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Abstract: The immersion freezing ability of soot particles has in previous studies been reported in
the range of low/insignificant to very high. The aims of this study were to: (i) perform detailed
physico-chemical characterisation of freshly produced soot particles with very different properties,
(ii) investigate the immersion freezing ability of the same particles, and (iii) investigate the potential
links between physico-chemical particle properties and ice-activity. A miniCAST soot generator
was used to produce eight different soot samples representing a wide range of physico-chemical
properties. A continuous flow diffusion chamber was used to study each sample online in immersion
mode over the temperature (T) range from −41 to −32 ◦C, at a supersaturation of about 10% with
respect to liquid water. All samples exhibited low to no heterogeneous immersion freezing. The most
active sample reached ice-activated fractions (AF) of 10−3 and 10−4 at temperatures of 1.7 and 1.9 K ,
respectively, above the homogeneous freezing temperature. The samples were characterized online
with respect to a wide range of physico-chemical properties including effective particle density, optical
properties, particle surface oxidation and soot maturity. We did observe indications of increasing
immersion freezing ice-activity with increasing effective particle density and increasing particulate
PAH fraction. Hence, those properties, or other properties co-varying with those, could potentially
enhance the immersion freezing ice-activity of the studied soot particle types. However, we found
no significant correlation between the physico-chemical properties and the observed ice-nucleating
ability when the particle ensemble was extended to include previously published results including
more ice-active biomass combustion soot particles. We conclude that it does not appear possible in
general and in any straightforward way to link observed soot particle physico-chemical properties
to the ice-nucleating ability using the online instrumentation included in this study. Furthermore,
our observations support that freshly produced soot particles with a wide range of physico-chemical
properties have low to insignificant immersion freezing ice-nucleating ability.

Keywords: ice nucleation; immersion freezing; miniCAST; SPIN; soot; black carbon; brown carbon;
aerosol

1. Introduction

Soot particles are known to influence climate significantly through direct interac-
tion with radiation [1], and indirectly via acting as cloud condensation nuclei (CCN) [2].
However, it is highly uncertain to which extent soot particles may affect cloud properties
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and thus climate indirectly through facilitating heterogeneous freezing of cloud droplets.
Yun et al. [3] estimated that the radiative forcing due to heterogeneous ice nucleation
caused by anthropogenic soot particles in mixed-phase clouds could potentially be as high
as ∼1 W/m2. A significant reason for the pronounced uncertainties in such modelling
studies is the high uncertainty of the ice-nucleating ability of ambient soot particles.

Soot particles are a type of carbonaceous material made up of aggregates of smaller
spheroids referred to as primary particles with a wide range of physical and chemical
properties [4]. Soot is formed through the incomplete combustion of hydrocarbons, for
example biomass and fossil fuels, and properties such as soot maturity and primary
particle diameter depend on fuel composition and combustion conditions. A higher level
of soot maturity is associated with a decrease in hydrogen-to-carbon fraction [5,6], and
a progression from more amorphous to more graphitic structures [7,8]. Major sources
of soot particles include combustion of fossil fuels in transportation, open burning of
biomass and combustion of solid fuels for industrial and residential use [9]. There have
been several studies performed in recent years examining the immersion freezing ability of
soot particles [10–16].

The ice-nucleating ability of freshly produced soot particles have inconsistently been
reported to range from undetectable or low, up to very high. Studies reporting high
ice-nucleating ability in immersion mode include the following three: (1) DeMott [17]
reported soot particles from the exhaust of an acetylene burner to facilitate immersion
freezing of cloud droplets for temperatures up to −24 ◦C; (2) Diehl and Mitra [18] reported
soot particles from the exhaust of a kerosene-burner to be active in immersion freezing
for temperatures up to −20 ◦C; and (3) Gorbunov et al. [19] reported soot particles from
combustion of toluene and benzene to facilitate immersion freezing at temperatures up
to −10 ◦C. The results of DeMott [17] and Diehl and Mitra [18] comprised the foundation
for an immersion freezing parameterisation of soot particles with a high ice-active site
density [20].

On the other hand, several studies report modest or undetectable ice-nucleating abil-
ities of soot particles. Schill et al. [10] reported no detection of immersion freezing ice
nucleation at −30 ◦C for freshly emitted and aged soot particles from a diesel engine.
Chou et al. [11] observed immersion freezing in a couple of cases for T = −35 ◦C, but
not at −30 ◦C for freshly emitted and aged soot particles from wood combustion and a
diesel engine. Levin et al. [12] reported relatively low concentrations of immersion freezing
ice nucleating particles (INPs) in biomass burning emissions, but a fraction of the INPs
disappeared by removal of black carbon particles. The immersion freezing ice-nucleating
ability of two soot types generated with a miniCAST burner was recently reported to be
insignificant [16]. Korhonen et al. [13] reported soot particles from biomass combustion
to facilitate immersion freezing very close to the homogeneous freezing temperature near
−38 ◦C, with only a couple of exceptions. Their most active soot sample facilitated im-
mersion freezing for temperatures up to about −32 ◦C. In some of the studies reporting
undetectable heterogeneous immersion freezing of soot particles, parameterisations based
on the upper potential ice active site density could be estimated based on the detection
limit [10,14,15]. The large variety in experimental results have led to considerable differ-
ences in the existing parameterisations of the immersion freezing ice-nucleating ability
of soot particles [14]. Depending on the ice-nucleating ability of soot particles, they may
comprise about 5% [21] or 23% [22] of global INPs relevant for mixed-phase clouds.

