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Abstract

Immersion-mode ice-nucleating particle (INP) concentrations from an off-road diesel engine
were measured using a continuous-ﬂow diffusion chamber at 30°C. Both petrodiesel and biodiesel were
utilized, and the exhaust was aged up to 1.5 photochemically equivalent days using an oxidative ﬂow reactor.
We found that aged and unaged diesel exhaust of both fuels is not likely to contribute to atmospheric INP
concentrations at mixed-phase cloud conditions. To explore this further, a new limit-of-detection
parameterization for ice nucleation on diesel exhaust was developed. Using a global-chemical transport
model, potential black carbon INP (INPBC) concentrations were determined using a current literature INPBC
parameterization and the limit-of-detection parameterization. Model outputs indicate that the current
literature parameterization likely overemphasizes INPBC concentrations, especially in the Northern
Hemisphere. These results highlight the need to integrate new INPBC parameterizations into global climate
models as generalized INPBC parameterizations are not valid for diesel exhaust.

1. Introduction
Ice-nucleating particles (INPs) are a rare subset of the atmospheric aerosol that affects the Earth’s climate by
modifying cloud cover, persistence, and brightness [Vali et al., 2015]. Except in ice multiplication scenarios,
ice-particle formation in the atmosphere at temperatures warmer than approximately 38°C can only be
initiated by INPs. Despite their importance, the mechanisms surrounding atmospheric ice nucleation are complex and not well understood [DeMott et al., 2011]; hence, there exist large uncertainties surrounding estimates
of climate forcing from ice-containing clouds [Boucher et al., 2013]. Several studies have implicated black carbon
(BC) particles as possible INPs [e.g., Twohy et al., 2010], as they represent a relatively abundant surface area for
heterogeneous nucleation at altitudes relevant to mixed-phase clouds [Schwarz et al., 2010a]. The role of BC as
an INP, however, remains unclear. For example, ﬁeld studies have shown that BC is enhanced in ice residuals
sampled from mixed-phase clouds at Jungfraujoch [Cozic et al., 2006, 2008], implicating the possible involvement of BC in ice nucleation; other studies at the same site, however, show opposite trends [Kamphus et al.,
2010]. Laboratory studies of ice nucleation on BC proxies exhibit similar conﬂicting results, with their effectiveness as INP ranging from below the limit of instrument detection to potentially rivaling the well-known INP
mineral dust [DeMott, 1990; Diehl and Mitra, 1998; Koehler et al., 2009; Friedman et al., 2011; Murray et al.,
2012]. Despite this conﬂict, current global models that incorporate theoretical formulations of heterogeneous
ice nucleation often identify BC as the second-most abundant INP type after mineral dust, with contributions
ranging from 23% up to nearly 50% of all INP active [Hoose et al., 2010; Savre and Ekman, 2015]. Certain types
of biomass burning have been shown to be a source of BC INP (INPBC) [Petters et al., 2009; Mccluskey et al.,
2014] and have also been shown to impact ice formation in orographic clouds [Twohy et al., 2010]; however, less
is known about the contribution of INPBC from fossil fuel sources. Additionally, atmospheric aging of BC after
emission can alter its physicochemical properties [China et al., 2015a]; therefore, it is reasonable to assume that
aging may also alter its ice nucleation activity. Consequently, understanding BC as an INP, especially concerning
speciﬁc sources and atmospheric aging, is essential to lowering the aforementioned uncertainty.
Here this uncertainty is directly addressed by measuring INP in the emissions of a real-world BC source, an
off-road diesel engine. Emissions from diesel engines comprise approximately 20% of the global BC aerosol burden
by mass, and the majority of BC emissions related to fossil fuel energy [Bond et al., 2013]. Furthermore, diesel
exhaust is a BC-rich source that has been identiﬁed as an effective target for mitigation of near-term climate
forcing [Bond et al., 2013]. Depending on the ice nucleation efﬁcacy of diesel exhaust, however, mitigating BC

DIESEL EXHAUST ICE-NUCLEATING PARTICLES

1

Geophysical Research Letters

10.1002/2016GL069529

emissions from diesel exhaust may also alter cloud coverage through the so-called glaciation indirect aerosol
effect [Lohmann, 2002]. In this study, emissions from combustion of both conventional and biodiesel fuels
were explored, and the exhaust was photochemically aged for up to 1.5 equivalent days using an oxidative
ﬂow reactor. We show that neither fresh nor aged emissions from diesel engines contributed appreciably to
atmospheric INP concentrations. To explore this, we developed a new limit-of-detection parameterization for
diesel exhaust BC, and we estimated potential INP concentrations using a global-chemical transport model.

