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Abstract.

How ice crystals form in the troposphere strongly affects cirrus cloud properties. Atmospheric ice formation is often initiated
by aerosol particles that act as ice nucleating particles. The aerosol-cloud interactions of soot and associated feedbacks remain
uncertain, in part because a coherent understanding of the ice nucleation mechanism and activity of soot has not yet emerged.
Here, we provide a new framework that predicts ice formation on soot particles via pore condensation and freezing (PCF) that,
unlike previous approaches, considers soot particle properties capturing their vastly different pore properties comparedto other
aerosol species such as mineral dust. During PCF, water is taken up below water saturation into pores on soot aggregates by
capillary condensation. At cirrus temperatures, pore water can freeze homogeneously and subsequently grow into a
macroscopic ice crystal. In the soot-PCF framework presented here, the relative humidity conditions required for these steps
are derived for different pore types as a functionoftemperature. The pore types considered here evolve fromidealized stacking
of equally sized primary particles, either in tetrahedral or cubic packing arrangements. Specifically, we encompass -
membered ring pores that form between n individual spheres within the same layer of primary particles as well as pores in the
form of inner cavities that form between two layers of primary particles. We treat soot primary particles as perfect spheres and
use the contact angle between soot and water (6sw), the primary particle diameter (Dpp) and the degree of primary particle
overlap (overlap coefficient, Cov) to characterize soot pore properties. We find that n-membered ring pores are the dominant
pore structures for soot-PCF, as they are common features of soot aggregates and have a suitable geometry for both, filling
with water and growing ice below water saturation. We focus our analysis on three-membered and four-membered ring pores
as they are of the right size for PCF assuming primary particle sizes typical for atmospheric soot particles. For these pore types,
we derive equations that describe the conditions for all three steps of soot-PCF, namely capillary condensation, ice nucleation,
and ice growth. Since at typical cirrus conditions homogeneous ice nucleation can be considered immediate as soon as the
water volume within the pore is large enough to host a critical ice embryo, soot-PCF becomes either limited by capillary

condensation or ice crystal growth. For instance, our results show that at typical cirrus temperatures of 7 = 220 K, three-
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membered ring pores formed between primary particles with Gsw = 60°, Dpp =20 nm, and Cov=0.05 are ice growth limited, as
the ice requires a relative humidity with respect to ice of RHi = 137 % to grow out of the pore, while a sufficient volume of
pore water for ice nucleation has condensed already at RH; = 86 %. Conversely, four-membered ring pores with the same
primary particle size and an overlap coefficient of Cov = 0.1 are capillary condensation limited as they require RHi= 129 %to
gather enough water for ice nucleation, compared with only 124 % RH;, required for ice growth. We use the soot-PCF
framework to derive a new equation to parameterize of ice formation on soot particles via PCF. This equation is based on soot
properties that are routinely measured, including the primary particle size and overlap, and the fractal dimension. These
properties, along with the number of primary particles making up an aggregate and the contact angle between water and soot,
constrain the parameterization. Applying the new parameterization to previously reported laboratory data of ice formation on
soot particles provides direct evidence that ice nucleation on soot aggregates takes place via PCF. We conclude that this new
framework clarifies the ice formation mechanism on soot particles at cirrus conditions and provides a new perspective to

represent ice formation on soot in climate models.

1 Introduction

Incomplete combustionofbiomass or fossil fuel produces copious quantities of soot particles, encompassing mixtures of black
carbon and organic carbon that are of particular importance in the Earth’s atmosphere. Soot particles influence atmospheric
chemistry (Alcala-Jornod et al., 2000; Ammann et al., 1998; Andreae and Crutzen, 1997), and significantly contribute to air
pollution, thereby negatively affecting human health (Bové et al., 2019; Janssen et al., 2012; Laumbach and Kipen, 2012). In
addition, soot particles play an important role for climate directly through absorptionand scattering of incoming shortwave
radiation and indirectly by acting as ice nucleating particles (INPs) for clouds (Bond et al., 2013; Bond and Bergstrom, 2006;
Ramanathan and Carmichael, 2008; Reddy and Boucher, 2007; Wanget al., 2014). Previous studies have found soot to be the
second most important radiative forcingagent after carbon dioxide (Jacobson,2001). However, owing to the complexity of
the physicochemical properties of atmospheric soot particles, major gaps exists in our ability to quantify their impact on these
various processes. A key example are the large uncertainties associated withaerosol-cloudinteractions of soot that affect future
climate projections (Bondet al., 2013). In particular, the ice nucleation activity of soot particles and their impact on cirrus
clouds remain largely unconstrained.

The ice nucleation activity of soot particles has been shown to impact cirrus cloud coverage, emissivity and lifetime, thereby
affecting the radiative balance (e.g. Lohmann, 2002; Lohmann et al., 2020; McGraw et al., 2020). Knowledge of the ice
nucleation ability of soot particles is essential for estimating the anthropogenic influence on cirrus clouds (Kércher, 2017;
Penner et al., 2018; Zhao et al., 2019). For instance, the incomplete understanding of how aircraft-emitted soot particles
nucleate ice crystals in cirrus clouds is the most uncertain component in assessing the climate impact of aviation (Lee et al.,
2020). Such effects, if substantiated, are likely to become increasingly more important in view of the projected increase in

global air traffic (ICAO Report,2018).
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There has been a considerable body of work aiming at understanding the ice nucleationactivity of soot fromdifferent emission
sources and for different atmospheric conditions. These studies have found soot generally to be a poor ice nucleus above the
homogeneous nucleation temperature of supercooled liquid water 7> HNT (~235 K) and below water saturation (Chou et al.,
2013; DeMott, 1990; Dymarska et al., 2006; Friedman et al., 2011; Kanji and Abbatt, 2006; Mahrt et al., 2018; Mohler et al.,
2005a). Above (bulk) water saturation, water vapour can condense on the soot particles and they can act as INPs (Vali et al.,
2015) inthe condensation/immersion mode. Since previous studies have reported no or only weak ice nucleation activity for
sootat 7> HNT and relative humidities with respect to water (RHw) above 100 % (Chou et al., 2013; DeMott, 1990; Diehl
and Mitra, 1998; Gorbunov etal., 1998,2001;Kireevaet al., 2009; Schill et al., 2016) the importance of soot to nucleate ice
in mixed-phase clouds (MPC) is most likely negligible (Kanji et al., 2020; Schill et al., 2016, 2020a; Vergara-Temprado et al.,
2018), given the abundance of other, more efficient INPs at these conditions. At 7 < HNT, on the contrary, studies have
reported sootto nucleate ice well belowrelative humidities required for homogeneous freezing of solution droplets (Crawford
etal., 2011;Ikhenazene et al., 2020;Koehleretal.,2009;Kulkarni etal., 2016;Mahrt et al., 2018;Mohleretal.,2005a,2005b;
Nichman et al., 2019; Zhang et al., 2020). These results indicate that soot particles could represent an eminent source of INPs
at upper tropospheric conditions, with potentially important implications for cirrus cloud formation and climate. At the same
time, field studies have reportedsootto be largely absent in cirrus cloud residuals (Cziczo et al., 2013; Cziczo and Froyd,
2014). While the latter could be partially influenced by the lower size limit of ~0.2 pm of the mass spectrometer deployed
(Cziczo et al., 2006), these contrary conclusions reveal that the ice nucleation ability of soot is insufficiently understood to
date.

