, 72) that have been used in prior analyses due to the
energetic non-equilibrium and variable formation conditions within a complex matrix that are
characteristic of natural biomass combustion. Thus, these combustion-derived minerals may
possess the surface chemical characteristics (70) and higher-energy topographical features and
defects (6) that are associated with mineral ice nucleants without further treatment or grinding.
Many crystalline phases can be produced in bottom ash (46), and XRD is a bulk analysis technique
that will not detect phases present in small amounts. Scarcer mineral phases that possess greater
ice activity would not be identified in our XRD analysis but could still play important roles in
driving the INA of the ashes.
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Prevalence and characteristics of aerosol mineral phases

We investigated the prevalence of ice nucleation-relevant mineral phases in BBA by
analyzing the individual particle composition of cutgrass, sawgrass, and ponderosa pine BBA
samples using computer-controlled scanning electron microscopy (CCSEM; SI Appendix, Table
S1). Some amount of calcium, silicon, and particles containing mineral inclusions (>1.0 atomic %
of magnesium, aluminum, silicon, calcium, manganese, iron, and zinc) are present in the BBA
from all three fuels, though larger amounts are present in grass BBA. CCSEM results show that
3.4% of ponderosa pine particles contain mineral inclusions while 17.4% and 11.9% of cutgrass
and sawgrass particles, respectively, contain mineral inclusions. The presence of these refractory
inorganic elements is consistent with previous measurements of BBA composition (74—76). Even
small amounts of silicon may be significant, as silicon was a minor component of many ice crystal
residuals identified in ambient BBA plumes (22). The exact phase of these elements is unclear,
however crystalline and polycrystalline or amorphous phases were observed in transmission
electron microscopy analysis of BBA (Figs. 3 and 4). Further discussion of the detection and
analysis of mineral phases using TEM is provided in the SI Appendix, Sections 1 and 4. The INA
of such phases is unknown but their presence demonstrates the potential for combustion-produced
crystalline or amorphous mineral phases to be present in BBA as well as bottom ash.

The nature of the mineral phases present in the aerosol and ash are likely different, as the
ash particles that become lofted are likely on the smaller end of the potential size range for ash
particles and these particles may differ from the bulk ash composition. Potassium-bearing
crystalline phases are also present in these aerosols, similar to prior measurements (75), but the
relatively high water solubility of these salts renders them less directly relevant to INA. While
potassium has been used as a marker for BBA in ambient samples (75), it may not be a reliable
indicator of INPs in BBA considering that almost all biomass fuels produce significant potassium
in BBA, while only some fuels produce INPs (21, 22, 30, 31). The reliability of potassium as a
marker for BBA in ambient samples arises because potassium is present in almost all plant material
(50, 51, 77) that is easily volatilized during combustion and then condenses onto particles (51).
The correlations observed in lab measurements between aerosol potassium content and number of
INPs likely occur for two reasons. First, hotter and more intense combustion will volatilize more
potassium while also leading to more mineral transformations and potentially increased lofting of
fly ash aerosol. Second, in our work fuels with more potassium also tended to be enriched in other
inorganic elements like calcium and silicon (Table 1). This association between high fuel
potassium content and high inorganic mineral content is consistent with literature measurements
(49) and indicates that these inorganic-rich fuels have a greater potential to form ice-active mineral
phases.

Carbonaceous particles with small amounts of silicon have been observed in wildfire
plumes (75, 78) and in ice crystal residuals sampled from plumes (22), and could be generated
through different mechanisms. Unburnt or partially combusted biomass materials containing
inorganic elements can be lofted during combustion but have been observed in greater amounts
during smoldering-phase combustion (76), suggesting these are not a significant source of INPs
(21, 30, 31). Inorganic elements transformed through combustion into mineralized material can be
lofted during combustion, akin to the lofting of soil particles or fly ashes (79-82). Elements
volatilized during combustion will condense to form particulate inorganic phases. This is widely
observed for volatile elements such as potassium (75, 76, 82, 83) and to lesser extents for less
volatile elements such as calcium and silicon (82—84) that are likely only to volatilize from aqueous
or organically-bound biogenic phases (46, 80, 82, 85-88), which has been observed over a wide
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temperature range (46). Si-bearing combustion INPs may originate from ash breakup and lofting
or from the deposition of volatilized biogenic silicon. In the latter case, these Si-containing regions
could potentially create ice-active sites on soot particles which are otherwise weakly IN-active.
The formation and lofting of inorganic phases by biomass burning are discussed further in the SI
Appendix, section 6.