2. Experimental Setup
INP concentrations from diesel exhaust were measured using the Colorado State University continuous-ﬂow diffusion chamber (CSU-CFDC) [Rogers, 1988; Rogers et al., 2001; DeMott et al., 2015]. Measurements were conducted during June 2015 in the Diesel Exhaust and Fuel + Controls (DEFCon) study at the CSU Powerhouse Facility’s Engines
Laboratory. A schematic of the experimental setup can be found in Figure S1 in the supporting information. In brief,
the exhaust of a 4.5 L John Deere off-road diesel engine [Drenth et al., 2014] was sampled into a dilution chamber,
which diluted the exhaust by a factor of 45–110; the engine meets the Tier 3 emissions standards set in 2007. Engine
exhaust for both fuels was sampled under both idle conditions and 50% load (approximately 50% rated torque and
100% rated speed). For the ice nucleation experiments, neither a diesel particulate ﬁlter nor a diesel oxidation catalyst was employed downstream of the engine. The dilution chamber operates by aspirating room air that was
ﬁltered through a HEPA ﬁlter and a 208 L activated charcoal drum to scrub particles and volatile gases, respectively.
The diluted exhaust was then passed through a potential aerosol mass (PAM) chamber [Kang et al., 2007]. The PAM
chamber simulates photochemical aging by using an array of mercury lamps to photolyze H2O to OH radicals;
equivalent timescales of photochemical aging are determined from the OH radical concentration. Behind the
PAM chamber, the ﬂow was split to several particle measurement instruments, including the CSU-CFDC.
The CSU-CFDC samples an aerosol lamina between two vertically oriented concentric copper columns. The
walls of the copper columns are chemically treated to be wettable by liquid water, which facilitates the formation of a thin, uniform layer of ice. The ice-coated walls are temperature controlled, which allows for speciﬁc control of the temperature and relative humidity (RH) in the aerosol lamina. For this study, the temperature and RH
were set to approximately 30°C and 105% RH with respect to water, respectively. Over the course of all 151
experimental periods, the measured temperature and RH were 30.02 ± 0.12°C and 105.6 ± 0.4%, respectively;
these experimental variabilities are lower than the typical instrumental uncertainties of ±0.5 K and 2.4% at 30°C
[DeMott et al., 2015]. Under these water-supersaturated conditions, particles activate into droplets in the
condensation/nucleation section, and those droplets which contain INP active at 30°C or warmer freeze. The
lamina then enters an evaporation section held at ice saturation where droplets evaporate, but ice particles survive. Ice concentrations are determined from an optical particle counter (OPC) using a calibrated size threshold
(i.e., 3.0 μm). The OPC also counts particles greater than 500 nm using a separate calibrated size threshold. A
2.4 μm impactor at the CFDC inlet was used to remove large particles to avoid miscounting them as ice crystals.
The measured INP was corrected for background counts, and signiﬁcance levels were determined as described in
Text S1. All INP concentrations are reported at standard temperature and pressure.
Simultaneous measurements using a scanning mobility particle sizer (SMPS) and single-particle soot photometer
(SP2) were also taken. For the SMPS, sizing scans were integrated to get the total number of particles between 32
and 829 nm. The SP2 used in this study has been described elsewhere [Levin et al., 2014]. In brief, optical detectors
measure the interaction of individual aerosol particles with a high-intensity 1064 neodymium: yttrium/aluminum/
garnet (Nd:YAG) laser. Those particles that absorb light at 1064 nm are heated to their vaporization temperature
and emit thermal radiation, a process termed laser-induced incandescence. In the atmosphere these particles are
primarily refractory BC (rBC), which can be veriﬁed using a dual color-band temperature measurement [Schwarz
et al., 2006]. It is important to note that for this study, the SP2 had a lower limit of detection of 90 nm volume
equivalent diameter, assuming a BC density of 2.0 g/cm3 [Schwarz et al., 2010b]. Thus, BC number concentrations
are reported only for particles containing BC cores between 90 and 500 nm.

