
1. Introduction
Wildfires severely impact air quality in both the near and far field, with resulting implications for human, 
animal, and environmental health. Western US wildfires are forecasted to increase in the future (e.g., 
Brey et al., 2020; Flannigan et al., 2009; Liu et al., 2016; Spracklen et al., 2009; Westerling et al., 2011; Yue 
et al., 2013). Wildfires are a large source of particulate matter with diameters smaller than 2.5 µm and their 
increasing emissions have offset improvements in air quality from decreasing emissions of anthropogenic 
pollutants (McClure & Jaffe, 2018; O’Dell et al., 2019). They are also capable of lofting soil, plant, and ash 
particles by creating a zone of convergence and altering the near-surface winds (Wagner et al., 2018). Thus, 
they can be a source of both combusted and uncombusted material to the free troposphere. Emissions from 
smoke can also undergo photochemical reactions to form secondary organic aerosols downwind (e.g., Garo-
falo et al., 2019), which broadens the influence of fires beyond dilution of primary emissions.

This study focuses on the subset of particles released from wildfires that affect cloud formation by acting as 
ice-nucleating particles (INPs). INPs are necessary to initiate ice formation at temperatures above the level 
of homogeneous freezing (−38°C) and are important over continental regions, as ice clouds account for 
the majority of precipitation there (Mülmenstädt et al., 2015). INPs can have complex climatic impacts by 
altering cloud radiative properties, as well as affecting cloud lifetime and precipitation development though 
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ice indirect effects (DeMott et al., 2010; Lohmann et al., 2002). INPs may initiate freezing via several modes 
(Kanji et al., 2017). In super cooled clouds, the dominant mechanism is thought to be immersion freezing, 
wherein the INP has been incorporated into a supercooled cloud droplet and initiates freezing at some 
temperature characteristic of its nature. These immersion-freezing INPs have numerous sources, including 
mineral dust, which is thought to be the most efficient at temperatures lower than about −15°C (Murray 
et al., 2012), and a wide variety of organic and biological material that can initiate freezing at temperatures 
higher than −5°C (Hill et al., 2018).

Some previous INP measurements from biomass burning have been made in the laboratory and in the field. 
The second Fire Laboratory at Missoula Experiment (FLAME 2) study tested INP production from 21 differ-
ent fuels characteristic of wildfires and prescribed burns in the United States and Asia (Petters et al., 2009). 
About two-third of burns did not produce detectable numbers of immersion freezing INPs active at −30°C; 
among the fuels that did, there was large variability in both the numbers of INPs produced and the fraction 
of burns that produced detectable INPs for each fuel type. For example, for common western US fuels, Pon-
derosa pine had measurable INP concentrations in 5 of 16 burns, and sagebrush in 2 of 7 burns with >1 INP 
in 104 particles. INP measurements in the FLAME 4 study (Levin et al., 2016) also demonstrated that fires 
can be a potential source of INPs, but via sampling less diluted smoke, found a mean of 1 INP in 106 parti-
cles. Prenni et al. (2012) made primarily ground-based field measurements (one prescribed fire plume inter-
cept at altitude) at −30°C of emissions from western US wildfires and prescribed burns and found positive 
correlations between INP number concentrations and total particle concentrations during flaming com-
bustion periods. McCluskey et al. (2014) made surface-based measurements of INPs active between −12°C 
and −32°C in two Colorado wildfire plumes and found nearly an order of magnitude higher in-plume INP 
concentrations compared with those in prescribed burn plumes. The composition of sampled INPs in the 
wildfire plumes varied, with tar balls (viscous, spherical, organic particles; e.g., Adachi et al., 2019) large-
ly present within one plume, suggesting a secondary INP source. However, the other plume had a larger 
mineral/oxide fraction, suggesting the importance of mineral dust, which was presumably from soils but 
also occurred within a general period of long range transport of dust into the region. More recently, Schill 
et al. (2020) used ground-based measurements in wildfire plumes near Boise, Idaho, to show an order of 
magnitude increase in INP concentrations within plumes over the background atmosphere. The INPs were 
deduced to be primarily organic in composition, with almost immeasurable contributions of black carbon 
INPs in the wildfire plumes, consistent with the laboratory results of Levin et al. (2016) for combustion of 
Ponderosa pine, a common western US fuel.

This work builds on previous laboratory and field measurements by providing the first free tropospheric 
measurements of INPs in wildfire plumes, obtained during the Western Wildfire Experiment for Cloud 
Chemistry, Aerosol Absorption, and Nitrogen (WE-CAN) campaign. These observations shed light on INPs 
from wildfires at altitudes that can readily affect cloud formation and be transported long distances. We 
explore the effect of the plume on ambient INP concentrations, the composition of the plume INPs, and 
the variability in INP emissions among fires. Information on wildfire INP evolution during atmospheric 
transport is achieved through several pseudo-Lagrangian plume sampling efforts.

2. Methods
2.1. WE-CAN Overview

The WE-CAN campaign was based in Boise, Idaho, during July and August 2018. Over the course of 6 
weeks, 16 research flights (RF) were conducted on the NSF/NCAR C-130 aircraft to sample smoke-impact-
ed clouds, aged smoke, and fresh plumes, resampling the latter moving downwind to study the effects of 
aging. For definable plumes (those attributable to a specific fire), the plane initially flew behind the fire to 
characterize background air; this initial maneuver was followed by repeated plume transects away from 
the fire perpendicular to the wind direction, with additional background measurements between transects. 
Although near-source characterization and Lagrangian sampling (i.e., resampling of the same plume ele-
ment as it was transported downwind) were attempted for most smoke plumes associated with a specific 
known fire, flight restrictions and plume location uncertainties often interfered. Hence, we refer to the 
measurements as pseudo-Lagrangian. Table 1 details the flights and corresponding plumes that represent 
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the best cases for INP measurements, with italicized fire names indicating flights that sampled regional, 
aged smoke. Their spatial locations are shown in Figure 1. A departure from the typical pseudo-Lagrangian 
strategy was implemented for the South Sugarloaf Fire plume in RF15, with transects at multiple altitudes 
at one downwind location before moving on to the next. Up to four altitudes were sampled at each loca-
tion (from approximately 3,600 to 4,600 m ASL), and repeated locational measurements were separated by 
approximately 2–4 h. The Continuous Flow Diffusion Chamber (CFDC) captured samples from transects 
ranging from 30 to 100 km from the fire center.
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RF (#) Date Fire name/description Fire location Altitude range (m ASL)