The various experimental studies of the immersion freezing ice-nucleating ability of
soot particles have been based on very different types of particles in terms of sources and
their physico-chemical properties. In most studies, a detailed characterisation of the soot
particles has not been carried out, so it is largely unclear which soot particle properties are
important for the immersion freezing potential.

The current study focuses on measurements of the immersion freezing ice-nucleating
ability of a range of soot particle types generated with a miniCAST burner [23,24] under
controlled laboratory conditions. We carried out a detailed physico-chemical characterisa-
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tion of the studied soot particles with the aim of investigating any potential relationship
between soot particle properties and immersion freezing.

2. Materials and Methods
2.1. Set-Up Overview

A schematic of the experimental set-up used to examine the generated soot particles
with respect to ice nucleation, fragmental mass spectra, light attenuation and effective
density can be seen in Figure 1. The principle of the set-up was to (1) generate a distribution
of soot particles, (2) select the largest mobility equivalent diameter (referred to as mobility
diameter) with reasonable number concentrations and (3) distribute the diluted aerosol
flow to the various aerosol instruments.

miniCAST Coag.
volume DMA

CPC

AE33

APM

SP-AMS

SPIN

EDSMPS

ED

Figure 1. Experimental set-up for this study. DMA: Differential Mobility Analyser, ED: Ejector diluter,
SP-AMS: Soot-Particle Aerosol Mass Spectrometer, AE33: Aethalometer, SMPS: Scanning Mobility
Particle Sizer, APM: Aerosol Particle Mass Analyser, CPC: Condensation Particle Counter and SPIN;
SPectrometer for Ice Nuclei.

The soot particles were generated with a miniature combustion aerosol standard soot
generator (miniCAST, model 5201C; Jing ltd., Zollikofen, Switzerland). The miniCAST
produces particles by means of burning propane in a controlled flame located inside the
instrument. The combustion conditions, and consequently also the soot particle properties
for this flame, can be modified in the instrument via four parameters, (i) propane gas fuel
flow, (ii) N2 gas flow for mixing with the fuel pre-combustion, (iii) oxidation air flow, and
(iv) N2 gas flow for quenching the flame. A parameter for internal air flow dilution was
also available, primarily to control particle number concentrations. In these experiments,
we explored eight different configurations of these parameters, representing different
levels of soot maturity and chemical composition. Internal dilution was utilised for two
of these configurations, which exhibited comparatively high number concentrations. The
configurations are summarized in Table 1. The soot properties were altered in two different
ways. Experiments denoted OP (operation point) used settings defined by the miniCAST
manufacturer, and SP (set point) used settings defined by Ess et al. [25]. In both sets of
experiments, the oxidation air flow was decreased with increasing OP-number (OP#) or
increasing SP-number (SP#). In addition to this, for the OP#-experiments, an N2 gas flow
for mixing with the fuel pre-combustion was introduced and increased for increasing
experiment number. From here on, any miniCAST setting is generally referred to as a
setpoint, and when relevant its type will be explicitly stated (OP/SP).
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Table 1. The different miniCAST settings used. OP-numbered settings are sourced from the manu-
facturer, while SP-numbered settings are sourced from Ess et al. [25]. Lower OP numbering relates
to, according to previous studies, a higher level of soot maturity [26,27]. Settings OP2 and OP4
additionally used the internal dilution flow of the miniCAST in order to lower particle concentrations.

Setpoint Fuel (C3H8)
(L/min)

Mix. Gas (N2)
(mL/min)

Oxidation Air
(L/min)

Quench Gas (N2)
(L/min)

Dilution Air
(L/min)

OP2 0.06 50 1.54 7.0 5.0
OP3 0.06 100 1.52 7.0 0.0
OP4 0.06 150 1.50 7.0 5.0
OP5 0.06 200 1.47 7.0 0.0
OP6 0.06 250 1.42 7.0 0.0
OP7 0.06 300 1.36 7.0 0.0

a SP2 0.06 0 1.15 7.0 0.0
a SP3 0.06 0 1.00 7.0 0.0

a From Ess et al. [25].

The generated particles were drawn directly from the miniCAST output, and trans-
ported through one to two stainless steel cylinders, with volumes of approximately 800 and
3000 cm−3, acting as coagulation volumes with the purpose of shifting the generated soot
distributions towards larger sizes. A Differential Mobility Analyzer (DMA Model 3081;
TSI Inc., Shoreview, MN, USA) was connected down-line through approximately four
meters of quarter-inch stainless steel piping. The particle mobility diameter for a given
experiment was chosen as the largest possible size while maintaining a reasonable number
concentration. We studied particles with mobility diameters of 200–500 nm at typical
number concentrations of 300–3700 cm−3. This variation between samples was due to the
different particle size distributions each miniCAST operation gave rise to. The motivations
for choosing relatively large particles from the size distributions were (i) that it resulted
in a minimal contribution of multiply charged particles, and (ii) that larger particles are
more likely to act as CCN (for detection of immersion freezing) and also as INPs. The
potential impact of different particle mobility diameters and different particle number
concentrations between experiments will be discussed below after the presentation of the
ice nucleation results.