3. INP Concentration Measurements
Figure 1 shows a time series taken from a typical experiment with the engine at 50% load. Total particle number
concentrations and rBC number are shown in the bottom panel on the left and right axes, respectively. INP concentrations at 1 Hz are shown in the middle panel, and ~5 min time-averaged INP concentrations are shown in
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Figure 1. CSU-CFDC, SMPS, and SP2 data collected on 3 June 2015 for petrodiesel exhaust from an off-road diesel engine at
50% load that has been ﬁltered, run through the PAM chamber with the lamps off (0 days aging), and aged 1.5 equivalent
photochemical days in the PAM chamber. Also shown are CSU-CFDC data from ambient air in the CSU Powerhouse
Facility’s Engines Laboratory. The SMPS and SP2 data from the ambient air period are not available as these instruments
were sampling diesel exhaust behind the PAM chamber.

the top panel. Filter-background periods for the CFDC are highlighted in grey. Typical background concentrations in this subset of experiments were ~2 L1 (average of 1.1 L1 for all 151 sampling periods). At 3:25 P.M.,
the CFDC inlet was switched from ﬁlter to sample. At this time, the aerosol concentration after the PAM chamber
was ~20,000 cm3, and the number concentration of rBC-containing particles between 90 and 500 nm was
greater than 1000 cm3. Despite high total particle and rBC number concentrations, the INP concentrations
remained at ~2 L1, not signiﬁcantly different than background level. Thus, the INP active fraction was less than
~1 in 107 of the total aerosol. After the second ﬁlter period, the voltage on the PAM chamber was set to 4 V;
under normal circumstances, this corresponds to ~18 days photochemical aging, but signiﬁcant OH radical suppression from organic species in the exhaust occurred in this study [Link et al., 2016]. Thus, for this study, this
setting corresponds to an OH exposure equivalent to 1.5 days of photochemical aging by OH at 1.5 × 106 molecules/cm3. As shown, aging the exhaust to 1.5 photochemically equivalent days did not enhance the INP concentrations in diesel exhaust, which continued to be similar to the background. After the third ﬁlter period, the
CFDC inlet was disconnected from the back of the PAM chamber and allowed to sample ambient room air in the
CSU Powerhouse Facility’s Engines Laboratory. Concentrations from the SMPS and SP2 are not shown because
they were still sampling from the PAM chamber exit, but aerosol concentrations were much lower in the room
air than in the exhaust. Despite this, the concentration of INP in the ambient air was approximately 10 L1,
which is well above the background and agrees well with the DeMott et al. [2010] “global” INP parameterization.
Similar experiments on diesel and biodiesel exhaust were conducted for a total of 151 sampling periods. To
facilitate a quantitative analysis between this work and previous studies, we use a modiﬁed version of the ice
nucleation efﬁciency parameter ξ T, as deﬁned by Petters et al. [2009]:
ξ T ¼ log10 ðAF105 Þ;

(1)