2 July 26, 2018 Carr Fire CA 3,409–3,871

3 July 30, 2018 Taylor Creek Fire OR 3,342–3,720

4 July 31, 2018 Sharps Fire ID 5,114–5,153

5 July 30, 2018 River of Smoke CA, OR, ID 1,330–4,128

6 August 4, 2018 Kiwah/Rabbit Foot Fires ID 3,658–4,283

7 August 6, 2018 Donnell Fire CA 4,216–4,556

8 August 8, 2018 Central Valley Boundary Layer CA 133–2,441

9 August 9, 2018 Dollar Ridge/Coal Hollow Fires UT 4,221–4,539

9 August 9, 2018 Bear Trap Fire UT 4,527–4,557

11 August 15, 2018 Shellrock Fire MT 3,156–3,199

13 August 20, 2018 Mendocino Complex Fire CA 3,037–4,625

15 August 26, 2018 South Sugarloaf Fire NV 3,658–4,609

Notes. The altitude range is given as meters above sea level for the portion of the flight with CFDC data. Flights with a pseudo-Lagrangian sampling strategy are 
bolded. Flights sampling regional aged smoke, with no single identified fire source, are shown in italics.
Abbreviations: INP, ice-nucleating particle; WE-CAN, Western Wildfire Experiment for Cloud Chemistry, Aerosol Absorption, and Nitrogen.

Table 1 
Details of the Plumes Sampled During WE-CAN That Were Analyzed in Detail for INP properties

Figure 1. The locations of INP samples (red), for (a) samples attributable to definable plumes and (b) in aged smoke, 
overlaid on the flight tracks in black. Red numbers indicate RF numbers listed in Table 1. INP, ice-nucleating particle; 
RF, research flights.



Journal of Geophysical Research: Atmospheres

2.2. INP Measurement Techniques

2.2.1. Ice Spectrometer for Offline INP Analysis

The Colorado State University (CSU) Ice Spectrometer (IS) is a laboratory-based instrument that analyzes 
liquid suspensions from filter samples for INPs, acting in the immersion freezing mode (where the INP is 
first immersed in the liquid phase before initiating freezing; Kanji et al., 2017). The present version, used 
for this work, is described in DeMott et al. (2018). Aerosol filter samples were collected on the NSF/NCAR 
C-130 with two 47-mm diameter, in-line aluminum filter holders with precleaned, 0.2-μm pore diameter 
Nuclepore polycarbonate filter membranes. Ambient aerosol particles were transported into the cabin 
through the NCAR Solid Diffuser Inlet (SDI), based on the University of Hawaii SDI (Clarke et al., 2004; 
Huebert et  al.,  2004). The SDI flow rates resulted in super-isokinetic sampling at the exterior inlet tip, 
with implications for reduced particle transmission efficiencies at some sizes (Table S2): the SDI efficiency 
dropped below 50% for particles with diameters larger than about 4 µm, and thus none of the instruments 
sampling from the SDI inlet could capture particles larger than this. Additional particle line losses com-
bined with the inlet efficiencies resulted in transfer percentages of 88%, 55%, and 24% at sizes of 1, 3, and 
5 µm aerodynamic diameter, respectively, for the CFDC, and 84%, 39%, and 1.5% at sizes of 1, 3, and 5 µm 
aerodynamic diameter, respectively, for the IS. Corrections for losses are not made to the INP concentration 
data, since the sizes of INPs at varied processing conditions are unknown, but we note that effectively, our 
INP instruments characterized particles smaller than about 3 µm. Plume and background air filter collec-
tion times were selected using onboard, real-time carbon monoxide (CO) measurements, measured with 
the Aerodyne quantum cascade laser instrument (CS-108 miniQCL; Lebegue et al., 2016). The real-time 
CO data were used to select exposure times for switching sampling between the in-plume and background 
filters, and thus dictating the volumes of air passed through each (typically a few hundred standard liters 
for each sample: Table S1), resulting in one integrated in-plume sample per flight, matched with one inte-
grated background sample. Thus, these samples do not capture any information on the evolution of INPs 
with time and distance, but reflect the average nature of INPs in the sampled portions of that plume. Mass 
flow rates were recorded at 1 Hz intervals to tabulate total volume filtered. Filter samples were placed into 
sterile 50 mL Falcon polypropylene centrifuge tubes after collection (Corning Life Sciences) and stored and 
transported frozen until they were analyzed at CSU.

Seven milliliters of 0.1 µm-filtered (Whatman Puradisc, PTFE membrane) deionized (DI) water were added 
to each tube and placed in a Roto-Torque rotator (Cole-Parmer) for 20 min to create a suspension. Thir-
ty-two aliquots of 50 µL of each sample were then dispensed into PCR trays (OPTIMUM® ULTRA Brand 
from Life Science Products) and placed into aluminum blocks in the IS. All runs were initiated at a temper-
ature of 23°C, with samples subsequently cooled at a rate of approximately 0.33°C min−1. The freezing of 
wells was detected by a CCD camera, and the corresponding temperature recorded with a LabVIEW inter-
face. The lowest temperature achievable for assessing sample INPs is defined as the temperature for which 
the number of sample wells frozen significantly exceeds those frozen in a 32-well, 0.1 µm-filtered, DI water 
negative control. This was generally between −27 C and −30°C for the samples analyzed here. Cumulative 
INP concentrations were determined by first calculating the INPs per milliliter of sample liquid based on 
Vali (1971) and converting to concentration per standard liter of air using the volume of air collected for 
each sample. The number of INPs from the average of seven blank filters that were handled and processed 
identically to the samples, with exception of air flow, were subtracted from the calculated number of INPs 
on each sample filter before conversion to concentration (Figure S1). This sometimes resulted in cumula-
tive INP concentrations decreasing with lower temperatures (especially during the sampling of cleaner air 
or for shorter periods of time), which is an artifact of the correction. Two-tailed, 95% confidence intervals 
for binomial sampling were calculated based on Agresti and Coull (1998). The limit of detection was taken 
as the uncorrected lower 95% confidence interval for one frozen well, which considers the volumes of the 
droplets, suspension, and air passed through the filter. Peroxide digestions and thermal treatments were 
done on select filter suspensions to provide insight into INP compositions. The heat treatment warmed the 
suspensions to 95°C for 20 min to denature heat-labile organics, such as proteinaceous INPs. Hydrogen 
peroxide (H2O2) digestion removed all organic carbon INPs from samples following methods detailed in 
McCluskey et al. (2018) and Suski et al. (2018). The differences between the INP temperature spectra before 
and after treatment determined the proportion of each INP type in the original sample. Significance testing 
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between untreated and treated spectra and plume and out-of-plume background filters was performed by 
using a paired t-test over interpolated temperature intervals.