The recent studies by Nichman et al. (2019)and Mahrt et al. (2018) have demonstrated that for 7 < HNT, ice nucleation via
pore condensation and freezing (PCF, Christenson, 2013; David etal., 2019,2020; Fukuta, 1966; Higuchi and Fukuta, 1966;
Marcolli, 2014) is the prevailing mechanism ofice formationon bare, uncoated soot particles, but can be hampered if the pores
are covered by hydrophobic material (Mahrt etal., 2020a; Zhang etal., 2020). During PCF, water uptake into pores and cavities
due to capillary condensation is followed by ice nucleation of the pore water and growth of the ice out of the pores resulting
in macroscopicice crystals. While PCF is recognized to have the potential to explain the disparate ice- nucleation ability of
soot at mixed-phase compared to cirrus cloud conditions, previous studies have not taken the specific characteristics of soot
particles into account to obtain a more coherent understanding of'its ice nucleation pathway. A common property of all soot
particles is their fractal morphology, with soot aggregates being composed of graphitic primary carbon spherules that cluster
together (Park et al.,2004; Samson et al., 1987). Such sintered primary particles provide ample pore structures (Rockne et al.,
2000), where water can condense. The equilibrium water vapour pressure over such capillary condensates, forming a concave
water surface, is reduced compared to bulk water, as described by the Kelvin equation (e.g. Fisher et al., 1981; Marcolli, 2014,
2020). Therefore, water can be taken up already at RHw < 100 %. Evidence of PCF being the dominant ice formation
mechanism on soot is a sharp, almost step-like increase in the ice fractionat 7< HNT and below water saturation, as reported
by Mahrt et al. (2018). Such a distinct increase cannot be explained by classical nucleation theory (CNT) and assuming ice

formation to proceed via deposition nucleation, where a liquid phase is absent (David etal., 2019; Welti et al.,2014). Besides
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soot, PCF was recently also observed to cause ice formation on other combustion particles such as coal fly ash (Kilchhofer et
al., 2020;Umo et al., 2019).

In general, PCF is controlled by the contact angle () defining the interface of soot and water (or ice) as well as the pore
diameter and geometry (David et al., 2020; Fukuta, 1966; Marcolli,2017b,2020). The contact angle denotes the wettability of
a (soot) particle surface (Lohmann et al., 2016; Pruppacher and Klett, 1997). Recent work has shown that the contact angle
can play a relevant role in controlling the capillary uptake of water and thus ice formation in cylindrical pores with diameters
between 2.5 nm to 9.1 nm (David et al., 2020). However, given the heterogeneity in the physical (pore size and geometry) and
chemical (contact angle) properties of soot particles from different combustion sources, undergoing different aging processes,
their ability to nucleate ice via PCF may vary strongly. Previous studies have focussed on using the PCF framework to predict
capillary condensation and subsequent homogeneous freezing of pore water in simple pore geometries, including cylindrical
pores (Marcolli,2014) and more recentlyalso conical and wedge-shaped pores (Marcolli, 2020). Such geometries are believed
to be representative for cavities and pores found on mineral dust particles (e.g. Kiselev et al., 2016). As the conditions of
capillary condensation depend on pore geometry and contact angle, neglecting the pore shape and wettability of (atmospheric)
soot aggregates to predict PCF is too simplistic. Here, we develop a new theoretical framework to explore and constrain PCF
on soot aggregates, capturing their vastly different pore properties compared to other aerosol species such as mineral dust.
Specifically, we extend the previous work by Marcolli (2020)to pores formed between sintered primary soot particles and
systematically investigate the effect of the contact angle, following earlier work on capillary condensation in soot aggregates
by Persiantsevaet a. (2004). Based on the physical properties of soot, we derive a new framework to predict the ice nucleation
ability of soot particles resulting from PCF that fits experimental results from previous laboratory measurements (Mahrt et al.,
2018,2020b). The PCF-based parameterizations derived from this framework are able to predict the ice activated fraction (4F)
of'sootparticles,ultimately improving parameterizations (e.g. Ullrichetal., 2017) currentlyusedin climate models to simulate

their effects on cirrus clouds and associated feedbacks.

2 Soot properties

Soot forms aggregates that are composed of primary carbon spheres, characterized by an onion-shell structure of folded
graphite sheets, typically having diameters Dy, between 10 to 45 nm, but they can also reach larger values (e.g. Kim et al.,
2001; Liati et al., 2014; Megaridis and Dobbins, 1990; Wentzel et al., 2003). The primary particles coagulate to form soot
clusters that grow further in size into soot aggregates as a result of monomer-cluster or cluster-cluster collision. Sizes of
ambient soot aggregates range from a few primary particles to larger, fractal aggregates with tens to hundreds of primary
particles, depending on the combustion source and conditions (Sorensen, 2011; Wentzel et al., 2003), with diameters typically
ranging from 0.01 to 1 um (Ogren and Charlson, 1983; Rose et al., 2006), but can also reach larger values depending on the
source and atmospheric trajectory (e.g. Okada et al., 1992). Over the past, considerable efforts have been made to characterize

soot from different combustion sources and conditions, and to quantify morphological parameters such as the mobility
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diameter, Dn, the primary particle diameter, Dpp, and the primary particle overlapping coefficient, Cov. The early studies by
Hees and McDonald (1983), Samson et al. (1987),and Megaridis and Dobbins (1990) have set the stage to investigate the
morphology of soot aggregates using transmission electron microscopy (TEM), followed by studies of e.g. Koylii et al. (1995,
1995;1992) and Sorensen et al. (1992). More recently, automated algorithms have emerged that can measure morphological
parameters such as the primary particle diameter from TEM images of soot (Anderson et al., 2017; Bescond et al., 2014;
Dastanpour et al., 2016; Grishinet al., 2012). Given the large availability of TEM-based information on primary particle size
and overlapping coefficients, we make these parameters a central part of our soot-PCF framework presented here. Relevant
properties for PCF are pore shape, size, and the contact angle between the pore surface with water and ice. In the following,
we discuss these particle properties with respect to atmospheric soot. In our soot-PCF framework we assume that pores form
between spherical primary particles and that their size and shape depend on the arrangement of the primary particles, their
respective size and the overlap between primary particles. In turn, the number of pores in a soot aggregate depends on the

number of primary particles in the aggregate and their compaction, i.e. fractal dimension.