where AF105 is the fraction of all particles active as INP at ~105% RH. This parameter is slightly modiﬁed from
the work of Petters et al. [2009], who used the maximum activated fraction by conducting supersaturation
scans for each of their sampling periods and then used the activated fraction at the RH just prior to droplet
breakthrough. As shown in the supporting information, our maximum activated fractions were not signiﬁcantly different than those at 105% RH. The results for diesel emissions from all sampling periods are shown
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in Figure 2. For comparison, we
show in Figure 2 ξ 30 determined
for the emissions from the combustion of biomass fuels during
the fourth Fire Laboratory at
Missoula Experiment (FLAME4)
[Levin et al., 2016]. Figure 2 also
includes data from this study for
two proxies of mineral dust and
ice nucleation active bacteria,
NX-Illite and SnoMax, respectively.
Each of these samples was size
selected to 500 nm using a differential mobility analyzer.
From Figure 2, the range of calculated signiﬁcance limits (highlighted in grey) for ξ 30 for all
diesel experiments was between
6.5 and 8.6. This range of significance for ξ -30 depends on both
the absolute signiﬁcance levels
(Text S1) and the total particle
concentration. For the 151 timeFigure 2. Ice nucleation efﬁciency of diesel (red sticks) and biodiesel (blue
averaged sampling periods, the
sticks) exhaust under idle and 50% load conditions. Also shown are timeaveraged data for laboratory burns of biomass fuels from FLAME4 [Levin
total particle concentration varied
et al., 2016] (dark grey markers) and from 500 nm size-selected SnoMax and
from ~3000 cm3 to 180,000 cm3.
NX-illite particles (this study; black markers). The range of signiﬁcance for all
Of these, the majority (n = 148)
diesel-exhaust sampling periods is highlighted in grey.
were under 90,000 cm3. Above
3
90,000 cm and at T = 30°C, the vapor ﬂux from the warm to the cold wall may not be sufﬁcient to maintain
the intended supersaturation leading to reductions >3% [Levin et al., 2016]. Such conditions have been
shown to result in systematic undercounting of INP activated fractions by 1 order of magnitude. Since our
counts were below the signiﬁcance level in all cases, it is impossible to correct for this potential undercounting. We note, however, that INPs were not shown to signiﬁcantly increase during the supersaturation scans
done in this study (Text S2). This suggests that undercounting due to reductions in the RH below 105%
was likely minimal. All of the individual sampling periods for aged and unaged diesel and biodiesel under
both idle conditions and 50% load in Figure 2 are below their individual signiﬁcance level. Thus, no more than
~1 in 5 × 106 to 5 × 108 diesel exhaust particles will act as INP. This fraction is well below the fraction of INP in
ambient aerosol in the free troposphere, as measured in previous studies [Rogers et al., 1998]. Consequently, it
is not likely that aged or unaged diesel and biodiesel exhaust will contribute signiﬁcantly to atmospheric INP
concentrations. In contrast, Figure 2 indicates that emissions from laboratory burns of some biomass fuels
can produce ξ 30 above our range of signiﬁcance. Thus, biomass burning may be a more important source
of INP depending on the fuel type. Finally, all of the combustion particles are much less efﬁcient than the
laboratory proxies for mineral dust and ice-active proteins.
Although we did not investigate the temperature dependence of ξ T, it is likely that INP concentrations
decrease with increasing temperature, similar to previous ﬁeld observations [DeMott et al., 2010]. Thus, our
measured ξ 30 are expected to be near the upper limit of the fraction of diesel-exhaust INP active as
condensation/immersion-freezing nuclei under mixed-phase cloud conditions.

4. Limit-of-Detection Parameterization for Diesel-Derived INPs
Since ξ 30 from diesel and biodiesel exhaust are lower than our experimental signiﬁcance levels, we can use
our results to bound the maximum contributions to potential INP concentrations from these sources. To
explore this further, we developed a new limit-of-detection (LOD) parameterization for BC particles
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associated with diesel and biodiesel exhaust. Data from this experiment were evaluated under the singular
hypothesis, which stipulates that the time dependence of freezing events is of secondary importance to
the temperature dependence. In this vein, the data were parameterized using the ice nucleation active site
density (ns) model:
ns ðT Þ ¼ 

lnð½1  AFðT Þ
;
SAaerosol

(2)

where AF is the fraction of INP in the total aerosol and SAaerosol is the surface area per particle. In order to
ensure that we are representing the upper limit of ns for BC in diesel exhaust, the following measures were
taken. First, AF was estimated using the signiﬁcance level for each of the individual sampling periods; these
correspond to the highest possible INP concentrations that could have been present in diesel exhaust in
these experiments without our detection. Further, we determined AF based not on the total number concentrations of particles, but rather using only the BC particle number concentrations derived from the SP2. The
SP2 has a lower size limit of 90 nm volume equivalent diameter (VED), thus, we calculated the AF using the
number concentrations of BC between 90 and 500 nm despite the majority of particles estimated to be smaller than 90 nm (Figure S3). Since 90 nm was the most abundant size measured by the SP2 (Figure S3), we estimated SAaerosol by multiplying the mass of a 90 nm VED rBC particle (~0.7 fg) by its Brunauer-Emmett-Teller
surface area, which we assumed to be 108 m2/g [NIST SRM 1650b, 2013].
The ns calculated for BC from diesel and biodiesel exhaust aged up to 1.5 photochemically equivalent days
was 8.09 × 102 cm2 at 30°C. This value is over 4 orders of magnitude smaller than the value of
3.11 × 107 cm2, which was derived from past studies of soot acting as INPs [Murray et al., 2012]. Since our
data were taken at one temperature (30°C), we extend our parameterization to temperatures as warm as
18°C by assuming that it has the same temperature bounds and follows the same functional form as the
equation in Murray et al. [2012] (from here on referred to as M12) for soot. The full LOD ns equation can be
found in the supporting information (equation (S1)).