2.2.2. Continuous Flow Diffusion Chamber for Online INP Analysis

The CSU CFDC instrument (DeMott et al., 2015; Rogers, 1988; Rogers et al., 2001) consists of two concen-
tric cylinders, an outer and inner wall, that have gradients in temperature and water vapor between them. 
The temperatures of the ice-coated walls determine the supersaturation profiles in the chamber with re-
spect to ice and water. Sample air from outside the aircraft was brought in at 1.5 volumetric liters per minute 
taken from the SDI inlet interior line and first passed through diffusion driers. A pair of upstream impactors 
removed dry particles larger than 2.5 µm diameter (50% aerodynamic cut-size diameter) before the sample 
entered the chamber. For this study, water supersaturation in the chamber was typically held between 4% 
and 8% to initially encapsulate sampled particles into water droplets, emphasizing measurement of ice 
nucleation in the immersion freezing mode for consistency with the IS data. Total residence time during 
which ice nucleation could occur (chamber growth section) was approximately 5 s. Ice crystals continued 
to grow, and water droplets decreased toward their original dry particle sizes over an additional 2.5 s of ex-
posure to water subsaturated conditions (chamber evaporation section) prior to detection of ice crystals by 
their larger sizes (>4 µm) using an optical particle counter (DeMott et al., 2015). The operating temperature 
of the aerosol lamina was generally kept around −25°C or colder as the INP concentrations were typically 
below detection limits at warmer temperatures during free tropospheric sampling. Ice crystals >3.8  µm 
(50% aerodynamic cut-size diameter) exiting the CFDC chamber were collected onto grids using a single jet 
impactor (McCluskey et al., 2014) for subsequent analysis by scanning transmission electron microscopy/
energy dispersive X-ray spectroscopy (STEM/EDX) to determine the elemental composition of individual 
plume INPs (see Section 2.2.4).

The time spent in plume versus in out-of-plume air was defined by using CO mixing ratios from the CS-
108 miniQCL, as described above. Samples collected within individual plume intercepts were attributed 
to specific fires by using defined overall sampling times for each plume from the US Forest Service. Plume 
intercepts were then broken up into 1 min data periods, applying a minimum threshold of 30 s of usea-
ble data for the sample to be retained for inclusion in subsequent analyses; unless otherwise specified, all 
CFDC data shown are for these individual 1 min samples. All out-of-plume periods for each defined smoke 
plume, irrespective of distance downwind, were combined in order to improve statistical significance over 
the instrument's background to obtain a representative sample of INP concentrations in the air outside of 
the plume. The physical age for each plume sampling period was estimated by dividing the average distance 
from the fire center by the average wind speed from onboard the NSF/NCAR C-130. Uncertainties in the 
active burn location, friction, and entrainment, along with variable winds, may cause this estimate to devi-
ate from the true physical age.

Approximately every 10 min during the research flights, the CFDC sample flow was filtered (HEPA) for 
5  min to provide instrument background counts, which allows for quantification of artifact ice crystals 
from low level frost emission during operation (DeMott et al., 2017). INP concentrations, calculation of 
confidence intervals, and inference for differences for each sampling period were determined based on a 
Poisson model for rates of detection of INP-sized particles during ambient sample and surrounding filtered 
air periods (described in Text S1). Note that these methods represent a modification of procedures used to 
define these parameters in CFDC studies prior to and including Levin et al. (2019). Differences between 
sample periods (i.e., in plume vs. out-of-plume) were determined in the same manner.

The effects of water vapor depletion in the CFDC chamber have previously been analyzed as a function 
of the total aerosol number concentration (N), showing a decrease in the fraction of particles activating as 
INPs with increasing N (Levin et al., 2016). Since vapor depletion would lead to a potential underestimate 
of INPs in the plume, all CFDC data were corrected following the sigmoidal function in Levin et al. (2016), 
assuming no effect until N reaches 10,000 cm−3. Values of N were obtained from a combination of the na-
no-Scanning Mobility Particle Sizer (nSMPS), sampling from the SDI inlet, and the wing-mounted Passive 
Cavity Aerosol Spectrometer Probe (PCASP), which collectively measure particle number concentrations 
over a diameter range from approximately 10 nm to ∼3 µm.
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2.2.3. Computation of the Surface Active Site Density Parameter

An INP normalization method that has been used previously is the calculation of the surface active site 
density parameter (ns) (DeMott et al., 1995; Niemand et al., 2012), in which INP number concentrations are 
divided by the aerosol surface area for specific compositions. For example, ns has been used to describe the 
number of ice nucleating sites carried by specific types of aerosols such as desert dust and soot measured 
in the laboratory (Ullrich et al., 2017), and for particles in clean marine air (McCluskey et al., 2018). This 
approach assumes that nucleation is a surface phenomenon, and that variability in INP concentrations for 
a specific particle type is due solely to aerosol size distribution differences. In this case, we define all parti-
cles in the plume as smoke. For the WE-CAN data, surface area concentrations were derived from aerosol 
size distributions measured by the PCASP instrument, which counts and sizes particles via their scattering 
signal. The nominal detected size range, based on standard calibration with polystyrene latex particles, 
covers ∼0.1–3 µm in diameter. A standard live-time coincidence correction (Kupc et al., 2018) was applied. 
For most flights, PM1 (particulate matter less than 1 µm diameter) volume concentrations deduced from 
the measured size distributions were linearly correlated with aerosol mass concentrations from the Aerosol 
Mass Spectrometer (AMS; Garofalo et al., 2019). Assuming an aerosol density of 1.5 g cm−3 led to good 
agreement between the two data sets, with only a few flights suggesting increases of about 10% in particle 
diameter (30% in volume) in order to match the AMS data. The corresponding uncertainty in surface area 
concentrations is in general agreement with the quantified data uncertainties reported by Kupc et al. 2018: 
(Table S3) for the UHSAS optical particle probe, and we therefore use the PCASP data with the calibrated 
bin limits and conservatively estimate the uncertainty in surface area as 30%. We note that we have applied 
a spherical equivalent assumption in this calculation of surface area, whereas smoke plume particles may 
come in a variety of shapes and could include aggregate particles with interior surface area that would be 
unaccounted for. However, in the next section, we describe single particles analyses from a specific flight for 
which the majority of plume particles were found to have a round shape and predominately organic compo-
sitions, without significant inclusions (i.e., aggregate and fractal particles such as soot were extremely rare). 
Thus, we acknowledge the possibility that we have underestimated surface area by an unknown, but likely 
small amount in using the PCASP data in this manner. For INP data normalization, total measured aerosol 
surface area concentrations were averaged over the corresponding IS filter sampling periods. For CFDC 
data, since the instrument operated with a 2.5 µm aerodynamic diameter cutpoint inlet, aerosol surface area 
concentrations were summed to 2 µm (the estimated cutpoint physical diameter) over the corresponding 
CFDC sample periods. Surface area distributions computed from the combined SMPS-PCASP data suggest 
that very little aerosol surface area was outside the range of these instruments, which matches well the 
range of particle sizes efficiently sampled by the IS and CFDC. We note that we cannot exclude the possibil-
ity that some particulate surface area in the plume may have been contributed by large (>5 µm diameter) 
ash, soil, or other emitted aerosols, and has not been accounted for in this analysis.