2.1 Primary particle size

Ambient soot aggregates typically consist of primary particles with diameters of one to a few tens of nanometers that are close
to spherical shape. The size ofthe primary particles depends onthe emissionsource, as well as the fuel type and the combustion
conditions. Relevant combustion conditions that influence the primary particle diameter include the fuel to air (oxygen) ratio
during combustion, the flame temperature and the residence time within the flame. Previous studies have investigated the
primary particle diameter of soot particles from various emission sources, including car engines (e.g. Burtscher, 2005; Ferraro
etal., 2016; Smekens et al.,2005; Suet al., 2004), aircraft turbines (e.g. Delhaye et al.,2017; Liati et al., 2014, 2019; Marhaba
et al., 2019; Smekens et al., 2005), and commercial carbon blacks and/or soot generated from controlled flames in the
laboratory (e.g. Clague et al., 1999; Cortés etal., 2018; Ferraro etal., 2016; Megaridis and Dobbins, 1990; Ouf et al., 2016,
2019). For instance, Liati et al. (2014) used TEM to investigate the size of primary particles of a turbofan engine (type CFM
56-7B26/3), frequently used in Boeing 737 aircrafts that was operated with standard Jet A-1 fuel. They reported the primary
particle diameter to increase with increasing thrust level. At 100 % thrust, typical for take-off conditions, the majority of
primary particles (~60 %) had diameters between 10 and 25 nm, with a mode of 24 nm and 52 % of the particles being larger
than 20 nm. At cruise conditions, equivalent to a thrust level of 65 %, the average size of the primary particles was smaller,
with a mode diameter of 20 nm and the majority of particles (75 %) in the range between 10 and 25 nm. At 7 % thrust,
corresponding to taxiing, the mode was decreasedto 13 nm with most particles (99 %) being in the range between 5 and 20
nm. The trend of increasing primary particle diameters with increasing thrust levels is consistent with other studies of aircraft
soot emissions (Delhaye et al.,2017; Liati et al., 2019; Marhaba et al., 2019). In their detailed TEM characterization of aircraft
soot from the same engine type, Liati et al. (2019) also investigated the effect of fuel type on the soot morphology. This was
achieved by comparing the primary particle size when burning standard Jet A-1 fuel and a blend of the same fuel along with

32 % hydro-processed esters and fatty acids (HEFA) biofuel, and analyzing soot aggregates collected at thrust levels of 85 %
5
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(climbing conditions) and 4 % (idle conditions). Their results reveal that the biofuel blend leads to smaller primary particles
at both thrust levels compared with standard kerosene. This finding is consistent with Moore et al. (2017), who reporteda
reduction towards smaller primary particle diameters of 3—5 nm, for the number size distributions sampled at cruise conditions
behind a turbofan engine (CFM56-2-C1) fed with a 1:1 mixture of standard Jet A-1 fuel and HEFA biofuel, compared to when
operating the engine on pure Jet A-1 fuel. Nonetheless, the results of Liati et al. (2019) revealed that the majority of particles
(75-85 %) had diameters between 5 and 10 nm at idle conditions, and 60 % of the primary particles was found to have
diameters between 15 and 20 nm at 85 % thrust, independent of the fuel type. These values are in good agreement with those
reported by Delhaye et al. (2017), who found a mean primary particle diameter of 15 nm, with extreme values of 4 nm and 70
nm, when testing a turbofan engine (Snecma/NPO-Saturn SaM146-1S17) over different thrust levels ranging from 7 % to 100
%.

There are also many measurements published of primary particle sizes from vehicle emissions. For instance, Su et al. (2004)
used TEM to investigate the primary particle sizes ofan Euro IV diesel engine. They reporteda mean primary particle diameter
of 13 nm, which was found to be significantly lower comparedto the mean primary particle diameter of 35 nm for soot particles
from older engines reported in the same study. The latter is consistent with the value of 30 nm for the mean primary particle
diameter determined for diesel (VW Golf) soot particles, at idle and full speed conditions (Smekens et al., 2005), which
compares well with previously reported values for diesel soot (Amann and Siegla, 1981; Bérubé et al., 1999; Roessler, 1982).
Similar to the observations for aircraft soot, Smekens etal. (2005)reported smaller primary particles whenthe car was operated
with biodiesel, namely 29 nm (idle) and 26 nm (full speed). More recently, Ferraro et al. (2016) sampled soot particles from a
diesel car engine (Peugeot DV4) drained from the engine oil and reported the majority of particles (91.3 %) to have a mean
primary particle diameter of 25.4 nm, while some particles (8.7 %) had primary particle diameters of 48 nm.

Over the past, many laboratory sources have been developed with the goal to provide relevant analogues for atmospheric soot
particles frome.g. car or aircraft engines. In these burners the combustion conditions can be varied in a controllable manner
to generate soot with primary particle diameters between approximately 5 nmto 50 nm (e.g. Cortés et al., 2018; Megaridis and
Dobbins, 1990; and references therein), i.e. covering the size range relevant for ambient soot. Overall soot particles emitted
from different sources and using different fuel types, and engine operating conditions have comparable but not identical
primary particle sizes. In the following, we encompass the relevant range of primary particle sizes and focus our discussion on

10 nm < Dpp <30 nm.

2.2 Overlap between primary particles

The primary particles constitutinga soot aggregate are typically not in point contact but overlap partially. Overlap between
primary particles is sometimes referred to as sintering or necking and can result from various processes. For instance, adjacent
monomers can merge (overlap) in high-temperature environments of the flame resulting from a lack of particle rigidity. As
another example, primary particles can overlap due to strong attraction forces between them (Brasil et al., 2000). Yet, overlap

can also result froman overall physical compactionofsoot aggregates, e.g. during cloud processing(e.g. Bhandari et al., 2019;
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China et al., 2015; Mahrt et al., 2020b). The degree by which neighbouring primary particles overlap can be quantified by the

overlapping parameter, Cov, introduced by Brasil et al. (1999):

D D

Cop = 2220 (M

Dpp
where Dj denotes the distance between the centres of two overlapping/intersecting spheres with diameter Dyp. When two
adjacent primary particles are in point contact Cov = 0, whereas Cov = 1 describes the other extreme for two completely
overlapping primary particles. Previous studies have reported values for Coy to typically range within 0.05 and 0.29 (Brasil et
al., 1999; Ouf et al., 2010, 2019; Wentzel et al., 2003). Wentzel et al. (2003) found values between 0.1 and 0.29 for soot
aggregates from diesel emissions. As another example, Cortés et al. (2018) reported values of 0.04 < Cov < 0.18 when using
TEM to study soot aggregates generated in co-flow diffusion flames using different fuels (ethylene, propane and butane),
which is in good agreement with the values (0.11-0.17) of soot aggregates derived from diffusion flames reported in Ouf et
al. (2019). The overlap of primary particles in soot aggregates has gained attention because it impacts the radiative properties

of the aggregates (e.g. Yon etal., 2015). Below, we demonstrate that Cov also impacts the pore geometry and hence the ability

ofiice to form via PCF in soot aggregates.