To our knowledge these are the first results that posit the production or release of new
mineral phases through combustion as the main source of the INA of BBA and ash, and to connect
this INA with the composition of the original biomass fuel. This addresses the long-standing
knowledge gap regarding the underlying causes behind the large variability in the INA of BBA
produced from different biomass fuels, or even whether ice nucleating particles are or are not
emitted. The fact that our results point to pyrogenic mineral phases as ice nucleants in BBA and
ash may explain the variability and inconsistency of prior INP measurements in BBA. While many
types of fuels take up similar elements in similar amounts, this isn't universal among fuels we
regard as being similar. For example, the ICP-AES analysis of our cutgrass, NC grass, switchgrass,
and wiregrass fuels (Table 1) show different amounts of almost all of the elements analyzed,
despite these all being species of tall grass. The presence of inorganic elements such as calcium
and silicon that are able to form ice-active mineral phases (64, 65, 68, 71, 89) can serve as a broad
indicator of whether ice-active minerals may be produced in BBA and ash.

In our work fuels with higher calcium and silicon content tended to produce more ice
nucleants in either or both the aerosol and ash phases, as woody fuels with relatively small amounts
of calcium and silicon produced BBA and ash with fewer and weaker ice nucleants compared to
grassy fuels. The presence of these elements varies between different types of fuels and within
different parts of the plant, and can also vary with growth stage, soil content, and in response to
environmental conditions (48—50, 90). The observed association between more silicon and calcium
in the biomass fuel and higher ash or aerosol INA holds for most but not all biomass samples we
tested. This is unsurprising as biomass combustion in a complex process with many factors
potentially affecting the production of ice-active minerals, such as the chemical forms of silicon
and calcium within biomass, the combustion temperature, how the combustion products partition
between the aerosol and bottom ash, and where within the fire and at what point during the fire’s
history this partitioning occurs. Finding a single factor that accurately predicts INP production or
any other property of the complex BBA during all biomass combustion scenarios is likely not
feasible, as has been concluded in prior studies (13, 21, 22, 31, 91).

Here we propose a new framework wherein the higher-temperature (warmer than ~ —25
°C) INA of biomass-burning ash and aerosol is now understood to be largely driven by new
mineral phases produced by combustion, which is largely governed by the fuel composition and
its combustion conditions. This new model should allow the ice nucleation properties of BBA to
be understood in terms of the mineral components present, meaning the large existing body of
research on mineral-based ice nucleants is also relevant to biomass burning. This will facilitate the
more accurate inclusion of INPs from biomass burning in atmospheric models and provides a new
perspective on which to base predictions of the emissions of INPs and their underlying minerals
from wildfires and biomass combustion.