2.2.4. Investigation of Aerosol and INP Composition

Individual particles in samples of both total aerosol and INPs were analyzed by STEM/EDX to obtain infor-
mation on the particle elemental chemical composition, morphology, and mixing state. A custom two-stage 
impactor with approximate 50% cut sizes of 0.55 and 0.13 µm physical diameter (assuming particle densities 
of 1.5 g cm−3 at 1,000 mb) was used to periodically collect aerosol particles >0.55–5 µm and between 0.13 
and 0.55 µm (assuming particle densities of 1.5 g cm−3 at 1,000 mb) from inside and outside of wildfire 
plumes from the SDI inlet on the C-130. Typical in-plume sampling times were 4 min with a flow rate of 
2.4 L min−1 from the SDI. Although this flow results in sub isokinetic sampling into the impactor line with 
respect to the SDI interior tube flow, little influence is expected in the 0.13–0.55 µm size range of the smaller 
cut-size impactor, and only data from the grid collected in this impactor is used in this paper. Line residence 
time to the impactors from the SDI was approximately 1 s through smooth curving tubing, and so there 
should be no other size-dependent losses. Aerosol and INP impactors were fitted with 3 mm, 200 mesh Ni 
or Cu support, C/formvar coated grids (SPI Supplies, West Chester, PA).

Grids with ambient particles and CFDC INPs were subsequently analyzed at CSU on a JEOL JEM-2100F 
200 kV scanning transmission electron microscope with an energy dispersive x-ray spectrometer (Oxford 
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Energy Max 80) system. Blank grids (installed, but not exposed to sample flow) were analyzed for exclusion 
of potential artifacts, and background x-ray elemental spectra were obtained from particle-free regions of 
sampled grids to set detection limits. Approximately 50 particles from each aerosol and INP grid were im-
aged and analyzed for contained elements. Size, roundness (Equation 1), and other shape parameters were 
calculated through Fiji image processing software, which fits an outline to each particle. Particles were 
categorized based on spatial mapping of their detected elements (see Text S4) and morphology. Categories 
were Organics—other, Organics—tar balls, Mineral/Metal Oxides, and Sulfates. Mineral/Metal Oxides may 
contain elevated levels of Al, Ca, Fe, Mg, and Si. Sulfates includes sulfuric acid and ammonium sulfate/bi-
sulfate (S and O only). Organic carbon content was inferred based on C signal concentration well above the 
surrounding substrate background and was distinguished from elemental carbon on the basis of morpholo-
gy and the presence of oxygen. Tar balls were defined through their having high stability under the beam, a 
minimum roundness value of 0.8, a relatively uniform distribution of C, O, and N (Adachi et al., 2019), and 
possible smaller amounts of S, K, Cl, and Si (Pósfai et al., 2004), with a maximum of one visible inclusion. 
For comparisons with the aerosol second stage impactor grids, INP analysis was restricted to particles under 
500 nm in diameter, which is within the range of tar ball sizes (e.g., Pósfai et al., 2004). This size restriction 
represented 90% of collected particles on this stage. It was also the case that 80% of INPs has spherical equiv-
alent particle sizes in this size range for the CFDC operating conditions applied.

Roundness
Area

Major axis


 
 

4
2

 (1)

3. Results and Discussion
Cumulative INP concentrations from 10 definable (and therefore fresher) smoke plumes (2 from RF9) and 
2 regionally aged smoke flights (unattributable to any specific source; RF5 and RF8) are presented in Fig-
ure 2. Examples of total aerosol number concentrations, INP number concentrations, and CO mixing ratios 
from a series of plume intercepts during one flight are shown in Figure S3. The INP concentrations for the 
CFDC real-time measurements generally agree with those from the filters analyzed with the IS for aged 
smoke (Figure 2b), while many definable plume samples show higher concentrations with the CFDC (Fig-
ure 2a; Figure S4). For example, at the average CFDC processing temperature in RF8, the CFDC measured 
INP concentrations of 17.2 L−1 while the IS measured 8.99 L−1, while RF2 had an average of two orders of 
magnitude difference (Tables 2 and 3). These differences likely arise due to the ability of the CFDC to cap-
ture small-scale plume variability (e.g., Figure S3), while the aerosol filter collections integrate across the 
entire plume with time and distance and potentially include noncoincident passes. Better agreement with 
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Figure 2. INP number concentration versus temperature for the plume IS (circles) and CFDC (squares) data, colored 
by research flight for (a) definable plumes and (b) aged smoke samples. Error bars represent 95% confidence intervals. 
CFDC, Continuous Flow Diffusion Chamber; INP, ice-nucleating particle; IS, Ice Spectrometer.
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the aged smoke is likely due to it being more spatially homogenous. While there are inherent discrepancies 
between the offline versus online collection and analysis methods (DeMott et al., 2017), they should be seen 
as complementary techniques for representing INPs.

3.1. INPs in the Plume

Next, we compare INP concentrations sampled in each plume with those 
in the air measured outside the plume (out-of-plume “background”) at 
similar altitudes to evaluate evidence for enhanced INP concentrations 
in plume. Beginning with the CFDC measurements, the 1  min plume 
segments compared to the combined out-of-plume background reveal 
that for most flights, the majority of plume periods have INP concentra-
tions enhanced above background. The most notable example is RF15, 
for which 96% of the 51 plume segments were elevated at the 95% confi-
dence level (Table 2). RF3 and RF4 also show strong enhancements, with 
RF3 having a mean thirty-fold increase of INPs in the plume over back-
ground. Table 2 shows that while the average plume INP concentrations 
are elevated above their out-of-plume background in every flight, the en-
richment varies from less than a factor of two (RF11) up to two orders 
of magnitude higher (RF15). The INP concentrations measured in the 
free troposphere in WE-CAN also agree well with previous ground-based 
studies. For example, McCluskey et al. (2014) found mean INP concen-
trations of 40 L−1 STP at −27°C measured in smoke around 30 km from 
the Hewlett Wildfire, which is within the mean values found in WE-CAN 
plumes at similar processing temperatures (Table 2).