23 Soot aggregate size and compaction

A large body of work has been devoted to elucidating the size of soot aggregates from various emission sources, including car
engines (e.g. Clague et al., 1999; Harris and Maricq, 2001, 2002; Karjalainen et al., 2014), aircraft turbines (e.g. Delhaye et
al., 2017; Lobo etal., 2015;Masiol and Harrison, 2014; Moore etal.,2015), as well as commercial and laboratory generated
soot (e.g. Han et al., 2012). For instance, Kinsey et al. (2010) observed the mean soot aggregate diameter to increase from
approximately 10 nm to 35 nm, when increasing the thrust from 7 % to 100 %, when sampling engine exhaust plumes during
the aircraft particle emission experiments (APEX). Note that this range overlaps with the size range of primary particles
rendering it likely that reported sizes refer in the lower limit to single primary particles rather than to aggregates. Similarly,
Delhaye et al. (2017) reported the modal diameter of the soot number size distribution of particles emitted from a turbofan
aircraft engine (SaM146-1S17) to range from 17 nm to 55 nm, when testing the emissions according to the ICAO Landing and
Take-Off (LTO) cycle, corresponding to thrust levels of 7 %, 30 %, 85 % and 100 %. This range is consistent with other
measurements (e.g. Liati et al., 2019; Lobo et al., 2015; Mazaheri et al., 2009; Moore et al., 2017). As another example,
Mazaheri et al. (2009) investigated aircraft emissions during take-off and landing for four different aircraft engine types and
found the majority of the soot to have diameters smaller than 30 nm, with a secondary mode being centred between 40 nm and
100 nm. This secondary mode is in-line with the measurements by Herndon et al. (2008), who observed a mode between 60
nm to 80 nm during take-off. Similar to the primary particle diameter, the soot aggregate size is sensitive to the operation
conditions, with larger aggregates being observed at climb conditions compared to idle conditions. For instance, Liati et al.
(2019) found 80 % of the aggregates to be smaller than 40 nm in diameter at idle conditions, while at an engine thrust of 85

%, a modal diameter between 40 to 80 nm was observed, accounting for approximately 35 % of the total particles, while 20 %
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of the aggregates had diameters between 80 nm to 120 nm and the remaining fraction was larger than 120 nm. Overall,
diameters of soot particles (comprising individual primary particles and aggregates) emitted from aircraft engines are mostly
in the range between 5 and 100 nm, even though some studies have also reported larger soot aggregatesine.g. contrail residuals
(Petzoldetal., 1998; Twohy and Gandrud, 1998). Comparable values have been reported for soot emitted from gasoline and
diesel vehicles. Number size distributions of particulate matter from vehicle exhaust usually reveal a clear bimodality, with
the maximum particle concentration observed in the nucleation mode and the secondary peak located in the accumulation
mode.

For emissions from diesel engines the mean soot aggregate diameter for the accumulation mode particles is almost always
within the range between 60 nm to 120 nm, and is well represented by lognormal distributions with geometric standard
deviations of 1.8—1.9 (Burtscher, 2005; Harris and Maricq, 2001). Furthermore, diesel soot aggregate sizes have been reported
to be largely independent of the size and type of the engine, as well as the operation conditions (Burtscher, 2005). Soot
aggregates from gasoline vehicles are generally smaller and number size distributions tend to be more asymmetric (Harris and
Maricq,2001). Karjalainen et al. (2014) observed a bimodal size distribution for particles emitted from gasoline vehicles, with
the modes corresponding to mean diameters below 30 nm and 70 nm, respectively, including small almost spherical soot
particles and larger agglomerated soot particles. The latter value falls well within the range between 40 nm to 80 nm reported
previously (Harris and Maricq, 2001). Some studies have also reported diesel soot aggregates significantly larger than 200 nm
diameter, even reaching supermicron sizes (Hoard et al., 2013 ). Such particles likely result from flaking particle deposits that
build up within the combustion chamber or the exhaust pipe. However, given that such larger particles should be more easily
captured by exhaust filters, renders their atmospheric relevance questionable.

In the discussionabove, the reported sizes are mostly reportedas electrical mobility diameters, Dm, of soot aggregates but
comprise in the limit to small sizes also D of individual primary particles that have not undergone any aggregation. Only few
studies have investigated the relation between the aggregate size and the primary particle size. For instance, Dastanpour and
Rogak (2014) reported a positive correlation between primary particle and aggregate size, with larger aggregates containing
larger primary particles, based on a TEM analysis of soot from various combustion sources, including particles sampled from
aircraft jet engines. The same study revealed that within an individual aggregate, the primary particle size is more uniform
compared to an ensemble of aggregates. A similar trend between primary particle size and aggregate size was suggested by
Olfert et al. (2017), which can have important implications for the pore number, size and type that can form on individual soot
aggregates. Based on these results, Olfert and Rogak (2019) have demonstrated that the primary particle size increases with

aggregate size, following a universal scaling law (Dpp ~Dm"33), that is valid for a wide range of soot particles/sources.

2.4 Contact angle

The contact angle of soot particles with a water droplet is a measure to quantify the hydrophilicity/wettability of the particle
surface. The maximum contact angle of fsw = 180° (non-wetting case) represents the situation of a free spherical water droplet

in point contact with the soot substrate. In contrast, if the soot particle were completely covered by a water layer (complete
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wetting case), the contact angle between the soot particle surface and the water droplet becomes sw = 0° (Lohmann et al.,
2016). For capillary condensation taking place below bulk water saturation, soot-water contact angles below 90° are required,
because only if Osw < 90°, the capillary water exhibits a concave curvature, implying an equilibrium vapour pressure that is
above that of bulk water. Early work by Fowkes and Harkins (1940) reported values of 85.3—85.9° for 6sw, which are in good
agreement with the values of 6w = 83.9°, measured by Morcos (1972). However, soot derived from different combustion
sources and having undergone different kinds and degrees of atmospheric processing can span a wide range of contact angles.
For instance, highly ordered pyrolytic graphite, has been reportedto have soot-water contact angles in the range of 75-91°
(Shin et al., 2010; Westreichet al., 2007). Persiantseva et al. (2004) investigated the soot-water contact angle for different
surrogates of aviation soot, using the sessile drop technique. They tested aircraft combustor soot (AEC) by operating a gas
turbine (D30-KU) in an engine test stand (Popovitcheva et al., 2000). When simulating cruise conditions and using TS1