5. GEOS-Chem Model Study
To quantify the effect of this LOD parameterization on modeled INPBC concentrations, global maps of BC
concentrations by source (i.e., fossil fuel and biomass burning) were ﬁrst produced. To calculate BC concentrations, we used the Goddard Earth Observing System chemical-transport model (GEOS-Chem) version
10.01. Our simulations were driven by GEOS-5 assimilated meteorology ﬁelds (http://gmao.gsfc.nasa.gov)
and included aerosol tracers for sulfate, sea salt, nitrate, ammonium, dust, organic carbon, and black carbon
as well as 52 gas-phase species. We simulated the year 2010 with one month of model spin-up (not included
in analysis) at 4° × 5° horizontal resolution and 47 vertical layers. Black and organic carbon emissions from fossil fuel and biofuel combustion are from Bond et al. [2007] and biomass burning from the Global Fire
Emissions Database version 3 (GFED3) [van der Werf et al., 2010]. In order to determine atmospheric BC concentrations by source, we ran two simulations: one simulation included all BC emission sources and one simulation included only biofuel and biomass-burning BC emissions (fossil fuel emissions off). Comparing these
two simulations allowed us to isolate the BC from fossil fuel sources. To determine particle surface area, we
applied the BET surface area, 108 m2/g to the BC mass distributions. In order to get particle number, we scale
modeled BC mass into size distributions assuming a lognormal distribution with number median diameter of
180 nm and a standard deviation of 1.8 (similar to Karydis et al. [2012]). Both fossil fuel and biomass-burning
BC number concentration global maps at the surface and the annually and zonally averaged latitude versus
pressure plots of BC number concentrations can be found in Figure S4.
To determine the global distribution of INPBC that would be predicted using existing parameterizations that
are not speciﬁc to the source of BC, we applied the M12 soot INP parameterization to modeled fossil fuel and
biomass-burning concentrations. Figure 3a shows the number concentrations of BC active as INP at 20°C
([INPBC]20) at the surface in the model. The model predicted the highest annually averaged concentrations
of [INPBC]20 in the Northern Hemisphere high latitudes and over areas of regular biomass-burning events.
In Figure 3b, we applied the LOD ns parameterization for diesel exhaust to all fossil fuel sources, while
applying the M12 parameterization to the BC from the nonfossil sources. Figure 3c shows the ratio of
[INPBC]20 in Figure 3b to that in Figure 3a. As indicated by a ratio near 1, there was essentially no reduction
SCHILL ET AL.
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Figure 3. (a–c) Number concentrations of BC particles potentially active as immersion-freezing INP, as computed from GEOS-Chem aerosol ﬁelds. (Figure 3a)
[INPBC]20 at the surface using M12 parameterization for both fossil fuel and biomass-burning sources, (Figure 3b) [INPBC]20 using M12 parameterization for
biomass-burning sources and LOD parameterization for fossil fuel sources, (Figure 3c) ratio plot of b/a. (d–f) As in Figures 3a–3c, except that the number concentrations of black-carbon-derived INP are computed at the local temperatures, for temperatures 38°C ≤ T ≤ 18°C.

in [INPBC]20 over sub-Saharan Africa and the Amazon basin, as BC emissions from these regions are largely
from biomass burning, not fossil fuel sources. Likewise, the ratio plot shows values mainly > 0.5 in the
Southern Hemisphere. In the Northern Hemisphere, however, there are large changes in the concentrations
of [INPBC]20 at the surface, especially over areas of high industrial activity such as the United States, Europe,
and China, where BC emissions are largely from fossil fuel sources. Thus, our LOD measurements of INP from
diesel exhaust suggest that the current literature parameterization seems to be grossly overemphasizing
INPBC emissions in these areas.
In order to determine the concentrations from both types of sources of INPBC that are transported to temperatures cold enough to form ice, we deﬁne the term [INPBC]amb as the concentration of INP active at ambient temperatures derived from the model output. In other words, the parameterizations are evaluated based
on local values of both BC concentrations and temperature. The annual zonal mean latitude versus pressure
plots of [INPBC]amb are shown in Figures 3d and 3e. It is important to note that the temperature bounds of
both the M12 and LOD parameterizations are 18°C and 38°C; outside of these temperatures, the parameterization goes to zero. Thus, this parameterization only accounts for those INP that would induce freezing in
the immersion mode at temperatures relevant to mixed-phase clouds. Homogeneous freezing, occurring at
temperatures colder than 38°C, is not parameterized. In Figure 3d, the M12 parameterization is applied to
BC from both biomass burning and fossil fuel sources. In Figure 3e, the LOD parameterization is substituted
for BC derived from fossil fuel emissions. Similar to [INPBC]20 in the global distribution maps, there are large
interhemispheric differences in [INPBC]amb. This difference is particularly striking in the Arctic regions, where
the M12 parameterization may be overemphasizing [INPBC]amb by a factor of 5, as shown by the ratio of
Figure 3e over 3d (Figure 3f). This is due to the model attributing a large proportion of BC in this region to
transported fossil fuel emissions, which we have shown to be an inefﬁcient INP. Additionally, despite lower
absolute concentrations and higher [INPBC]amb ratios, the model shows that the M12 parameterization
may overemphasize [INPBC]amb in some regions of the Southern Hemisphere. Thus, Figure 3 suggests that
applying a general parameterization to all BC, which appears to be invalid for diesel emissions, may overemphasize INP concentrations from BC, especially in Northern Hemisphere high latitudes.