An ejector diluter (Dekati Inc., Kangasala, Finland) with multiple outputs and a
dilution ratio of 4–10 was situated approximately two meters downstream of the DMA.
From this, all included instruments collected the sample aerosol, with the exception of the
SPIN continuous flow diffusion chamber (CFDC) and the associated condensation particle
counter (CPC), which shared a collection line.

2.2. SPIN CFDC Set-Up & Data Analysis

The SPectrometer for Ice Nuclei (SPIN; Droplet Measurement Technologies, Longmont,
CO, USA) used in this study has previously been described in the literature [28,29], so only
a brief description is included here. The SPIN is a CDFC instrument used to examine ice
nucleation properties of aerosol particles in real-time by exposing them to controlled RH
and temperature conditions. It consists of a chamber with two parallel aluminium plates
separated by 1.0 cm. The upper part comprises the main chamber, where ice nucleation
may occur, and the lower part represents the evaporation section. In the current study, the
temperatures measured by the uppermost 13 thermocouple pairs were used in the data
analysis, as they represent the main chamber conditions [28]. A sample flow of 1.0 standard
litres per minute (SLPM) was injected in between two clean air sheath flows of 4.5 SLPM
each, along the aluminium chamber plates. We will refer to the ideal sample flow pathway
through the main part of the chamber as the ’lamina’ in this study. The particle residence
time in the ’lamina’ is approximately 10 s in the main section, and approximately 2 s in the
evaporation section.

The chamber plates were coated with thin layers of ice and cooled down to differ-
ent sub-zero temperatures, causing a gradient in temperature and partial water vapour
pressure. From the non-linear relationship between temperature and saturation vapour
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pressure, this led to supersaturation with respect to ice in the lamina. The sample aerosol is
exposed to isothermal conditions in the evaporation section, which is sub-saturated with
respect to liquid water, but not with respect to ice crystals, causing any aqueous liquid
particles to start evaporating. In the current study, the evaporation section temperature was
set to follow the average lamina temperature. The particles are counted at the exit of the
evaporation section with a size and polarization resolved optical particle counter (OPC),
for diameters larger than about 0.5 µm. The SPIN CFDC has a relatively short evaporation
section compared to some other similar CFDC instruments, with the consequence that ice
crystals and cloud droplets co-exist under a larger range of operation conditions. To com-
pensate for this, the SPIN OPC polarization data can be used as additional parameters for
identification of ice particles if necessary.

The SPIN OPC measures size-resolved number concentrations of particles with a time
resolution of 1 s. Since this version of the SPIN instrument OPC could not fully discern
between droplet and ice particles with its polarization data, a size threshold of 5 µm was
used for identification of ice mode particles. For the operation conditions applied in the
current study, we have previously found that liquid droplets did not grow to sizes larger
than 5 µm for a wide range of samples including hygroscopic aerosols [13]. The SPIN
data are in our analysis averaged over 10 s to improve counting statistics, and chamber
conditions do not change substantially over such short time intervals. The total number
concentration ntot from the condensation particle counter (CPC; Airmodus model A20)
operated in parallel was averaged over the matching 10 s time intervals by compensating
for the particle residence time in the SPIN. The ice-activated fraction (AF) was then defined
as the number of background corrected ice crystals against the total particle number
concentration; AF = ni/ntot for a given temperature. This AF may be biased for a number
of reasons, which are discussed in more detail in the results Section 3.2 below.

In the experiments, we scanned a lamina temperature range from −41 to −32 ◦C at
a constant supersaturation of approximately 10% with respect to liquid water. A typical
complete scan took approximately 28 min, and consisted of a low-to-high and high-to-low
temperature scan of approximately 10 min each as well as background measurements
before and after the up-scans with a duration of about 2–3 min each. Only low-to-high
temperature scans were used in the data analysis, since those scans have a high degree
of temperature control [13]. ni was corrected for the linearly interpolated background in
each scan. A homogeneous freezing reference was obtained for the same SPIN operation
as described above using quasi-monodisperse ammonium sulfate (AS) particles with a
dry mobility diameter of 350 nm and a number concentration of about 150 cm−3. The
AS particles were generated from an aqueous solution with a nebulizer. The particles
were dried with a diffusion dryer (RH < 10 %) before size selection with a DMA. Inside
SPIN, the AS particles focused in the lamina acted as cloud condensation nuclei facilitating
formation of super-micron sized dilute droplets for which the freezing temperature was
determined. The homogeneous freezing reference may be biased low by about 0.1 ◦C due
to the dissolved ammonium sulfate and the associated water activity based on similar
considerations as Ignatius et al. [30].

2.3. SP-AMS Set-Up & Data Analysis

The Soot-Particle Aerosol Mass Spectrometer (SP-AMS; Aerodyne Research Inc., Bil-
lerica, MA, USA) [31] is a further development of the Aerodyne Aerosol Mass Spectrometer
(AMS) [32]. It utilizes an intra-cavity laser, which enables vaporisation of highly refractory
light absorbing particle material such as refractory black carbon (rBC). The instrument also
contains a heated tungsten vaporiser (600 ◦C), which vaporizes non-refractory particulate
matter, and while this tungsten vaporiser is always active, the intra-cavity laser can be
turned on or off. The resulting vaporisation products are exposed to 70 eV electron ioniza-
tion and positively charged ions are detected with a time-of-flight mass spectrometer. The
SP-AMS calibration procedures used for this study are analogous to the ones described in
detail by Malmborg et al. [33].
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Two parameters based on refractory fragments intensity were derived from the SP-
AMS data with intra-cavity laser on: (1) C3O2

+ to C3
+ signal ratio, (2) midcarbon (C6−29

+)
to all carbon (C1−59

+) signal ratio, denoted as Cmid and Call , respectively. The C3O2
+ to C3

+

parameter was used for information related to refractory oxygen species such as surface
oxides from the rBC cores, where C3O2

+ is a marker for surface oxides only detected when
the intra-cavity laser is on. The Cmid to Call ratio has been shown to correlate with fringe
length, and can thus be related to the carbon nanostructure of the primary particles [33].