The aerosol filter suspensions analyzed with the IS paint a similar pic-
ture of plume enrichment of INP concentrations, despite lower number 
concentrations overall (Table 3, Figure S4). The temperature of freezing 
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RF 
#

Plume 
segments 

(#)

Average 
plume NINP 
(L−1 STP)

Average plume-
background NINP 

(L−1 STP)
Average plume 

processing T (°C)

Average plume-
background 

processing T (°C)

Segments 
above plume-

background (%)

2 24 68.9 11.5 −25.8 −24.9 46

3 7 39.2 1.3 −25.5 −25.5 100

4 7 42.4 BDL −26.3 −25.9 100

5 71 21.4 N/A −27.4 N/A N/A

6 10 16.8 6.9 −29.2 −29.2 60

7 14 14.9 3.7 −27.5 −27.6 93

8 61 17.2 N/A −26.8 N/A N/A

9 24 27.5 12.3 −27.4 −27.6 58

11 4 20.2 10.8 −26.0 −25.1 50

13 4 42.2 9.9 −25.5 −25.7 100

15 51 123.6 5.8 −25.6 −25.7 96

Notes. N/A indicates a flight that did not have an out-of-plume background period and BDL is below the CFDC 
detection limit. STP is defined at 0°C and 1,013 mb.
Abbreviations: CFDC, Continuous Flow Diffusion Chamber; INP, ice-nucleating particle

Table 2 
Number of 1-Min CFDC Plume Segments, Average INP Concentration, and Processing Temperatures for the Plume and 
Out-of-Plume Background Air, and Percentage of Segments Above Plume-Background at the 95% Confidence Level for 
Sampled Plumes Associated With Each Research Flight

RF 
#

Plume NINP 
(L−1 STP at 

TCFDC)

Background 
NINP (L−1 STP at 

TCFDC)

Plume NINP 
(L−1 STP at 

−25°C)

Background 
NINP (L−1 STP 

at −25°C)

2 0.84 BDL 0.82 BDL

3 0.52 BDL 0.34 BDL

4 1.30 0.07 0.24 0.01

5 2.15 N/A 0.84 N/A

6 28.38 N/A 0.52 N/A

7 3.62 BDL 0.40 BDL

8 8.99 N/A 1.68 N/A

9 4.51 0.16 1.65 0.34

11 1.45 1.35 1.22 1.27

13 10.92 6.21 9.23 4.85

15 8.92 2.23 7.61 1.39

Notes. N/A indicates a flight that did not have an out-of-plume background 
period, no filter collected, or no data available at the corresponding 
temperature and BDL is below the IS detection limit. STP is defined at 
0°C and 1,013 mb.
Abbreviations: CFDC, Continuous Flow Diffusion Chamber; INP, ice-
nucleating particle; IS, Ice Spectrometer.

Table 3 
IS Plume and Out-of-Plume Background INP Concentrations at the 
Average CFDC Processing Temperature (See 2) and at −25°C
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of the first frozen IS well for the plume filters is generally several degrees 
higher (mean −16.2°C and range −12.4°C to −20.1°C) than for coinci-
dent out-of-plume background filters (mean −19.2°C and range −17.2°C 
to −24.2°C), with comparable volumes of air (Table S1). Figure 3 presents 
a heatmap of the results of statistical testing for a difference (95% confi-
dence) between in- versus out-of-plume background in three tempera-
ture bins (over which most data were obtained), revealing that the level of 
INP enhancement differs with temperature. Some plumes sampled (RF3, 
RF15) were above the background across the entire temperature range. 
Other cases (RF7, RF9, and RF13) only had an increase in the lower tem-
perature range. The IS data thus reveal a variable temperature-dependent 
picture.

While the general enhancements of INPs in plumes indicate that wild-
fires can perturb free tropospheric INP concentrations, this metric gives 
no indication of the effectiveness of wildfires as a source of INPs. Nor-
malization of INP concentrations by surface area (ns), when compared 
to similar previous parameterizations of surface active site density versus 
temperature for clean marine aerosols (McCluskey et  al.,  2018), black 
carbon from biomass burning (Schill et al., 2020), and desert dust (Ul-
lrich et al., 2017), reveals the relative efficiency of wildfire smoke INPs 
in comparison to these other INP source types (Figure  4). The plume 
measurements from the CFDC are up to four orders of magnitude lower, 
while the IS data are up to five orders of magnitude lower than the dust 
fit over the whole temperature spectrum. By contrast, the CFDC and IS 

plume ns values are within an order of magnitude of the clean marine ns fit. The WE-CAN data are also 
strikingly similar to the surface area normalized data for wildfire produced black carbon INPs reported by 
Schill et al. (2020) on the basis of ground-based plume measurements. Additionally, using data from the 
wildfire reported in Schill et al. (2020) that was previously only used to estimate black carbon INP ns values, 
we have calculated the total ns (all INPs) from these plume measurements (green diamonds in Figure 4b; 
Figure S6). The new total ns calculations for the Pioneer Wildfire near Boise, Idaho, in August 2016 (Schill 
et al., 2020) used total reported INP concentrations and aerodynamic particle size measurements to encap-
sulate accumulation and coarse mode surface area for the IS measurement periods. In doing so, spherical 
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Figure 3. Heatmap indicating results of statistical testing for in-plume 
versus out-of-plume background INP concentrations from IS analyses. 
Dark red represents an increase over background at 95% confidence, light 
red represents an increase over background for samples where the IS 
background measurement was below detection limit, gray represents no 
difference at 95% confidence, and white indicates missing data. INP, ice-
nucleating particle; IS, Ice Spectrometer.

Figure 4. ns for plume CFDC and IS data (a) colored by research flight (RF: Table 1) and (b) with an empirical fit to 
the data and comparison to previous fits for clean marine samples (McCluskey et al., 2018), black carbon from biomass 
burning (Schill et al., 2020) and desert dust (Ullrich et al., 2017). Aged smoke cases are shown as open circles. Green 
diamonds in (b) are new calculations of ns for total smoke INPs measured at ground level for an August 2016 wildfire 
near Boise, ID reported in Schill et al. (2020). INP, ice-nucleating particle.
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particles of an effective density of 1.3 g cm−3 were assumed for conversion to physical diameters, and the 
distributions were then fit with lognormal functions. This reveals strong consistency of total biomass burn-
ing INP emissions (on a surface active site density basis) between the ground-based measurements and the 
new free tropospheric data in WE-CAN, for similar regions of the Western United States. Normalizing the 
data by surface area also highlights the aged smoke flights (RF5 and RF8) as relatively efficient sources of 
INPs from biomass burning, in contrast to some of the fresher, definable smoke plume passes (e.g., RF6 and 
RF7), which is evidence of the persistence of INPs in smoke away from the source. Combining the CFDC 
and IS ns values from these 11 flights, we have fit an exponential to the plume data, ns (m−2) = 0.016e−0.761T 
for −30≤T (°C) <−20. Due to evidence of biological INPs at the warmer end of the temperature spectrum in 
several flights (Section 3.2), we have fit a linear function, ns (m−2) = −4421T–36,065 for −20 ≤ T (°C)<−15. 
These fits are shown in red in Figure 4b.