Potential contribution of lofted soil to measured INPs

INA of soil particles has previously been attributed to both organic/biomolecular and
mineral components (92, 93), and XRD analysis of the soil collected with the NC grass shows that
it contains ice-active alkali feldspar and quartz mineral phases (SI Appendix, Fig. S8). Unburnt
soil was found to contain ice-active components with 50% droplets frozen by —15 °C, but soil
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particles exhibit a substantial though incomplete reduction in their INA following combustion (Fig.
1 & SI Appendix, Fig. S5). Alkali feldspars are the most ice-active mineral phases known and
likely explain the freezing observed in the soil, given the overlap with the K-feldspar ny spectrum
(Fig. 1). Ice-active organic or biological components of soil would not be expected to survive
biomass combustion, and our results indicate that the INA of soil mineral components can be
decreased by combustion (Fig. 1). XRD analysis indicates that the bulk mineral composition
remains unchanged, but this analysis would be insensitive to mineralogical changes that occur at
or near particle surfaces that may affect ice nucleation. Due to the significant observed decrease
in ng values, we suspect that a combination of heat and chemical reactants generated during
combustion alters the surfaces of mineral phases in a manner that degrades ice-active sites. This is
further evidence that the INA of biomass-burning aerosol and ash has a significant contribution
from newly produced mineral phases and is not predominantly driven by pre-existing soil or dust
particles lofted during combustion. The biomass fuels used here were harvested from above the
topsoil level and did not contain notable amounts of soil or dust. While these pre-existing mineral
ice nucleants can survive the combustion process, their INA appears to be reduced appreciably,
particularly at the warmer freezing temperatures above —20 °C.

Atmospheric Implications

The mineral phases directly produced by biomass combustion represent an unrecognized
source of mineral-containing particles to the atmosphere, in addition to the primary soil and dust
particles suspended by wildfires. The INA of biomass ash and aerosol appear directly related to
the ability of the fuel to decompose during combustion to form or release ice-active mineral phases,
which is in turn based on the composition of the biomass fuel and the combustion intensity. These
newly produced mineral phases exhibit significant INA within the range of other known mineral
phases, potentially simplifying the description of these particles and their effects on clouds and
climate in atmospheric models. The potentially ice-active mineral phases observed in this work —
quartz, amorphous silica, and calcium carbonate — are consistent with past observations of
combustion-derived mineral phases (39, 46, 47, 57). This also provides further evidence that under
immersion freezing conditions warmer than roughly —25 °C, atmospheric ice nucleants are
predominantly derived from either mineral phases with an upper freezing temperature range of —
15 to —10 °C (8, 10), or from macromolecules and other biological components that can nucleate
ice as warm as a few degrees below 0 °C (10, 94).

Previous variability in laboratory (21, 31) and ambient (22, 30) measurements of INPs in
BBA likely relates both to the variability in the production of mineral phases through combustion
among similar fuels, the combustion phase and intensity that the emissions were sampled from,
and variability in lofted pre-existing soil or dust components. Soil matter that becomes lofted
during biomass combustion events is susceptible to a reduction in its INA due to the heat and
chemical transformation processes that produce and transform ash material. Tall grasses are a
major type of fuel for biomass-burning events globally (12, 95), and our results suggest that grass
fires consuming fuels with larger amounts of silicon and calcium are more significant than wood
fires for the generation of INPs relevant to inducing glaciation under mixed-phase cloud conditions
above ~ —35 °C. This suggests that the INA of biomass combustion particles should have
significant regional variation based largely on fuel type, consistent with the variation in other
properties of BBA (96), and can better inform how the budget and characteristics of INPs from
biomass burning are represented in models on a regional and global scale. A more robust
identification of the origin of in-plume inorganic and mineral particles together with ambient
measurements following biomass-burning events will advance our understanding and constraints
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on the prevalence of biomass-derived minerals and ash as atmospheric aerosols, and their resulting
effects on cloud microphysics, nutrient transport, and geochemistry (97, 98).

A potentially important consequence of this new perspective regarding the source of INPs
from biomass burning is that mineral particles measured in ice crystal residues could be mistakenly
attributed to long-range transported desert mineral dust instead of their actual source from
biomass-burning produced ash or aerosol, or entrained soil dust. This would misinform the
sources, abundance, atmospheric distribution, and transport of INPs and their representation and
effects on cloud microphysics, radiation, precipitation, and climate in atmospheric chemical
transport and climate models. While desert dust, soil particles, and volcanic ash have previously
been considered to be major sources of atmospheric mineral phases and their associated ice
nucleants, biomass burning should also be considered as a significant and episodic source of ice-
active minerals to the atmosphere.