Additionally, concentrations of particle phase polycyclic aromatic hydrocarbons
(PAHs) were quantified from the high resolution mass spectra, assuming a relative ioniza-
tion efficiency of 1.4 and a collection efficiency of 1.0. We attributed the PAH signal using
parent ions as detailed by Herring et al. [34]. Parent ions were estimated to account for 25%
of the true PAH signal [35].

The current study extends the results presented by Malmborg et al. [33] and
Török et al. [26] by extending the range of miniCAST setpoints, particularly by contrasting
two different ways to alter soot properties (OP vs. SP series). While methodology and
comparisons are made between this study and Malmborg et al. [33], it should be noted that
Malmborg et al. [33] studied polydisperse soot populations, whereas this study examined
quasi-monodisperse populations.

2.4. APM Set-Up & Data Analysis

We used an Aerosol Particle Mass analyser (APM model 3600; Kanomax, Osaka, Japan)
to infer the effective density of the mobility size-selected soot particles. The APM principle
utilizes the balance of electrostatic and centrifugal forces to select particles of a specific
mass-to-charge ratio [36]. The APM consists of a centrifuge made up of one outer and
one inner slightly smaller electrode cylinder, in-between which the aerosol particles pass.
A voltage is supplied between the electrodes, and thus particles are exposed to both an
electrostatic and a centrifugal force. The mass-selected particles are then counted with
a CPC.

In our experiments, we varied the rotation speed of the APM in each scan, while
the voltage between the electrodes were kept constant to obtain a distribution of particle
number concentration as a function of the particle mass. The particle effective density was
calculated from the relationship in Equation (1),

ρe f f ,soot =
mAPM,soot

π
6 d3

me
(1)

where mAPM,soot is the geometric mean particle mass of a normal fit over the obtained
mass-number distribution data; dme the mobility equivalent particle diameter.

2.5. Aethalometer Set-Up & Data Analysis

An aethalometer (model AE33; Magee Sci., Berkeley, CA, USA) was used to eval-
uate equivalent black carbon (eBC) concentrations, and absorption Angstrom exponent
(AAE) for each soot sample [26]. The AAE was calculated by performing a least-squares
logarithmic fit of the relationship in Equation (2) for wavelengths 370, 470, 520, 590, 660,
and 880 nm,

babs(λ) = b0λ−AAE (2)

where λ is wavelength, babs(λ) is the absorption coefficient at wavelength λ, and b0 a
wavelength-independent constant.

It should be noted that the aethalometer may be cross-sensitive to particle scattering
artifacts for particles with single scattering albedo (SSA) close to 1 [37], thus babs may be
overestimated and AAE may be biased high. According to the DMA-APM analysis all
miniCAST setpoints except SP3 were consistent with soot agglomerates of small primary
particles for which the SSA is �1, and thus such bias is negligible. The SP3 results were
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consistent with compact particles (dme = 240 nm) that may have a higher SSA, which may
possibly result in a weak bias of the AAE measurements due to particle scattering artifacts.

The measured eBC concentrations were compared to filter-based elemental carbon
measurements for mature soot from a diesel engine in connection to this campaign. A cor-
rection factor of 2.8 was applied to the measured eBC concentration as described by
Gren et al. [38]. It should be noted that this correction factor is not used for the Korho-
nen et al. [13] dataset, which is shown together with the data of this study.

3. Results and Discussion
3.1. Soot Characterization

The physico-chemical properties for the eight studied soot particle samples are pre-
sented in Figure 2. The presented properties are the Angstrom exponent, effective density,
three parameters based on the AMS and SP-AMS mass spectra: Cmid/Call , C3O2

+/C3
+,

PAH/eBC, and finally the mean mobility diameter from the quasi-monodisperse particle
population. The samples represent the miniCAST setpoints listed in Table 1, and in Figure 2,
they are arranged on the x-axis by order of setpoint numbering. There is a tendency of
increasing AAE370−880, ρe f f ,soot, Cmid/Call , PAH/eBC and decreasing C3O2

+/C3
+ with

increasing OP# and SP#, respectively. The overall trends in the reported properties agree
well with less complete combustion and less mature soot particles with increasing OP#
or SP#, respectively, as could be expected from the settings in Table 1. In the following
paragraphs, the different presented properties will be addressed in more detail. The values
and uncertainties presented in Figure 2 are available in Table S1.

Increasing OP# correlates with a higher AAE370–880, i.e., increasingly less mature soot
particles, and is in relatively good agreement with previous measurements on polydisperse
size distributions with an AAE370–880 for OP7 at around 3 [26]. The same increasing trend is
seen for the SP samples, although with AAE values of 1.3 and 1.9. The samples OP2–OP4
have AAE of 1.0, in agreement with mature soot.