kerosene as fuel, they found 0sw = 63° for freshly emitted soot. Persiantseva et al. (2004) also investigated soot derived from
burning different types of aviation fuels (German kerosene, TC1 and T6) in an oil lamp and reported the soot-water contact
angles to range between 70° and 80°, demonstrating that the fuel composition can strongly impact the contact angle of the
resulting combustion particles. A lower contact angle than from aviation fuel of Osw = 59° was found for lamp black soot,
derived from burning lantern fuel in an oil lamp (Persiantsevaet al., 2004). Interestingly, Persiantseva et al. (2004) found Gsw
to decrease by 17° for TC1 soot, after heating the sample at 300 °C for 30 min. An even more pronounced decrease of 35°
from the original value was found when outgassing the kerosene soot for 18 hat 200 °C, leading to values of Osw = 43°, which
was attributed to a loss of semi-volatile organics and a change in surface composition. This is in good agreement with earlier
work demonstrating contact angles on graphite to be as low as 35 + 4°, after evacuating the sample to 10-!° Torr, compared to
values between 50 to 80° found for the untreated (0001) graphite surface (Schrader, 1975). These results are supported by
more recent findings demonstrating that contamination e.g. in the form of hydrocarbon adsorption on the soot particle surface
can increase the soot-water contact angle (e.g. Kozbial et al., 2016; Martinez-Martin et al., 2013). Proxies for soot particles
fromaviation emissionwere also studied by Kireeva et al. (2009). Whenburning TS1 kerosene inan oil lamp (diffusion flame),
a contact angle of fsw = 59° was found. In the same study, Kireeva et al. (2009) also investigated different commercial carbon
blacks (lamb black, furnace black, channel black, thermal black, acetylene soot). Using the sessile drop technique, they found
contact angles to range from 32° to 47°. Han et al. (2012) investigated the influence of the combustion condition (fuel to
oxygen ratio) on the hydrophilicity of laboratory soot surrogates, encompassing particles derived from n-hexane, decane and
toluene diffusion flames. At fuel-rich burning conditions values of approximately 6sw = 120° were found, largely independent
of'the soot type. While the hydrophilicity of toluene was found to be almost insensitive to the fuel to oxygen ratio, the contact
angles of n-hexane and decane flame soot significantly decreased under fuel-lean conditions, reaching values of 83°. This
value is comparable to that observed by Zelenay et al. (2011), reporting &sw = 80 + 3° for untreated soot produced with a
combustion aerosol standard (CAST; under fuel-lean conditions). Interestingly, Zelenay et al. (2011)reported an increase in
soot-water contactangle for the CAST soot after exposure to ozone (fsw= 100 £4°) and ozone and UV-light (fsw =120 £3°).

These results are in stark contrast to the findings of Wei et al. (2017), who reported a decrease in contact angle due to ozone
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aging. In their study, they took soot particles from a wood-burning fireplace, different bus engines and a kerosene lantern and
aged the pelletized soot by exposure to vapours of ozone, sulfuric acid and nitric acid. They reported the contact angles of
fresh, untreated soot to be between 65° to 110°. After 10 days of exposure to 40 ppb ozone all samples revealed a decrease in
contact angle up to ~15°. Aging with nitric acid and sulfuric acid was reported to be less effective.

This survey reveals that contact angles between atmospheric soot particles and water cover a wide range with highest values
for fresh soot from fuel-rich flames, which are clearly hydrophobic (6sw> 90°), and lowest values after strong evacuation (Gsw
~ 35°). Given this wide range, the soot-water contact angle is a highly relevant parameter that strongly affects the efficiency
of'soot-PCF or evenrenders it irrelevant (if fsw > 90°). For simplicity, we assume in this study that the surface of an individual

soot aggregate has a uniform contact angle with water and ice.

3 Morphology and pore structure of model soot aggregates

To characterize and model the features of'soot aggregate porosity, we treat the primary particles as perfect spheres of diameters
Dpp and allow them to partially overlap as quantified by the overlap coefficient Cov. In order to derive pore structures relevant
for PCF, we assume that the primary particles enclosing one specific pore are of uniform size and equal overlap, i.e. one Dy
and Cov. Using the concept of grain packing, the primary particles can be stacked in different packing arrangements such as
tetrahedral and cubic as shown in Fig. la and d. In this study, we use these two packing arrangements and investigate the
ability of the associated pore types to formice via PCF.

Figure 1 illustrates the pores arising from tetrahedral and cubic packing arrangements. Different types of pores form within
one lattice layer or plane of spheres and between two overlaying planes of spheres. Within a single plane, pores form as the
annular (ring-like) opening between the three spheres arranged on the corners of the equilateral triangle ABC in the case of
the tetrahedral packing arrangement. This pore has the shape of a concave triangle (Fig. 1b), and we refer to these voids as
three-memberedring pores. The dimensions of the three-membered ring pore relevant for PCF are the circumcircle radius,
Fe,tr,and the radius ofthe circle describingthe opening ofthe concave triangle, 7o1r. In the case of the cubic packing arrangement
the pore within a single plane is formed as the opening between the four spheres arranged on the corners of the square ABCD
and therefore has the shape ofa concave square (Fig. 1¢). We refer to these voids as four-membered ring pores. The dimensions
relevant for PCF are the circumcircle radius, rcsq, and the radius of the circle describing the opening of the concave square,
rosq. Ring pores are narrowest at the midplane formed by the centres of the spheres making up the ring, and widen with
increasing distance from the midplane. In the following, we refer to the narrowest part of the pore as pore neck.

Larger pores form between two overlaying planes of primary particles. In the case of tetrahedral packing, a pore of the shape
ofadented, concave octahedron forms between four primary particles arranged on the corners ABCD of a regular tetrahedron
(Fig. 1c, Fig. A 1b). The four openings of the cavity within the tetrahedral cell, form the three-membered ring pores described
above. Its free space can be quantified by the radius of the maximum sphere within it, denoted by 7o te. In the case of a cubic

arrangement, the inner pore between eight spheres (A—H) across two lattice layers of primary particles has the form ofa dented,
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concave cube. Its free space can be quantified by the radius of the maximum sphere within it, denoted by 7o,cu. The cube formed
between the eight primary particles has six openings on the faces of the cube, forming four-membered ring pores (Fig. 1f, Fig.
A 2b). A detailed descriptionofthe pore geometryalong with a derivation ofthe relevant pore dimensions is given in Appendix
A. In Fig. 2, we show the relevant pore dimensions for pores formed between primary particles depending on primary particle
diameter, Dpp and overlap, Cov. In general, pore radii increase in size with increasing diameters of the primary particles for
both the tetrahedral and cubic packing arrangement. In the absence of overlap, pores are very open and become more
constrained (narrow) with increasing overlap, thus improving their ability to host water on one hand and reducing the enclosed
water volume on the other hand. The overlap at which pores vanish is independent of primary particle diameter (Dyp) and just
depends on the pore geometry. The opening of the three-membered ring pore vanishes, i.e. 7o,tr = 0, for Cov = 0.134 (dashed
lines in Fig. 2a). Conversely, the concave octahedron within the tetrahedral cell persists to Cov = 0.184 (solid lines in Fig. 2a),
yet, without connection to the surrounding for Cov > 0.134, since at this overlap the three-membered ring pores forming the
openings of the concave octahedron vanish. For the cubic arrangement, larger overlaps are required for both pore types to
disappear comparedto the tetrahedral packing arrangement. Specifically, the opening of the four-membered ringpore vanishes
for Cov=0.293 (705= 0, dashed lines in Fig. 2b) and the concave cube within the cubic cell vanishes only for Coy =0.423 (rou
= 0, solid lines in Fig. 2b), as detailed in Appendix A.

In order to contribute to ice formation via PCF, pores need to be small enough to allow water uptake below water saturation
and large enough to host a critical embryo along with pore openings that are sufficiently large to allow ice growth out of the
pore, so that macroscopicice crystals can form. In the following, we first derive the size of a critical ice cluster and set it in
relation to the pore dimensions shown in Fig. 2. This forms the baseline constraint for any soot pore to be ice active via PCF.

We then go on and derive conditions for pore filling and discuss the growth of ice out of the pore.