To estimate the number of INP emitted by biomass burning and over what regional extent
in the atmosphere this may produce elevated INP concentrations above typical background levels,
we followed the initial model developed by Petters et al. (21). At 25 °C a range of 5x10'°-1x10!2
INP/L air per m? burned can be emitted based on the tall grass experiments (see the SI Appendix
for further details). Considering nvpe > 1 per L of air to be above typical background levels at —25
°C and a plume height rise of 5 km, the plume could spread from 1 m? burned over an horizontal
area up to 100 km x 100 km and still introduce INP number concentrations of > 1 per L air per m?
burned. Large wildfires may consume 1000s of km? in area per week, introducing massive amounts
of BBA into the atmosphere, though the ice activity of the aerosol would depend in part on the
type of fuel burned, among other factors (21). A more comprehensive understanding of the
contribution of INPs from biomass burning and their impacts on cloud microphysics requires
proper inclusion of this emerging source of INPs into chemical transport and cloud models.

Samples and Methodology

Preparation and collection of biomass-burning aerosol and bottom ash samples

Ash and aerosol samples were collected from biomass burns performed in the Carnegie
Mellon University (CMU) combustion facility within the Air Quality Laboratory (99). For each
burn approximately 500 g of fuel was weighed in a galvanized steel pan that also held the sample
during combustion. Fuels did not appear to contain any residual soil or other material but were not
cleaned prior to combustion. Residual duff was separated from the target fuel for each burn.
Between burns the pan was emptied and thoroughly rinsed with MilliQ water. Roughly a third of
the fuel mass was lit on fire with a butane igniter and allowed to burn until the flames began to die
down. Then, the rest of the weighed fuel was gradually added to maintain visible flaming-phase
combustion until it was all consumed, lasting 5-10 minutes. Three to five fuel additions were
performed for each sample, depending on the density of the fuel. The grasses and pine needles and
branches were less dense than birch or fatwood and burned, so more additions were performed.
The grasses tended to burn more quickly than the woody fuels, overall. Among the grasses,
wiregrass burned more slowly than sawgrass, cutgrass, and switchgrass, while among the woody
fuels ponderosa pine needles and branches burned more quickly than birch or fatwood. Flaming-
phase combustion is described by a high modified combustion efficiency approaching unity,
indicating near complete combustion of the fuel to CO; and H>O that results in a greater fraction
of the fuel being converted to thermal energy. Finally, the fire was allowed to extinguish itself and
cool. The temperature of the fire was not monitored during the experiment. This method was used
to simulate to the best of our ability flaming-phase combustion conditions and its transition through
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smoldering-phase to extinction that occurs during natural biomass burning events (that is, wildfires
and prescribed burns).

Ash samples were transferred with tongs from the pan to new zippered plastic bags and
sealed until analysis. During combustion, the smoke emissions were injected and diluted using
Dekati eductor diluters (Dekati DI-1000) into a 12 m® Teflon smog chamber partially filled with
clean particle-filtered air (99). Online chamber aerosol composition measurements were acquired
using a soot-particle aerosol mass spectrometer (Aerodyne, Inc.). The aerosol size distribution for
particle mobility diameters 14-736 nm was characterized with a differential mobility analyzer
(TSI, model 3080) and condensation particle counter (TSI, model 3772) acting as a scanning
mobility particle sizer (SMPS). Representative size distributions are shown in the SI Appendix,
Fig. S10 and were taken one hour after the start of each burn, corresponding to the halfway point
of particle sampling for INA analysis. The chamber smoke aerosol was subsequently collected on
50 nm pore size nuclepore filters (GE Healthcare #111103) in an inline filter holder with no prior
size segregation for analysis of the BBA. Filter sampling began 1-2 minutes after smoke injection
into the chamber finished and then lasted for 1-2 hours. Burn characteristics, including as initial
fuel mass, chamber aerosol loadings, and sampling time are listed in SI Appendix, Table S2.