It is not straightforward to compare the effective densities directly, since there is
typically a significant decrease in effective density with increasing mobility diameter for
soot particles [23,39,40]. However, a few things can be noted: all samples except SP3 have
an effective density below 0.65 gcm−3, which are typical values for soot agglomerates
with mobility diameters above 150 nm. In contrast, the effective density for the SP3
particles of about 1.3 gcm−3 is indicative of more compact particles most likely with a
significant fraction of organic species as reported by Ess et al. [25]. The SP3 particles are
thus substantially different from the soot agglomerates produced with the OP-settings in
this respect. It can also be pointed out that the SP2 sample has significantly higher effective
density compared to OP6 (0.50 and 0.27 gcm−3, respectively), even if the mobility diameter
of SP2 is slightly larger (383 and 352 nm, respectively). Consequently, both SP samples are
associated with higher effective density (rounder particles) compared to the OP samples at
similar particle sizes. The effective density could not be obtained for OP2 and OP3. OP2
measurements suffered from low APM data quality, and during OP3 measurements the
SMPS size distribution data was not monodisperse over the APM measurement period,
leading to the APM data being unreliable.

The SP-AMS Cmid/Call soot maturity marker has elevated values (>0.2) for all samples
with AAE370–880 > 1.2 (OP5–OP7 and SP2–SP3). Cmid/Call correlates with AAE370–880 up to
OP6, after which the Cmid/Call signal remains at around 0.30–0.35, including for the SP
samples. It deserves to be pointed out that Cmid/Call has a high value of about 0.3 for SP2
soot even if the AAE370−880 is as low as 1.3. Cmid/Call has been shown to correlate with
the fraction of refractory organic carbon from thermal optical analysis [33,41], and SP2
soot has been shown to consist of as much as 50% OC [25], which may possibly explain
the results. In comparison, OP3 particles consist of <5% OC and OP5 particles consist
of about 20% OC [26]. The results indicate that there are also additional contributors
to the AAE that are not related to Cmid/Call , for example increased fractions of semi-
volatile organic compounds including PAHs, which absorb light in the UV-spectrum and
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increase the AAE370–880 [26]. The PAH/eBC ratio was substantially higher for the samples
with AAE370–880≥ 1.3 (OP6–7 and SP2–3) compared to the samples with AAE370–880 = 1.0
(OP2–OP4). Based on the above results we conclude that OP2–4 represent mature soot
with AAE370–880 = 1.0 and soot maturity marker below 0.042. OP5–7 and SP2–3 all have
AAE370–880> 1.2 and soot maturity markers > 0.2, and thus we consider these to represent
partially mature soot. In the Supplemental Material Figure S1, we provide a correlation
matrix overview of all measured parameters for all studied soot particle samples in this
study, as well as in Figure S2a an equivalent correlation matrix overview for the partially
mature soot subset.
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Figure 2. Physico-chemical properties of the eight studied samples (Table 1). From top to bottom:
(a) absorption Angstrom exponent for wavelengths 370–880 nm, (b) particle effective density, (c) SP-
AMS midcarbon to all carbon signal ratio, (d) SP-AMS concentration of particle phase polycyclic
aromatic hydrocarbons normalised to aethalometer black carbon concentration, (e) SP-AMS C3O2

+

to C3
+ signal ratio, and (f) mean mobility equivalent diameter for each miniCAST setpoint sample.

The sample setpoints on the x-axis are ordered by setpoint series and numbering. Effective density is
omitted for OP2 due to low APM data quality, and effective density and mobility diameter is omitted
for OP3 due to SMPS size distribution data not being monodisperse over the measurement period.
A correction factor of 2.8 was used for the eBC data from this study. Uncertainties presented are of
one standard deviation from the variability in recorded data during sampling. A point corresponds
to 5–10 min of data collection.
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As shown in Figure S1 the two different markers of surface oxidation CO2
+/C3

+ [42]
and C3O2

+/C3
+ are highly correlated with each other (r = 0.95). In the main analysis in this

paper, we focus on the C3O2
+/C3

+ parameter as marker of soot surface oxidation. This
parameter increases with increasing soot maturity levels for both the SP and OP series.
The surface oxidation parameter was highly correlated with decreasing PAH/BC ratios
and also increased values of the soot maturity marker (Cmid/Call) as shown in Figure S1.
It is possible that the observed decrease in the soot oxidation marker with increasing OP#
and SP# is due to reduced combustion temperatures for these cases leading to inefficient
oxidation of the soot [43].

It can be seen that the PAH/eBC ratio is in general higher for the SP samples compared
to the OP samples. For example, SP2 has a higher PAH/eBC ratio compared to OP6 (at
similar mobility diameters) even if the AAE370–880 is lower for SP2. Notably, the OP6 and
SP3 particles have almost identical values in terms of Cmid/Call , C3O2

+/C3
+, and similar in

terms of AAE while showing a large difference in PAH/eBC ratio and effective density. This
suggests similarities in the maturity of the soot core, and a difference in the concentration
of semi-volatile organic compounds. Subsequently, this implies that there are some key
differences in the particle properties when either varying the combustion conditions in
the miniCAST by controlling just the global air-to fuel ratio (SP setpoints), or by mainly
controlling the combustion conditions by diluting the fuel with inert gas (OP setpoints).