11



350

https://doi.org/10.5194/acp-2020-1134 Atmospheric ¢
Preprint. Discussion started: 25 November 2020 Chemistry = EG U
(© Author(s) 2020. CC BY 4.0 License. and Physics é
() ® Discussions

BY

Tetrahedral packing
26.0 % free space

Cubic packing
47.6 % free space

Figure 1: Overview of tetrahedral (a) and cubic (d) packing arrangements along with theoretical porosities when ordering uniform sized
spheres into a cubic unit cell, defined as the volume of the voids to the total volume of the sample unit cell The porosity refers to zero
overlap between rigid spheres and is independent of sphere size. Differently coloured spheres indicate spheres in different lattice planes of
the arrangements. Panels (b) and (e) present a zoom of the three-membered and four-membered ring pores along with key pore dimensions
relevant for PCF and as discussed in the text. Panels (c¢) and (f) reveal the inner cavities forming a concave octahedron (tetrahedral packing)
and concave cube (cubic packing). Please see Figs. Al and A2 for a more detailed view of panels (c) and (f).
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Figure 2: Overview of the radii of key pore dimensions (see Fig. 1) formed in pores of (a) tetrahedral and (b) cubic packing arrangements
between equally sized spherical primary particles of indicated diameter, and as a function of primary particle overlap, C,, as defined in Eq.
(1). A derivation of the indicated pore dimensions can be found in Appendix A. For comparison, the grey and orange shaded regions mark
the variation of the critical ice embryo radius, 7., for 200 K < 7'< 235 K, as calculated based on Eq. (3) using the parameterizations of
Murray et al. (2010) and Ickes et al. (2015), respectively. The red horizontal line denotes a pore radius of » = 1.25 nm, corresponding to the
smallest investigated pore size, for which ice formation was experimentally observed by David etal. (2020).

4 Ice nucleationinsoot pores
4.1 Critical poresize for PCF

The nucleation of the thermodynamically stable phase (ice) within a metastable phase (supercooled liquid water) can be
described by classical nucleation theory (Farkas, 1927; Fletcher, 1960; Gibbs, 1875). CNT assumes a spherical shape of the

critical ice cluster (ice embryo), because a sphere minimizes the surface area for a fixed volume (Fukuta, 1966; Zaragoza et
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al., 2015). CNT describes the change in Gibbs free energy, AGw.i(7,P) for the formation of a critical embryo as the sum of the
volume energy released by passing from the thermodynamically metastable liquid to the stable ice phase and the surface energy

consumed by forming a new interface (Lohmann et al., 2016; Pruppacher and Klett, 1997):

anr3
AGW,i (T,P) = 4nr2in(T, P) + —3Ui(T,P) A.ulw . (2)
PN A A

Surface energy Volume energy

We include here the absolute pressure dependence, as large negative pressures can be reached in narrow pores below water
saturation with strong impact on homogeneous ice nucleation rates (Marcolli, 2020). Here, yw(7,P) denotes the interfacial
tension between the ice and the water phase, 7 is the radius of the evolving ice cluster, vi(7, P) is the molecular volume of water
inthe ice phase, and Azsw = 14(7,P) — ta( T, P) represents the difference betweenthe chemical potentials ofice and liquid water.
Subcritical ice clusters randomly form within the supercooled liquid and grow continuously once they have passed the critical
size (Lohmann et al., 2016). The critical radius r«it(7,P) of an ice embryo is reached when growth and shrinkage both lead to
a decrease of the Gibbs free energy and can be determined by setting SAGw,i (T,P)/or = 0:
i(T,P)

_ 2viw(T.P)v
rcrit(T' P) - —Ap;
1w

3

The critical embryo radius decreases with decreasing temperature and pressure. Moreover, values depend on the CNT
parameterization applied. It ranges between 7erie = 0.53 nm at ice saturation (P = -55 MPa) at 200 K to 7crit = 1.25 nm at water
saturation (P = 0.1 MPa) at T= 235 K, using the pressure dependent parameterization from Ickes et al. (2015) as described in
Marcolli (2020). Using the pressure dependent CNT parameterization by Murray et al. (2010) withn = 0.97, instead, the range
changes to reric = 0.8 nm at ice saturationat 200 K and 7crit = 1.43 nm at water saturationat 235 K (Marcolli, 2020). In Fig. 2,
we show these ranges of critical ice embryo radii as shaded regions.

For a soot pore to be suitable for PCF, it must be large enough to host a spherical ice embryo of critical size. Comparison of
the critical embryo size with the radii of the different pore types shown in Fig. 2 demonstrates that the pores of soot aggregates
with atmospherically realistic primary particle diameters ranging from 10 to 50 nm are sufficiently large to accommodate a
critical ice embryo. In particular, it becomes evident that for pores formed in the tetrahedral arrangement low overlap is
required to be relevant for PCF. As the overlap coefficient increases, the pores quickly become too narrow (falling outside the
shaded region in Fig. 2) to host an ice embryo. Note, that even though the inner cavity within four tetrahedrally arranged
spheres is large enough to host a critical embryo, its openings given by the three-membered ring pores may be too small to
allow macroscopic ice growth out of the pore. Moreover, a quasi-liquid layer has been shown to form between ice and the pore
surface, which further increases the pore size required to host a critical ice embryo. This surface layer thickness has been
quantified as about 0.7 nm in narrow (3.2—4.8 nm diameter) hydrophobic cylindrical pores at 200 K (Morishige, 2018), while
molecular simulations yielded a half width of 0.37 nm for the water layer adjacent to the hydrophobic surface of cylindrical
poresat 7= 190 K (Moore etal., 2012). Yet, the ability of very narrow pores to host ice has been supported by David et al.
(2020), who observed ice growth out of methylated silica particles with average pore diameters of 2.4 nm for temperatures of

223 and 228 K.
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Another important aspect to be recognized fromFig. 2 is that the three-membered and four-memberedringpores characterized
by ro,irand ro,sq are sufficient by themselves to host a critical ice embryo. In other words, the relatively larger inner cavities
denoted by the concave octahedron (tetrahedral packing) and the concave cube (cubic packing) do not need to fill in order for
a soot aggregate to be ice active. We therefore concentrate in the following on n-membered ring pore structures formed by

soot aggregates with the main focus on three-membered and four-membered ring pores.