Particles larger than 700 nm will not be measured by the SMPS but will be collected for
INA analysis, biasing measured surface area low and calculated n; values high. However, based
on the measured size distributions for each aerosol population and the low measured number of
particles (<1%) with electrical mobility diameter 500-700 nm (SI Appendix, Fig. S10), we
conclude that the contribution of particles with electrical mobility diameter >700 nm to the total
particle population will be small and will not significantly impact our results. The discrepancy
between measured and sampled surface areas would need to be more than an order of magnitude
to significantly impact our log-space #; results such as shown in Figs. 1 and SI Appendix, Fig. S2.

Fuels included giant cutgrass (zizaniopsis miliacea, collected at the UF/IFAS Center for
Aquatic and Invasive Plants, Florida, USA); sawgrass (claudium mariscoides, collected at the
UF/IFAS Center for Aquatic and Invasive Plants, Florida, USA); untreated birch wood (purchased
from a local hardware store, Pittsburgh, PA, USA); pine fatwood (purchased from a local hardware
store, Pittsburgh, PA, USA); ponderosa pine needles and branches (pinus ponderosa, Klamath
Basin National Wildlife Refuge Complex Tulelake, CA, abbreviated as pon. pine); switchgrass
(panicum virgatum, cultivated by Phipps Conservatory, Pittsburgh, PA, USA); wiregrass (aristida
beyrichiana, Okefenokee National Wildlife Refuge, Georgia, USA); and an unidentified wetland
grass (Alligator River National Wildlife Refuge, North Carolina, USA, referred to as NC grass).
Grass fuel samples were collected when green and stored at ambient conditions in the laboratory
for 6-12 months prior to burning, causing fuels to dry out to an extent; birch and fatwood were
purchased as a dry wood. Naturally occurring biomass also dries depending on the season and
weather, and typically only burns when the fuel itself is relatively dry. The soil sample was
collected in the same location in North Carolina as the unidentified wetland grass. For one
experiment (birch + soil), the fuel was weighed and burned the same way, but 220 g of fuel was
used and 6.5 g of soil was sprinkled over the fuel in the pan immediately before burning.

Ash samples were lightly ground with a mortar and pestle and then sieved to less than 63
um (U.S.A. Standard Testing Sieve, Fischer Scientific) by putting the sieve in an ultrasonic bath.
Ash particles larger than approximately 0.5 cm were avoided during grinding. Grinding and
sonicating may break up particles and particle aggregates, but this type of breakup can also occur
due to natural processes driven by wind, saltation, or precipitation and weathering. Particles larger
and smaller than 63 pum were stored in separate 50 mL plastic Falcon tubes. Only the sub-63 um

11



10

15

20

25

30

35

40

45

samples were analyzed for this study due to the very short atmospheric lifetimes of even larger
particles. For immersion freezing measurements 0.001 mg of ash sample was suspended in 10 mL
of filtered HPLC-grade water to create a 0.01 wt% suspension.

Droplet freezing assays to determine ice nucleation activity

Ice nucleation activity (INA) and the cumulative INP concentration versus temperature
spectra were determined using the Carnegie Mellon University cold stage (CMU-CS) “droplet-on-
substrate” immersion freezing technique described by Polen et al. (63, 100). Briefly, sample
suspensions are prepared from HPLC-grade water (Sigma Aldrich HPLC Plus #34877) that was
filtered (Anotop 25 Plus 0.02 um pore size, Whatman #6809-4102). We have found filtering
HPLC-grade bottled water with a 0.02 um Anotop filter provides the lowest and most consistent
background freezing spectra (63). Droplets containing particles are pipetted onto a silanized
hydrophobic cover slip (Hampton Research, HR3-231) immersed in squalene oil (TCI chemicals,
#HO0097) in an aluminum sample dish. The dish sits atop a thermoelectric cooling element that
provides fine temperature control. A three-stage thermoelectric air chiller is used as a heat sink.
Droplet temperature measurements have an uncertainty of +0.5 °C. Approximately 40-50 droplets
with a volume of 0.1 pL (or 25-35 droplets with a volume of 0.5 pL) are deposited into the oil
using a micropipette. Droplet images are acquired every 5-6 seconds using a CMOS camera as the
array is cooled at 1 °C/min, and freezing is detected based on the change in the grayscale value
using a custom Matlab program that also determines the droplet diameter (101). Two to four arrays
were acquired for each sample, depending on the number of droplets in each array. The
conventional cold plate assay experiences background freezing of filtered water droplets starting
around —25 °C; this determines the range of observable freezing temperatures. The freezing
temperature spectrum of filtered water droplets was routinely measured. Collected aerosol samples
were suspended by vortexing the nuclepore filter in a plastic falcon tube with 3 mL of filtered
water. Freezing assays were then performed as above with this suspension.