In summary, we have studied a range of soot particles with significantly different
physico-chemical properties. The more black samples with AAE370–880 = 1.0 (OP2–4) are
mature soots in many respects similar to soot particles emitted from diesel engines. The
partially matured soot (more brown particles OP5–7, SP2–3) are more representative of
soot particles generated from less-complete flaming combustion, associated with oxygen-
starved combustion and increased PAH emissions [41]. These may be more commonly
found in biomass combustion emissions [44], with the main difference that the organic
aerosol in biomass combustion emissions are often dominated by other species. For
example, anhydrous sugars and methoxy phenols among others are added to biomass
combustion emissions [45].

The soot maturity marker Cmid/Call , AAE and PAH/BC are all strongly correlated
with each other, and all show increased values as the combustion process is altered towards
less complete combustion and reduced combustion temperatures for both OP and SP
cases. There were also strong anti-correlations between these markers and the surface
oxidation parameter. As described above, these are all expected trends from past research.
Any correlation found between ice nucleation ability and these parameters may be from
causality, but because several parameters are closely correlated with each other, it is hard
to ensure such causality.

3.2. Soot Ice Nucleation Properties

Results of the ice-activated fraction in the immersion mode for the temperature range
−41 to −32 ◦C at a constant supersaturation of approximately 10% with respect to liquid
water are presented in Figure 3. Each data point represents an average over 10 s of
measurements. In Figure 3a, the ‘raw’ AF inferred as described above, and in Figure 3b the
linearly corrected AF∗ of the same data is presented. The values and uncertainties of the
the ‘raw’ AF is available in Tables S2 and S3. We observed an overall low immersion-mode
ice nucleation activity in our experiments. Before discussing the implications of those
results, we will discuss potential biases. It is noteworthy that the maximum in the ‘raw’
AF is below 0.2 for an average lamina temperature of −41 ◦C for all samples. For such
a low average lamina temperature, we would expect the vast majority of formed cloud
droplets in the lamina to be frozen, so ideally an AF close to 1 would be expected. There
are several reasons for non-ideal behaviour of CFDCs in general, which are discussed in
more detail by Garimella et al. [46], DeMott et al. [29] and Korhonen et al. [13]. In the
current study, we use an identical operation procedure and the same SPIN instrument as
Korhonen et al. [13], who provide a more detailed discussion about biases and corrections
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to the AF as inferred in this study. Thus, in the following paragraph, we provide a short
summary of the relevant biases.
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Figure 3. (a) Ice-activated fraction (AF) as a function of temperature for each setpoint sample, as detected by the SPIN.
Uncertainties are presented for the OP3 and SP3 cases as one standard deviation in each dimension. (b) Corrected ice-
activated fraction (AF∗) as a function of temperature for each setpoint sample, where low-biased samples are normalised with
respect to the ammonium sulfate homogeneous freezing reference (denoted AS in the legend) for the lowest temperatures at
which all droplets are assumed to have been frozen. The dashed line denotes the AF = 10−3 threshold for which Tonset

was chosen.

With the applied operation conditions, we expect the ‘raw’ AF most likely to be
biased low by a factor of 3–5 for an average lamina temperature of about −33 ◦C with the
correction factor approaching 5–10 for an average lamina temperature of about −40 ◦C [13].
Those correction estimates are based on two effects: (i) only a fraction of the sample being
located in the lamina [46,47], and (ii) a fraction of the ice mode particles being present
with optical diameters below our ice threshold of 5 µm, with the latter correction factor
being temperature dependent in the investigated interval [13]. In the current study, we
need to consider an additional effect. The CCN activity of MiniCAST samples have been
reported to be undetectable to extremely low [23]. Hence, a significant fraction of the very
hydrophobic soot particles were unlikely to act as CCN inside SPIN preventing subsequent
immersion freezing, which biased the AF low. That bias is the most likely explanation
for the lower AF at −41 ◦C for several of the soot samples relative to the homogenous
freezing reference.

In other words, the reported immersion freezing ’raw’ AF may be biased significantly
low reflecting the particles being hydrophobic rather than necessarily having a low ice-
nucleating ability. Thus, the results presented in Figure 3a reflect the total effect of (i) CCN
activity, and (ii) immersion freezing ability. In Figure 3b, the same INP spectra for the soot
samples have been linearly scaled to coincide with the homogeneous freezing reference at
−41 ◦C as a mean to correct for the low to extremely low CCN activity for those samples,
allowing for a more direct comparison of the immersion freezing ability alone. In case the
small fraction of detected INPs is representative of the ensemble sample, then the scaled
AF (AF*) gives a reasonable estimate of the immersion freezing ability in comparison to the
other samples. In case the CCN active and subsequently frozen droplets were facilitated by
a subset of relatively larger particles, then the AF* can be considered an upper estimate.
The second scenario appears more likely—so we consider the scaled AFs presented in
Figure 3b as upper estimates for the soot samples. Based on the sample particle number
concentrations (Table S1) and the work by Levin et al. [12], we consider it unlikely that
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pronounced water vapour depletion occurred inside SPIN. However, if water vapour
depletion did to some extent bias the AF low, then the AF* can still be considered an
upper estimate.

Regardless of whether the results presented in Figure 3a,b are considered, the gen-
eral relative findings between the soot samples appear robust considering that potential
correction factors are associated with some uncertainty.