In addition to normalizing by surface area, dividing the INP concentrations by total number concentration 
allows comparisons to previous laboratory work in Levin et al. (2016) and Petters et al. (2009) by obtaining 
the activated fraction. Taking the logarithm of the activated fraction results in the ice nucleation efficien-
cy parameter (ξ), which for WE-CAN, ranged from −5.9 to −4.4 at the average CFDC plume processing 
temperatures (−25.5°C to −29.2°C; −26.6°C mean) given in Table 2. These ξ values are higher than values 
found at −30°C in laboratory burns of ponderosa pine branches (with needles) in Levin et al. (2016) (ξ = −7 
to −6), and below the range of −4.2 to −3.3 in the 5 of 16 burns that exceeded the lower detection limit 
(−5.60 ± 0.6 average) of ponderosa pine needles in Petters et al. (2009). Thus, the in-plume measurements 
of ξ aloft are within the range of previous laboratory studies of INP emissions from a typical Western US 
fuel. However, data collected herein were for higher processing temperatures, and on the basis of slope of 
the INP temperature spectra, we can estimate that had we been able to evaluate ξ at −30°C, values would 
have been up to an order of magnitude higher. By inference then, the WE-CAN data predict a range of val-
ues at −30°C that meet the INP efficiency criteria for regional significance (ξ = −4 at −30°C) as outlined in 
Petters et al. (2009). Both definable (RF7: Donnell Fire) and sampled regional free-tropospheric (RF5: River 
of Smoke) plumes are most consistent with this conclusion, with average ξ of −4.4 (at −27.5°C) and −5 (at 
−27.4°C), respectively.

3.2. Composition of INPs in the Plume From the IS

Extracts from four plume filter samples were heated to detect the presence of biological INPs, and seven 
plume filter samples were subjected to peroxide digestion to remove all organic INPs; example spectra for 
two flights, RF11 and RF13, are shown in Figure 5 (other treatment spectra are shown in Figure S5). In the 
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Figure 5. INP-temperature spectra showing changes after heat and peroxide treatments for (a) RF11 and (b) RF13. 
Dashed gray lines indicate the IS limit of detection. Points that were detected before field blank correction are given a 
value of 0.001 L−1. Complete destruction of detectable INPs following peroxide digestion occurred for the RF13 sample. 
INP, ice-nucleating particle; IS, Ice Spectrometer.
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samples from RF11, heat had no impact on the INP temperature spectrum, whereas in the RF13 sample, 
there was about a 5-fold decrease for processing temperatures above −23°C after heat treatment, indicating 
the presence of a biological INP population. Peroxide digestion decreased both spectra (no detectable INPs 
remained in the RF13 sample) indicating a predominance of organic INPs. Heatmap representations of the 
results from treatments (Figure 6) corroborate the observation of a heat impact only in some plumes and 
some temperature ranges, while peroxide digestion leads to a decrease in INPs, often in all temperature bins, 
in all samples. Three out of the four heat treated filters no longer had INP concentrations above the IS limit 
of detection in the highest temperature bin, consistent with the importance of biological INPs at higher 
temperatures. The results indicate that wildfire-derived INPs can sometimes be of biological origin, but the 
biological fraction is variable and a function of temperature. In contrast, organic INPs often comprised a 
major proportion of the total at the lowest part of the temperature spectrum, where mineral INPs are gen-
erally thought to dominate, at least for ambient atmospheric INPs (Murray et al., 2012). However, the ratio 
of organic to inorganic INPs is somewhat temperature and fire dependent. Our findings do not indicate that 
pure mineral INPs were absent, but rather that their overall fraction was small in these samples, consistent 
with the low ns values observed everywhere in the free troposphere during WE-CAN. Additionally, this find-
ing is consistent with the dominant organic INP fraction found in ground-based wildfire plume sampling in 
Schill et al. (2020). INPs from local soils cannot be ruled out, as they have been shown to contain abundant 
organic INPs (Hill et al., 2016; Tobo et al., 2014). Wood ash is a potential inorganic source of INPs (Grawe 
et al., 2016; Umo et al., 2015). Similar ns values to the WE-CAN plumes were found in these laboratory stud-
ies using 0.1 wt% aqueous ash suspensions (4.3 × 105 m−2 at −20°C). Nevertheless, the potential influence of 
this particle type appears secondary given the dominant organic INP population inferred from the IS data, 
for the particle size range collected in the aircraft measurements.

3.3. Case Study: South Sugarloaf Fire (RF15)

The sampling design for RF15 included multiple cross-plume transects at several altitudes, resulting in 
the most comprehensive CFDC and IS filter sampling of the study. The predominant fuel type burned was 
sagebrush shrubland, with aspen forest interspersed. The CFDC captured the highest absolute mean INP 
concentrations from the entire campaign in RF15. While the highest total particle number concentrations 
(10 nm–2.5 µm diameter) were observed closest to the source (Figure 7a), the CFDC measured the highest 
INP values some distance downwind of the fire (Figure 7b), representing samples with greater physical 
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Figure 6. Heatmap indicating results of statistical significance tests for differences between untreated and (a) heat 
and (b) peroxide treated IS filters. Yellow and dark purple represent an increase of the untreated over the treated filter 
at 95% confidence, tan and light purple represent an increase over the treated filter with the treated measurement 
below the IS detection limit, gray represents no difference at 95% confidence, and white indicates missing data. IS, Ice 
Spectrometer.
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plume ages of 1–2 h. The INP concentrations also exhibited cross-plume variability, with the highest values 
measured in the center of the plume (upwards of 500 L−1 at −26°C). Elevated concentrations in a region of 
the plume with emissions exposed to longer atmospheric processing times may be attributable to a number 
of factors such as variability in emissions (since plume passes during this flight did not necessarily rep-
resent the same emission time window) or secondary production of particles active as INPs (explored in 
Section 3.3.1).