4.2 Nucleation rates at cirrus conditions

Even if a ring pore is wide enough to host ice, the pore water remains liquid when the ice nucleation rate is too low. As soot is
a poor ice nucleator in immersion mode (Kanji et al., 2020), we exclude here the possibility of heterogeneous freezing and
assume that the pore water needs to freeze homogeneously to form ice via soot-PCF. Numerous experimental studies on
micrometre-sized droplets have constrained homogeneous ice nucleation rates in the temperature range from 234 to 238 K to
values below 10! cm3s! (e.g. Ickes etal., 2015 and references therein). Few experimental studies have exploredhomogeneous
icenucleationrates at lower temperatures by investigating the freezing of water clusters withradii of a few nanometres (Amaya
and Wyslouzil, 2018; Bartell and Chushak, 2003; Manka et al., 2012). These studies report values above 1020 cm3s! for
temperatures between 190 and 225 K. Conversely, Laksmono et al. (2015) only reached homogeneous ice nucleation rates of
10! and 10'3 cm3s! between 226 and 23 1 K investigating larger volumes by increasing the cooling rate to 10°—107Ks!. Since
the water volume within soot pores hardly exceeds the critical size to produce an ice embryo, the nucleation rates need to be
in the range of 102° cm™3s-! to freeze water within 1 s. Thus, the rates reported for 7=234—238 K by numerous studies and for
T =226-231K by Laksmono et al. (2015) are too low for pore water to freeze within atmospherically relevant time scales.
Yet, water within the cylindrical pores (D, #2—10nm) of mesoporous silica particles was able to grow into ice crystals within
few seconds (~10s) at 228 K but not at 233 K (David et al., 2019, 2020), implying that homogeneous ice nucleation rates have
been high enough at 228 K but not at 233K. Also, soot particles proved to freeze according to a PCF mechanism at 228 K but
not at 233 K (Mahrt et al., 2018). In both cases, nucleation rates have been enhanced due to the negative pressure within the
pores that develops below water saturation (Marcolli, 2017a,2020). At 228 K, the negative pressure of P =-43 MPa at ice
saturation increases the homogeneous ice nucleationrate by five orders of magnitude from~10'5 cm3s-'to ~102° cm3s!' K,
using the pressure dependent parameterization by Murray et al. (2010) forn=0.97.

Based on these findings, we can estimate a temperature range where freezing is immediate once the water volume is large
enough to host a critical ice embryo, namely for 7< 228 K, an intermediate temperature range where freezingis not immediate
and strongly depends on RH (228 < T<233 K), and a range where homogeneous ice nucleation rates are too low to trigger ice
formation via PCF (7> 233 K). However, more dedicated experiments are needed to better constrain these ranges. In the
following, we concentrate on the cirrus temperature range below 7'< 228 K, where it is safe to assume that freezing of pore

water is immediate once its volume is large enough to host a critical ice embryo.
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5 Capillary condensation within soot aggregates

Water vapour can condense in capillaries below bulk water saturation, leading to the formation of water surfaces with concave
curvature. The radius ofthe curvature is related to the equilibrium vapour pressure above the curved surface through the Kelvin
equation (Kelvin, 1904; Thomson, 1871). The Kelvin equation in turn relies on the Young-Laplace equation that quantifies
the pressure in liquids with curved surfaces (see Appendix B). In soot particles, as in any porous medium, capillary
condensation of water starts within the narrowest pore segments and gradually fills widening pores as the ambient RH
increases. Capillary condensation of water within soot aggregates has been discussed in previous studies (e.g. Persiantseva et
al., 2004). The narrowest and simplest cavity consists of the slit between two adjacent primary particles (see Fig. B 3), where
liquid water surrounds the contact point of the two spheres forming a pendular ring (see Fig. B 3b), referred to as pendular
state (e.g. Afrassiabian et al., 2016; Urso et al., 1999). In case of wetting surfaces (negligible contact angle with water),
pendular rings form concave water surfaces with curvatures that are symmetric about the line connecting the centres of the
two particles (Huang et al., 2015). Note that the curvature of the water surface switches from concave to convex with increasing
pore filling angle for fsw > 0. Pendular rings can be described by two principal radii of curvature related to the height and the
width of the water (pendular ring) above the plane connecting the centres of the two particles (filling level). Considering these
two principal radii, the Kelvin equation describing the equilibrium vapour pressure over the curved surface formed by a

pendular water ring can be expressed as (see Appendix B2 for details):

2 2 cos(bg,, + €) )
Yow(T) <Dppsin € —Djj+ Dppcose v (1) )
— =exp .
Pw kT

Here,p and pw describe the water vapour pressure and the equilibrium water vapour pressure with respect to water, respectively,
and their ratio p/pw = Swdenotes the saturation ratio with respect to water. Moreover, k is the Boltzmann constant, vw(7) is the
molecular volume of liquid water and yvw(7) is the interfacial tension between liquid water and water vapour. Finally, the
angles Gsw and e correspond to the soot-water contact angle and the slit filling angle, respectively.

The pendular rings of water between neighbouring particles may also be the starting point for pore filling inring pores. As the
pendular rings of water grow in height with increasing RH, the rings on neighbouring particles will finally meet, eventually
leading to full coalescence of the individual water rings. We refer to this pathway as pore filling via pendular rings of water
(Fig. 3a). For the three-membered ring pore, gathering of the three water rings takes place at a slit filling angle of ¢ =30°. For
four-membered ring pores, ¢ = 45° is required as illustrated in Figs. 3a and 3c. These threshold values are independent of the
size of the spheres in between which the pores are formed (Afrassiabian et al., 2016). Further increase in the RH leads to a
continuous growth of the water phase, ultimately causing complete filling of the ring pore. The state when a sufficient amount
ofliquid is available to fill the inter-particle space (pore neck) is considered the capillary state (Urso et al., 1999).

In Fig. 4 we show the RHw conditions for filling of three-membered and four-membered ring pores via pendular rings as a

function of soot-water contact angle as dashed lines. Filling conditions were calculated with Eq. (4), using fixed values of e =
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30° (three-membered ring pore) and e = 45° (four-membered ring pore), for different primary particle diameters and overlap
coefficients for a typical cirrus temperature of 7= 220 K. Relatively high RHy values are required for filling of a three-
membered ring pore via pendular water rings. The RHyw required for pore filling decreases for decreasing contact angles and
for increasing overlap coefficients. For instance, a perfectly wettable (6sw = 0°) three-membered ring pore formed between
three particles of Dpp =20 nm is filled at 66 % RH. (rose dashed line) for minimal overlap of Coy = 0.01, but already at 14 %
RHy, for Cov = 0.1 (purple dashed line). Hence, in this case, an overlap of Cov = 0.1 can decrease the RHyw required for pore
filling by ~52 %. However, the RHy for pore filling quickly rises with increasing contact angle. Three-membered ring pores
can only fill at conditions below bulk water saturation for soot-water contact angles below 56°, as indicated by the intercept
of the dashed lines and the horizontal black line for p/pw= 1 (see also Fig. B 4). The RHw conditions for filling of a four-
membered ring pore are shown in Fig. 4d-f in a similar fashion as for the three-membered ring pore. The criterion of e = 45°
for complete filling limits filling of four-membered ring pores to particles with soot-water contact angles below 37° (intercept
ofthe dashed lines and the horizontal black line for p/pw= 1 in Fig. 4d-f, see also Fig. B 4).