The most immersion freezing ice-active sample appears to be SP3, with an AF = 10−3

at a temperature of T = −37.2 ◦C, and an AF = 10−4 at −36.0 ◦C, representing temperatures
of around 1.7 and 1.9 K higher than for homogeneous freezing, respectively. The other soot
samples appear to facilitate immersion freezing very close to and up to about 1.0 K higher
than the homogeneous freezing reference. The range in the average lamina temperature that
a given sample was exposed to was comparable to those reported by Korhonen et al. [13],
typically around ±0.4 ◦C for a given point in a scan. The random uncertainties in the AF
were derived as described by Korhonen et al. [13] based on error propagation involving
the random errors on (i) the CPC measurements, (ii) the ice crystal counts detected with
the SPIN OPC and (iii) the SPIN internal background. The largest relative random errors
are associated with the lowest AFs due to the relative random error on the counts of
ice crystals increasing with decreasing ice crystal counts. We have chosen to include
only a subset of those error-ranges in the figure in order to improve readability—and
because such random errors can be misleading, considering that systematic errors often are
significantly more pronounced for CFDCs—though not well-constrained. If we assume a
reproducibility of about ±0.2 K or less for average lamina ice-onset temperature between
different scans on a given sample, as typically reported by Korhonen et al. [13] for the same
SPIN operation, then it seems reasonable to argue that also the SP2, OP4 and OP7 samples
appear to facilitate heterogeneous freezing for temperatures slightly but consistently above
the homogeneous freezing reference for T > −39.0 ◦C. The overall low immersion mode ice
activation observed under water-saturated conditions for all the samples is in agreement
with previous studies, which also found freshly produced soot particles to be inefficient
ice-nucleators in the immersion mode [10–12,14].

It is noteworthy that the AF of the SP3 sample overlaps with the AFs for the SP2
and OP7 for T < −38.5 ◦C, while the SP3 is relatively more ice-active for T > −38.5 ◦C.
It could potentially be due to a minor sub-population of particles with different physico-
chemical characteristics promoting ice nucleation for the SP3 sample. It is unclear how
much particle properties potentially varied within a single sample in the current study since
our measurement approaches characterized full ensemble (average) properties. However,
we cannot rule out that multiply charged particles may have played a role for the SP3 AF
in this context.

Much of the literature supports the view that the ice-nucleating ability should increase
with aerosol particle size as it correlates with available surface area, and thus number of
possible nucleation sites (e.g., [17,48]). Ideally, the results presented in Figure 3 should
be normalised to the respective particle surface areas. However, we did not measure
particle surface area in the current study, and the conversion from mobility diameter to
surface area may be significantly different for the different samples investigated. It is
worth noting that some of the more ice-active samples, such as the partially matured
soot SP3 and OP7 samples, have significantly smaller mobility diameters than the more
mature soot samples. Hence, in terms of the ice-active site density, the differences between
the partially matured soot samples relative to the more mature samples are most likely
more pronounced than what is visible from the results in Figure 3. Despite the lack of an
optimal way to intercompare the ice-nucleating ability of the different samples, we still
find it relevant to compare the differences in the ice nucleation onset temperature to the
corresponding physico-chemical particle properties, as we expect most relative differences
in ice nucleation onset temperature to remain robust or to be enhanced if normalisation to
particle surface area was carried out.
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The ice-activity in terms of the average lamina temperatures for an AF∗ = 10−3 (Tonset)
has been compared to all the physico-chemical properties presented in Figure 2. In Figure 4,
we present three examples of such comparisons as scatter plots in (a) with all samples
included, and in (b) with only the partially matured soot particle samples included. The
relevant correlation coefficients are included in the subfigures. Correlation matrices for
cases a and b, including all parameters used in this study, can be seen in Figures S1 and S2a,
respectively. Significant correlations are observed between Tonset and the ρe f f as well as
the PAH/eBC for the entire ensemble as well as for the partially matured subset of soot
particles. Hence, for the these soot samples, a higher relative fraction of organics and PAHs
may enhance the immersion freezing ice-activity. However, it should be kept in mind that
this dataset is limited in terms of variability in ice-activity.
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Figure 4. Pearson correlation plots for (a) both mature (OP2–4) and partially matured (OP5–7, SP2–3)
soot particle experiments, and (b) partially matured soot particle experiments only (OP5–7, SP2–3),
between onset temperature derived from AF∗ = 10−3 data (Figure 3b) and the AAE, ρe f f and
PAH/eBC parameters examined in this study. Presented in each panel is correlation coefficient R and
associated p-value. Significant correlations for ρe f f and PAH/eBC could be seen for the full particle
ensemble as well as for the partially matured soot subgroup. Distinction is made in the plots between
setpoints OP2–4 marked with circles, OP5–7 marked with pluses, and SP2–3 marked with crosses.

In addition, those apparently significant correlations should be considered with pre-
caution for several reasons. Firstly, it is a small ensemble with only modest differences
from homogeneous freezing temperatures, so it cannot be ruled out that the correlation
to some extent is linked to the particle CCN activity influencing the number fraction of
formed droplets for subsequent homogenous freezing. Secondly, the ρe f f is typically size
dependent for soot particles, and if identical mobility diameters had been studied for those
samples—the picture would likely change from what is depicted in Figure 4b. Thirdly, the
observed correlations may not necessarily be due to a direct causality. The combustion
conditions favouring relatively higher ρe f f and PAH fractions may also favour the presence
of other components, potentially improving the immersion freezing ice-nucleating ability.
In order to extend the analysis to include a few more ice-active soot samples, we include
the five biomass combustion samples investigated with identical instrumentation and
approaches by Korhonen et al. [13]. This more extensive inter-comparison is presented
in Figure 5. A correlation matrix overview for all soot particles in this study as well as
the soot particles from the Korhonen et al. [13] study, including all parameters used by
this study, can be found in Figure S2b. Parameters AAE370–880, ρe f f , Cmid/Call , C3O2