6. Summary and Conclusion
Our laboratory measurements indicate that exhaust from diesel engines combusting either conventional or
biodiesel fuels have ξ 30 values lower than approximately 6.5 to 8.6. These efﬁciencies, even when combined
with the high number concentrations of emitted particles, are not high enough to contribute substantially to
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atmospheric concentrations of immersion-mode ice-nucleating particles at mixed-phase cloud temperatures,
even when aged up to 1.5 photochemically equivalent days. This ﬁnding is consistent with previous studies
on diesel exhaust from on-road engines [Chou et al., 2013; China et al., 2015b]; however, those studies had a
ξ T lower limit of 3 and, therefore, could not fully characterize the limited atmospheric relevance of diesel
exhaust INPs. Further, those studies did not investigate the effects of different fuel types and only probed
aging timescales up to a few hours. Consistent with molecular dynamics studies [Lupi and Molinero, 2014],
oxidative aging of the exhaust particles did not increase their ice nucleation efﬁciency in the immersion
mode; however, some key atmospheric copollutants may have been missing in the PAM chamber. Our results
also differ from the conclusions from laboratory studies on simple ﬂame burner production of soot from
acetylene and kerosene [DeMott, 1990; Diehl and Mitra, 1998], emphasizing the importance of measurements
on real-world BC sources.
To explore the signiﬁcance of these results, a LOD parameterization for BC, speciﬁc to diesel engine sources, was
developed under the singular hypothesis. The predictions of ice nucleation active site densities from this parameterization are over 4 orders of magnitude lower than current parameterizations in the literature that were
based primarily on laboratory studies of burner-soot particles. Both parameterizations were applied to global
distributions of BC particle number concentrations that were modeled using GEOS-Chem, separating BC emissions into fossil fuel and biomass-burning sources. In contrast to our LOD ns parameterization, using the current
literature ns parameterization for BC INPs from fossil fuel sources overemphasized INPs in the Northern
Hemisphere, especially in the Arctic, a region of particular sensitivity to climate change due, in part, to the
impact that cloud cover has on surface radiative ﬂuxes [Morrison et al., 2011]. Furthermore, the persistence of
these mixed-phase clouds is expected to be sensitive to INP concentrations [Prenni et al., 2007], as modest
increases in ice concentrations can lead to the rapid conversion of mixed-phase clouds to all-ice clouds
[Morrison et al., 2011]. Additionally, our ﬁndings could help explain INP biases in those global climate models
that use theoretical representations of ice nucleation, which tend to overestimate ice nucleation from BC
sources [Savre and Ekman, 2015]. Correcting these biases may be critical for correctly modeling future climate.
Finally, although we used the current literature parameterization for biomass-burning aerosol, BC from these
sources may also be less efﬁcient than INPs emitted from burner soot. Previous laboratory burns of various
biomass fuels indicate that INP emissions from biomass burning are highly variable, both between burn types
and burning conditions [Petters et al., 2009]; more recent laboratory burns conﬁrm this behavior and can speciﬁcally attribute some ice nucleation behavior to rBC-containing particles [Levin et al., 2014]. Furthermore,
McCluskey et al. [2014] have shown that certain biomass-burning events will emit and may even be dominated by a BC-type INP. Future studies should focus on further unraveling the physicochemical traits of
BC-speciﬁc INP emissions from real-world biomass-burning events.
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