Droplet freezing spectra were acquired for each array and then converted to ice-active
surface site density (102, 103), more commonly referred to as ny. Prior to the conversion to 7, the
average ice nuclei concentration (cv) spectrum for the filtered water controls was subtracted from
the czv spectrum of each sample (104) to account for interference from background freezing due
to trace water impurities or droplet—substrate interactions (63). For some samples this causes 7
values to decrease or become negative towards lower temperatures, and where applicable we have
truncated spectra below this temperature as we cannot resolve the heterogeneous ice nucleation
from the background freezing at these points.

Particle analysis methods

Brunauer-Emmett-Teller (BET) surface area analysis was performed on the ground and
sieved < 63 pm ash particles to determine bulk ash particle surface area using N> gas adsorption
(Gemini VII 2390, Micromeritics) and is reported with other sample characteristics in Table 1.
The measured BET surface area-to-mass ratio was used to compute the ice active surface site
density (ny) metric that normalizes for particle surface area (62, 63, 102). Total surface area for
collected aerosol samples was determined from the total air volume collected by the filter (flow
rate measured in-line with a Gilibrator) and the aerosol size distribution measured by a scanning
mobility particle sizer (TSI, Model 3080 DMA and 3772 CPC), assuming spherical particles with
a density of 1 g cm™. X-ray diffraction (XRD) measurements were performed on a PANalytical
X’Pert Pro MPD diffractometer. A copper X-ray source was used, and all scans were done over
the °20 range of 10°-70° with a step size of 0.013°. XRD was used to identify the
crystalline/mineral phases present in the ash and soil samples using the closest matching spectra
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available in the crystallography open database (COD) and the International Centre for Diffraction
Data (ICDD) database. For the soil and some ash samples, a Rietveld refinement was used to
determine the relative amounts of the identified crystalline phases. Elemental analysis using ICP-
OES following borate fusion was performed by Huffman Hazen Laboratories (Golden, Colorado,
USA) on bottom ash and on unburnt fuel samples and are reported on a per weight basis in Table
1. Ash content — measured as the mass of refractory material remaining following ashing — was
also measured for each of the unburnt fuel samples and is reported in Table 1.