+/C3
+,

Dme and Tonset were taken directly from the Korhonen et al. [13] study, while the PAH/eBC
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parameter was inferred for this study specifically. Still, we do not observe any clear link
between ice-activity and the studied physico-chemical soot properties.
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Figure 5. From top to bottom: (a) absorption Angstrom exponent for wavelengths 370 to 880 nm,
(b) particle effective density, (c) SP-AMS midcarbon to all carbon signal ratio, (d) SP-AMS concentra-
tion of particle phase polycyclic aromatic hydrocarbons normalised to aethalometer black carbon
concentration, (e) SP-AMS C3O2

+ to C3
+ signal ratio, (f) mean mobility equivalent diameter, and

(g) onset temperature AF∗ = 10−3 derived from AF∗ data (Figure 3b), for each miniCAST setpoint
sample (presented as white markers in the figure). The sample setpoints on the x-axis are in order of
increasing onset temperature. Results of Korhonen et al. [13] for immersion mode IN from forced
draft gasifiers burning spruce/pine-mixture pellets are included (presented as black markers and
prefixed with CS on the x-axis), with the exception of two experiments where AMS data did not
allow for inferring PAH levels. Effective density is omitted for OP2 due to low APM data quality,
and effective density and mobility diameter is omitted for OP3 due to SMPS size distribution data
not being monodisperse over the measurement period. A correction factor of 2.8 was used for the
eBC data from this study. Uncertainties presented are of one standard deviation from the variability
in recorded data during sampling. A point represents 5–10 min of data collection.

It is noteworthy that the two most ice-active soot samples do not appear to have
elevated levels of ρe f f , PAH/eBC and AAE, within this extended sample ensemble. Hence,
while we cannot rule out that it may be possible to identify links between physico-chemical
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properties and immersion freezing ice-activity for certain soot-type subgroups, it appears
challenging to identify general relations. These observations support the conclusion from
Korhonen et al. [13], that it does not appear straightforward to link the ice-nucleating
ability of these types of freshly produced soot particles to their physico-chemical properties
studied here, at least not in any simple manner. In general, these observations raise the
question as to whether it may be possible in general, to identify the ice-nucleating ability of
freshly produced soot particles based on their physico-chemical properties obtained from
ensemble online methods. Further detailed studies including a larger number of ice-active
soot samples are needed to fully address that question.

4. Conclusions

Mobility size-selected soot samples generated with a miniCAST burner at eight dif-
ferent settings representing a large matrix of soot maturity and particle properties were
studied. These samples were characterized with respect to their effective density, optical
properties, soot surface oxidation, PAH levels and fragmentation related to particle nano-
structure. The different samples represented a wide range of different physico-chemical
properties. The soot maturity was controlled in two different ways, by altering the global
air to fuel ratio (SP settings) and by a combination of reducing the oxidation air flow and
simultaneously diluting the fuel with an inert gas (OP settings). The two ways to alter the
soot properties showed similar results for many parameters, but clear differences in particle
morphology and the PAH/eBC ratio were found. The samples were also examined for
immersion mode ice-activated fraction with the SPIN continuous flow diffusion chamber,
for −41 < T < −32 ◦C and a constant supersaturation of 10% with respect to liquid water.
Out of the eight studied soot samples, only one exhibited clearly discernible heterogeneous
immersion mode freezing patterns, while indications of heterogeneous freezing for temper-
atures slightly above the homogeneous freezing reference was observed for another three
samples. The freezing patterns were very similar to the homogeneous freezing reference
for the rest of the studied samples when corrections for poor CCN activity were carried
out. The results indicate that these types of freshly produced, partially matured to mature
soot particles have low-to-insignificant immersion freezing ice-nucleating ability.

Attempts were made to link the ice-nucleating ability to the physico-chemical particle
properties. There are indications that increasing levels of organics and PAHs may enhance
the ice-activity slightly for the generated soot particles. When the inter-comparison be-
tween ice-activity and physico-chemical properties was extended to include similar results
presented by Korhonen et al. [13] for biomass combustion soot particles, then no clear
correlations could be observed. Hence, it is highly questionable whether ice-active soot
particles in general can be identified based on their physico-chemical properties measured
with the online instrumentation methods used by this study.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos12091173/s1, Figure S1: Pearson correlation matrices for the partially matured particle
data points of this study including all the parameters presented in this study, including the CO2

+/C3
+

surface oxidation marker [42]. Figure S2: Pearson correlation matrices for all of the soot particle
data of this study, as well as the Korhonen et al. [13] study, for all physico-chemical parameters
investigated in this study, including the CO2

+/C3
+ surface oxidation marker [42]. Table S1: All

physico-chemical particle parameters used in this study, including associated one standard deviation
values. Table S2: Ice-activated fraction as a function of SPIN mean lamina temperature for soot
particles OP2–5 investigated in this study, including associated one standard deviation values.
Table S3: Ice-activated fraction as a function of SPIN mean lamina temperature for soot particles
OP6–7, SP2–3 and ammonium sulfate homogeneous freezing reference investigated in this study,
including associated one standard deviation values.
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