The South Sugarloaf Fire had a distinct population of in-plume INPs active at temperatures higher than 
about −20°C, with dissimilar (both in shape and magnitude) spectra in comparison to the out-of-plume 
background (Figure 8). While INPs active at temperatures warmer than −20°C were commonly seen in 
plumes sampled during WE-CAN, this filter had the sharpest increase in warm-temperature INP concentra-

tions, which suggests a strong biological INP presence (Hill et al., 2018), 
although there was not enough sample for heat treatment. There was a 
large organic INP population over the entire plume temperature spectrum 
based on decreases in INP concentration after peroxide digestion (Fig-
ure 8). For example, there is over a 10-fold reduction in INPs at −25°C. 
Inorganic INPs show higher contributions below about −27°C. Peroxide 
digestion on the out-of-plume background also indicates some presence 
of organic INPs, which is not surprising given the abundance of aged 
biomass in the free troposphere, but this INP type contributes a smaller 
proportion (generally only a 2–3-fold decrease) across all temperatures.

3.3.1. STEM Composition of Aerosol and INPs From the Plume

Two aerosol grids (RF15-A2 and RF15-C2) were collected to measure 
particles <0.5 µm physical diameter from the fresher and aged parts of 
the plume, respectively, while one INP grid was collected over the whole 
plume sampling period to capture as many ice crystal residuals as pos-
sible. Analyses of the two aerosol grids were combined for comparison 
to the INP compositions. The RF15 physical plume ages sampled by the 
CFDC ranged from approximately 30 min to 2 h (mean 78 min), while 
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Figure 7. Flight track for the portion of RF15 that sampled the South Sugarloaf Fire over Nevada. The track is colored 
by in-plume (a) total particle number and (b) CFDC INP concentrations. The red star indicates the fire center. CFDC, 
Continuous Flow Diffusion Chamber; INP, ice-nucleating particle.

Figure 8. INP concentrations from the South Sugarloaf Fire (RF15) 
for the CFDC and IS, showing plume and out-of-plume background, 
and results after peroxide digestion on each filter suspension. CFDC, 
Continuous Flow Diffusion Chamber; INP, ice-nucleating particle; IS, Ice 
Spectrometer.
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the ambient samples had a mean plume age of 104 min. No attempt was made to calculate a representative 
average age, but the INP grid sample might be expected to be dominated by the higher INP concentrations 
found at longer aging times (Figure 7b). From the STEM/EDX analysis, 43 INPs (35 after setting <500 nm 
restriction) and 126 aerosol particles (combining RF15-A2 and RF15-C2) were categorized (Figure 9). Soot 
was a minor component by mass and number in these plumes (only 2 out of 517 total ambient particles from 
WE-CAN analyzed were so identified) and therefore are not included as a separate category.

Figure 9b reveals a majority (57%) of INPs in the plume are organic, with 23% of these categorized as tar 
balls. The mean diameter of all categorized INPs was 222 nm (for all INPs: 420 nm). The presence of tar 
balls as INPs from wildfires at the free-tropospheric level is consistent with their presence in ground-based 
samples, as reported by McCluskey et al.  (2014), although the categorization used previously was based 
solely on particle composition and general morphology, and not on a roundness threshold as applied here. 
McCluskey et al. (2014) classified 67% of the INPs from the High Park Fire (collected for processing tem-
peratures between −27°C and −30°C) as tar balls. Tar balls present as INPs indicate a secondary, plume-de-
rived source, as they are thought to form by reactions of O and N with primary organic aerosol (Adachi 
et al., 2019). This results in a low volatility, high viscosity potential INP that we calculated as having a mean 
diameter of 218 nm, consistent with previous research (e.g., Adachi et al., 2019; Pósfai et al., 2004; Sedlacek 
et al., 2018). The percentage of tar balls found on the INP grid was enhanced compared with the combined 
A2 and C2 ambient grids. Tar balls could serve as a partial explanation for the enhanced INP concentrations 
found in many of the plume passes for RF15 that are most distant from the source (Figure 7). However, 
because the plane was not able to sample right next to the fire emissions source, even the closest passes 
(67 min physical plume age captured by the ambient RF15-A2 grid) had some indication of tar balls.

The dominance of organic INPs, with a still significant proportion of inorganics, found through STEM/
EDX was consistent with the IS processing of the plume filter in the lower temperature region (<−27°C: 
Figure 8). The ambient plume aerosol (Figure 9a) had a high organic influence (78%), while Mineral/Metal 
Oxides only comprised 18%, and thus, there was an INP enrichment of a little more than a factor of two for 
the inorganic category (at the average CFDC processing temperature of −25.6°C). Over coastal California, 
Cornwell et al. (2019) found an INP fraction of mineral dust of over 70% at a processing temperature of 
−31°C, contrasting with a mineral dust fraction of only 5% in the ambient particles (a factor of 14 enrich-
ment). This indicates that the mineral particles found in the WE-CAN RF15 plume were not the dominant 
INP types except at the coldest temperatures, and enrichments as INPs compared to ambient particle min-
eral composition were modest (factor of 2). This is consistent with the CFDC ns values of the plume being 
at least two orders of magnitude lower than the desert dust parameterization from Ullrich et al.  (2017): 
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Figure 9. (a) Plume ambient aerosol and (b) plume INP particle categorization from STEM/EDX analysis for the 
South Sugarloaf Fire (RF15). Plume INPs were limited to those <0.5 microns in diameter to match the size of ambient 
particles collected on the second impactor stage. INP, ice-nucleating particle; IS, Ice Spectrometer; STEM/EDX, 
scanning transmission electron microscopy/energy dispersive X-ray spectroscopy.
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Average ns from the RF15 plume passes was 4.6 × 107 m−2 (at the average CFDC plume processing tem-
perature of −25.6°C), while the desert dust parameterization is 6.5 × 109 m−2 (at −25.6°C). As noted ear-
lier, wood ash has been found to have comparably low ns values, 3.4 × 107 m−2 (at −25.6°C) on the basis 
of parameterization of laboratory measurements (Umo et  al.,  2015). Particles comprising elements and 
morphologies typical of wood ash were tentatively identified as a minority of the inorganic in-plume INPs 
measured by STEM/EDX from the CFDC. These either had strong Mg and O signals, strong Ca (with S and 
O) signals, or a combination of these (e.g., Grawe et al., 2016). Such potential ash particles represented 7 of 
43 total INPs analyzed, 16% of the overall INPs, and about 40% of the inorganic INP contributions measured 
at CFDC conditions.

3.3.2. Investigating Potential Origins of the INPs Sampled

We investigated the potential sources of the exceptionally abundant organic and, presumably, biological 
INPs in the South Sugarloaf Fire plume. In particular, we focused on the sagebrush fuel and the soil as sourc-
es of lofted INPs. Aerosolized sagebrush soil (Schiebel, 2017) and sagebrush plant tissue (Hill et al., 2016) 
samples from this ecotype have previously been tested for their INP properties. To compare with previous 
work and to understand the influence of INPs released from the plant in turbulence, sagebrush (Artemisia 
tridentata) leaf clippings were obtained from approximately 30 different shrubs at the same location (Jelm, 
WY) from which the soil and tissue samples were previously taken.