Particles were sampled onto copper formvar TEM grids (carbon type B, 400 mesh, Ted
Pella #01754-F) placed on the filter stage of a microorifice uniform deposition impactor (MOUDI)
for offline electron microscopy analysis. Computer-controlled scanning electron microscopy (CC-
SEM) measurements were performed at the Environmental Molecular Sciences Laboratory
(EMSL) at PNNL using a Quanta 3D environmental SEM (FEI) with an Si(Li) detector. Particles
were initially imaged in secondary electron and scattered transmitted electron modes, and CC-
SEM measurements were acquired at 10,000x magnification in the transmission mode at an
accelerating voltage of 20.00 keV. Each spectrum was acquired for 10 seconds. Several steps were
taken to filter particles from the raw CCSEM data. First, particles with an average diameter less
than 200 nm were removed due to potentially low particle signal at the resolution we used. Second,
particles with CPS (counts per second) values <40 were removed due to insufficient signal to
adequately determine composition. Third, particles with CPS values >2000 were removed. Fourth,
particles with an average diameter <1000 nm and CPS values >1000 were removed. The third and
fourth steps are performed to remove particles that are located on or near the copper TEM grid.
Copper from the grid can contribute significant signal to particles, resulting in high CPS values
while also potentially biasing EDX results. We use two CPS thresholds, for particles >1000 or
<1000 nm, when filtering particles to avoid removing larger particles which naturally generate
higher CPS values because they contain more material. These data filtering steps were undertaken
in consultation with the scientific research staff at EMSL who have extensive expertise in the use
of CCSEM and TEM for quantitative aerosol particle analysis. SEM measurements were also
performed at CMU using a Quanta 600 SEM equipped with an Everhart-Thornley detector
operating in secondary electron mode at an accelerating voltage of 20.00 keV. TEM measurements
were acquired at EMSL using a Titan 80-300 scanning/TEM equipped with an Si(Li) detector at
an accelerating voltage of 300 keV. Selected area electron diffraction patterns in Fig. 4 had their
contrast enhanced within ImageJ software to a normalized saturated pixel ratio of 0.6% to better
display the less-intense diffraction spots.
Data Availability
The datasets associated with this work will be made available through Carnegie Mellon
University’s research repository, Kilthub (https:/kilthub.cmu.edu), and linked to this
publication: doi:10.1184/R1/12693095.
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Figure 1. Droplet freezing temperature spectra (top left) and ice-active surface site density (#) spectra
(top right) of biomass-burning ash (solid symbols) and aerosol (open symbols) generated from combustion
of cutgrass (triangles), sawgrass (diamonds), and birch wood (squares). Also shown are a soil sample from
a wetland in North Carolina, the soil exposed to combustion conditions (crosses), and an average filtered
water control (grey). Ash and soil suspensions were made at 0.01 weight %, except for birch ash which
was analyzed at 0.1 weight %. Aerosol spectra were acquired with 0.5 puLL droplets while ash and soil were
acquired with 0.1 pL droplets. Each spectrum is the composite of 2-4 separate arrays. Error bars on the
pure water background represent a single standard deviation around the average. A representative set of
error bars calculated from the variability in the filtered water background freezing spectrum (104) is
included for the n, values of the sawgrass aerosol and ash and fired soil datasets; at many temperatures the
error bars are smaller than the symbol size. A complete set of error bars is instead included in SI Appendix
Figs. S1, S2, and S5 due to space limitations. Also included here are three n; (INA) parameterizations for:
domestic ash produced from a mixture of hard and soft woods combusted in a domestic heating oven (57),
coal fly ash collected from an electrostatic precipitator (57), quartz minerals (71), and highly ice-active
potassium feldspar minerals (71). A more complete set of literature n, parameterizations are shown in the
lower panel, incorporating the above-mentioned freezing data and additional data from Umo et al. (57)
and Grawe et al. (58). Data from Grawe et al. are from dry-generated size-selected 300 nm bottom ash
particles generated in a high-efficiency heating oven. Data from Umo et al. are from the domestic ash and
coal fly ash samples. Together with our data this demonstrates that ash particles produced from biomass
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combustion are capable of nucleating ice over a wide temperature range similar to other mineral systems
such as quartz.
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Figure 2. X-ray diffraction (XRD) spectra to determine crystalline phase composition acquired from (left-
to-right, top-to-bottom) birch, sawgrass, cutgrass, and ponderosa pine bottom ashes. Note the different
relative intensity (y-axis) for each spectrum. XRD spectra for switchgrass, wiregrass, and NC grass are
shown in the SI Appendix, Fig. S3. Spectra were acquired over the 20 range of 10-70°. The spectra of the
ashes all contain a baseline rise and broad feature at 26 values less than approximately 40°, indicative of
amorphous material. Major spectral features corresponding to crystalline phases are denoted with
individual letters as follows: C — calcite, CaCOs; K — sylvite, KCl; M — potassium-sodium sulfate,
(Na,K)SOs; D — dolomite, (Ca,Mg)CO3; O — potassium sulfate, K.SO4; Q — quartz, SiO»; N — halite, NaCl.
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Figure 3. TEM images of mineral phases in BBA. Images a) to c) are from ponderosa pine BBA while
image d) is from sawgrass BBA. The mineral and other particle regions were categorized by chemical
composition based on energy dispersive X-ray (EDX) spectroscopy and morphology; these are labelled in
the TEM images. The magnification and scale bars are variable as indicated. EDX spectra for the areas
outlined in red are shown in the SI Appendix, Fig. S4 and show that the mineral region in a) is composed
mostly of iron, silicon, and oxygen with smaller contributions from sulfur, sodium, potassium, magnesium,
zinc, and manganese; the region in b) is composed of iron and oxygen; the region in ¢) is composed of
magnesium, aluminum, silicon, and oxygen; and the region in d) is composed of silicon, sodium, and
oxygen.

22



10

Figure 4. Transmission electron microscopy (TEM) images (top, a & b) and corresponding selected area
electron diffraction (SAED) patterns (bottom, ¢ & d) for two aerosols samples generated from the
combustion of ponderosa pine needles. The SAED patterns correspond to the areas in the upper images
indicated by a red box. The regular and intense bright spots in the SAED pattern in d) indicates the main
particle is a single well-formed crystal, and the less intense spots originate from a large agglomeration of
small iron oxide particles around the upper right edge of the main particle in b). The many rings and spots
in the SAED pattern in c) indicate that this region is composed of disordered crystalline, polycrystalline,
and/or amorphous phases. Scale bars are 500 nm (left) or 200 nm (right) long.
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Table 1. Biomass fuel and ash properties.!

Sample: Ash (Fuel) Birch Wood Cutgrass NC grass Switchgrass  Wiregrass
nyg(—17 °C) 0.11(0) 5.07(2.16) 2.74(n/a) 1.65(38.03)  1.31(4.90)
ny(—24 °C) 1.24(0) 184.2(57.98) 103.3(n/a) 37.75(0)  6.25(1062)
BET SSA (m*g™) 275.58 16.83 20.76 37.84 102.35
Ash % w/w? 0.26 6.27 5.34 4.87 1.74
Total Carbon % 80.01 5.87 22.95 30.78 n/a
Tot CO; as C% 0.15 1.49 0.58 0.44 n/a
Organic C%?’ 79.86 4.38 22.37 30.34 n/a
Sodium (pg/g ash) 211 (<10) 6990 (1050) 78600 (9580) 867 (82) n/a (149)
Magnesium 1420 (145) 14400 (866) 17900 (1950) 4660 (573) n/a (438)
Potassium 3690 (470) 275000 (19700) 56600 (6180) 35200 (1750) n/a (606)
Calcium 7550 (745) 49000 (2350) 11900 (1070) 21900 (2120)  n/a (1410)
Aluminum <10 (<10) 347 (28) 8270 (114) 462 (47) n/a (36)
Silicon 105 (226) 117000 (10100) 127000(6560) 198000 (16700)  n/a (6120)
Phosphorus 501 (61) 24400 (1560) 9040 (1300) 9040 (420) n/a (229)
Sulfur 215 (50) 12600 (1090) 14000 (2830) 1110 (337) n/a (304)
Iron 39 (5) 895 (46) 3400 (89) 561 (62) n/a (18)

'ns values for each fuel are shown in the format ash(aerosol) at —17 °C and —24 °C. Ash composition is shown on the
left of each column and the base fuel composition is shown in parentheses on the right. Elements are reported as pg
per gram of ash. Brunauer-Emmett-Teller SSA was measured through nitrogen gas adsorption (see Methods).

2The quantity “ash” is a percentage that is calculated by weighing the material remaining following combustion and
dividing this quantity by the initial weight of the material. This shows the relative amount of refractory material that
remains following combustion, on a per mass basis. This quantity will likely vary with fuel composition, temperature

and combustion conditions.

3Organic carbon was determined by difference between total carbon and inorganic carbonate carbon (tot COz as C%).
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