The clippings were shaken for 5 min in a one gallon plastic slider bag and then removed; dry-dislodged plant 
matter remaining in the bag (after waiting 10 min for settling) was suspended in 20 mL DI water for testing 
with the IS. Figure  10a shows striking similarities between the INP-temperature spectra from the aero-
solized sagebrush tissue collected in Wyoming and that collected from the RF15 aircraft filter. In particular, 
they both have a rapid increase in INP concentration between −13°C and −14°C, with nearly identical 
slopes, indicating INP populations active at the same temperature. This increase is not present in the aero-
solized soil dust, which has a much shallower slope at this temperature. The aerosolized sagebrush tissue 
(>5 µm) additionally has another population of INPs at temperatures warmer than −13°C (Figure 10b) not 
seen in the WE-CAN data, likely due to the limit of detection of the IS (with lower aerial concentrations) 
combined with low efficiency in capturing larger particles through the aircraft inlet (Table S2). These re-
sults suggest the potential of lofted INPs from the sagebrush tissue itself, as Hill et al. (2016) measured a 
large increase in INP concentration at a similar temperature in both shoot and root tissues of sagebrush. 
This finding does not mean that the soil and other sagebrush ecotype fuels, such as various plants or litter 
(in addition to the other fuels burned), that were also consumed in the fire had no impact, but rather that 
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Figure 10. (a) INP concentrations from the (left axis) IS plume filter from the South Sugarloaf Fire, aerosolized 
sagebrush soil (Schiebel, 2017) and (right axis) aerosolized sagebrush tissue (plant). The black box highlights a 
comparison point of identical INP population onset temperature in the sagebrush tissue and South Sugarloaf plume 
sample. The sagebrush soil was sieved <75 µm and aerosolized in cloud chamber experiments with an average starting 
particle concentration of 154 cm−3 (Schiebel, 2017) before analysis with the IS; (b) Size fractionation of the aerosolized 
sagebrush tissue. INP, ice-nucleating particle; IS, Ice Spectrometer.
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sagebrush tissue itself may have been the largest source of warm temperature (>−15°C) INPs lofted into 
the plume. Moreover, Figure 10b indicates that 7.5% of the sagebrush tissue INPs at −20°C are smaller than 
0.2 µm and thus would be able to persist in the smoke plume and be sampled by the aircraft downwind of 
the fire center.

4. Conclusions
The WE-CAN campaign sampled many wildfire plumes across the western United States over the course of 
July–August 2018 and provided the first opportunity to quantify INPs within wildfire smoke plumes lofted 
into the free troposphere. We found a consistent enhancement of up to two orders of magnitude of INPs in-
plume compared with corresponding out-of-plume background air, though variability existed among fires 
(Tables 2 and 3). Complicating the picture, the IS revealed some plumes (e.g., RF9 and RF13) had increases 
in concentrations only in portions of the temperature spectrum, indicating that only specific INP popula-
tions are enhanced in those cases (Figure 3). The IS and CFDC both showed that plumes are enhanced in 
INPs over the background air in most cases; however, the two approaches often produced divergent results 
in heterogeneous fresh plumes as opposed to the more uniform aged smoke, which was largely attributable 
to integration times.

The composition of the plume INPs were largely organic, even down to the lowest temperatures, with a 
secondary mineral influence (Figures 5 and 6). Moreover, some of the organic INPs may have been formed 
through secondary processing, as shown by the presence of tar balls in the South Sugarloaf Fire (RF15; 
Figure 9). Twenty-three percent of the INPs examined using STEM/EDX were tar balls. The very high INP 
concentrations (more than 500 L−1 at ∼ −26°C) measured in this plume, primarily downwind, could partly 
be explained through such in-plume INP production. Though tar balls were also seen in ground-based wild-
fire sampling in McCluskey et al. (2014), this is the first evidence of activity as INPs at cloud altitudes. The 
ubiquity of tar balls as INPs in smoke from different fuel and fire types remains an open question.

Material of biological origin was found to be a potential in-plume INP, as evidenced from heat treatment of 
several filter suspensions (Figures 5 and 6). This finding supports the idea that wildfires loft uncombusted 
material from a zone of turbulence surrounding the fire center (Wagner et al., 2018). RF15 sampled a plume 
from burning of a predominantly sagebrush fuel. Comparison of its INP temperature spectrum with those 
obtained from sagebrush soil dust (Schiebel, 2017) and dry-dislodged sagebrush leaf clippings suggest the 
sagebrush tissue itself as the most likely source of INPs measured in RF15 within the temperature range 
accessible for the limits of detection for our measurement methods, rather than soil or the microbiota of the 
phyllosphere (Figure 10a). A sizable fraction of these INPs was also smaller than 0.2 µm, which is important 
as these particles can remain airborne during long range plume transport (Figure 10b).

Modeling the role of INPs from wildfires is critical for assessing climate impacts. The consistent increase of 
INPs in plume relative to the background free troposphere, despite smoke not being an especially efficient 
source on the basis of low ns values, suggests it has the potential to modify cloud glaciation and precipi-
tation downwind. Since these are the first reported free-tropospheric INP measurements from wildfires, 
more data will be needed to solidify these findings and verify the trends for implementation in models. 
However, it is encouraging to find consistency with previous ground- and laboratory-based work regarding 
Western US wildfire fuels, including a dominant organic INP composition (Schill et al., 2020), presence of 
tar balls in INP samples (McCluskey et al., 2014), lack of a major contribution to INPs from black carbon 
particles (McCluskey et al, 2014; Levin et al., 2016; Schill et al., 2020), and INP fractions with respect to total 
particle numbers generated that span the range found in prior laboratory studies (Petters et al., 2009; Levin 
et al., 2016) and appear in many cases to meet the criteria for regional significance established in Petters 
et al. (2009). The exact role of the fuel type and combustion conditions in relation to INP plume enhance-
ment remains unclear as each wildfire burns multiple fuels, which limits generalizations. Nevertheless, this 
study shows that wildfire smoke INPs persist in diluting plumes, have local and sometimes regional signif-
icance in determining free tropospheric INP concentrations, and are therefore relevant to understanding 
future impacts on clouds in a climate with more wildfires.
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Data Availability Statement
The data that support the findings of this study are available from https://data.eol.ucar.edu/master_lists/
generated/we-can/.
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