In conclusion, the filling of ring pores (e.g. three-membered or four-membered) via pendular rings of water is strongly
constrained by the contact angle, i.e. wettability of the pore material. These results suggest that ring pore filling via
(coalescence of) pendular water rings is likely not an important mechanism for atmospheric soot particles, which tend to have
higher contact angles (see Section 2.4). Yet, if the soot-water contact angles are too high for n-membered pore ring structures
to become completely filled via coalescence of pendular water rings, complete pore filling can still take place through direct
pore filling. This filling mechanism is illustrated in Fig. 3b and d for the three-membered and four-membered ring pores,
respectively. Direct filling starts from random fluctuations of adsorbed water patches resulting in spontaneous condensation
of water at the pore neck (narrowest part of a ring pore, which is located at the midplane formed by the centres of the spheres
making up the ring) as illustrated in Fig. 3b and d). The Kelvin equation describing the equilibrium vapour pressure over the
curved surface for direct filling of three-membered ring pores with liquid water is given by (Appendix B4):

/VVW(T) ( 4+/3 cos(b,, + €) ) w(T)\
P ep]| 2Dy + \/_Dppcos £
Pw \ kT /

In Eq. (5) the shape of the curvature of the water surface is described by only one principal radius. This is because non-

)

orthogonal, unequal radii of curvature will equalize and minimize the surface energy at equilibrium, so that the hydrostatic
pressure within the capillary condensate is always isotropic. This is consistent with the results of previous studies addressing
the shape of capillary surfaces in non-circular geometries. For instance, Feng and Rothstein (2011) studied the equilibrium
shape of curved surfaces in capillaries with n-sided, polygonal cross-sectional areas, finding the shape of the curved surface
to be spherical. A change in cross-sectional geometry is essentially equivalent to a change in the contact angle between the

pore wall and the fluid. This is in-line with more recent results from Son et al. (2016), who modelled the menisci formed in
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triangular and square tubes, equivalent to our three-membered and four-membered ring pores, and reporting the liquid surface
to form a hemisphere at equilibrium.

In case of four-membered ring pores, the Kelvin equation describing the equilibrium water vapour for direct pore filling is
given by (Appendix B5):

4 cos(fg,, + €)
( Yo () (_ T Dppcose>vW(T)\‘
— =exp .
Pw kT
\ )

The RHw conditions required for direct filling of three-membered and four-membered ring pores, as calculated with Egs. (5)

(6)

and (6), are shown in Fig. 4 as solid lines. Obviously, direct pore filling requires significantly lower RHw compared to pore
filling via pendular water rings for both types of ring pores considered here (compare dashed and solid lines in Fig. 4). As an
example, at 7= 220 K, the RHy, required for filling of a three-membered ring pore with Dpp = 20 nm and Coy = 0.01 assuming
a contact angle of Gsw = 0° (60°), 18 ~66 % (119 %) for pore filling via pendular rings of water, and ~31 % (55 %) for direct
filling (rose dashed and solid lines, respectively). If the primary particles with Dy, = 20 nm forming the three-membered ring
pore overlap with Cov = 0.1, capillary condensation within the three-membered ring pore via direct filling can already take
place at RHw <5 % for 6sw = 0° and at RHw ~ 12 % for Osw = 60°. Thus, soot aggregates with appropriate pore properties can
take up water not only in clouds but potentially throughout the troposphere, where RHyw frequently cycles from ~20 % to 80 %
(Wallace and Hobbs, 2011). Comparing the conditions for direct filling of a three-membered ring pore (Fig. 4a, b and c) to
those of a four-membered ring pore (Fig. 4d, e and f), it is evident that direct filling of four-membered ring pores requires
higher RHy. This is due to the larger size of the opening formed between four compared to three spheres, as discussed in Sect.
3 (see also Fig. 2). In contrast to pore filling via the pendular water rings, direct pore filling exhibits a weaker dependence on
the soot-water contact angle and remains effective below water saturation for 0 < Gy < 90° (see Fig. 4). For contact angles of
Osw> 90° the condensed liquid exhibits a convex curvature, which goes along with an equilibrium vapour pressure that is higher
than that of bulk liquid water.

The solid lines in Fig. 4 denote the conditions for the formation of a continuous liquid water phase at the pore neck. However,
in order to contribute to ice formation via PCF, the water volume within a pore must be sufficiently large to host a critical ice
germ, as discussed in Section4.1. We take this into account by calculating the RHyw required for direct filling of the ring pores
with water up to a filling level of /4, denoting the height that the water needs to extend vertically in both directions from the
midplane (pore neck), for freezing of the capillary condensate. A value of /#r = 1.25 nm is an approximate value that was
chosen based on the experimental observations of David et al. (2020), and theoretical considerations taking calculated critical
embryo size and quasi-liquid layer width into account as discussed in Sect. 4.1. The RHy required to reach a filling level of /5
are given by the dotted lines in Fig. 4. For each set of dotted and solid lines, the RHyw required to just fill the neck of the ring
pore is lower compared to filling the ring pore up to a level of %y This difference becomes larger with increasing soot-water

contactangle, as can be seen fromthe diverging solidand dottedlines in Fig. 4 for each setof curves. Moreover, the difference
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in RHy required for direct filling and direct filling up to /s becomes more distinct for increasing overlap coefficients and
decreasing primary particle diameters. It should be noted that in the absence of overlap /4 cannot be reached. On the whole,
we conclude that direct filling gives a realistic pathway of pore condensation for ring pores in soot aggregates that are
characterized by considerable contact angles, while the pathway via pendular rings of water strongly overestimates the RH

required for pore filling.
Filling via pendular water rings Direct filling by random fluctuations

(a) (b)

|F3O 30° l

(© 45° 45° (@ «
_%i_. % .

Figure 3: Illustration of the filling scenarios for (a, b) three-membered and (¢, d) four-membered ring pores formed between spheres in a
tetrahedral and cubic packing arrangement assuming 6,,, = 60°. In the three-membered and four-membered ring pore case, uptake of liquid
water is either considered as filling via the pendular rings of water (a, ¢) or as direct filling (b, d). Direct filling starts at the pore neck,
defined as the narrowest point of the ring pore opening located at the midplane between the centres of the spheres. In case of filling via the
pendular water rings slit filling angles of ¢ = 30° and ¢ = 45° need to be reached for pendular rings to gather together and coalesce. Note that
for 6,,, = 60°, the water surface has a convex curvature at a filling angle of ¢ = 45°. If the RH is further increased, further filling of the ring
pore as well as the inner cavity (concave octahedron and concave cube) takes place.

Three-membered
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Figure 4: Pore filling conditions for three-membered ring pores (tetrahedral packing, a, b, ¢) and four-membered ring pores (cubic packing,
d, e, f) showing the saturation ratio with respect to water (p/p,, = S,,) required for filling of ring pores as a function of the soot-water contact
angle (0,,) at T =220 K. The different rows correspond to ring pores formed for spheres with different diameters (D,,). In each panel the S,
needed for capillary condensation of water in the ring-pore is compared for different filling mechanisms: Slit-filling up to & = 30° (three-
membered ring-pore) and ¢ = 45° (four-membered ring-pore) via pendular rings of water, followed by coalescence of water-rings and
complete filling of the ring pore is shown by the dashed lines. Direct filling of the ring pore neck is shown by the solid lines. Direct filling
of the ring pore up to a height of 4z = 1.25 nm, required for freezing is shown by the dotted lines. The set of lines within each panel
corresponds to different values for the overlap coefficient, C,,, asindicated in the legend. The expressions for the Kelvin equations describing
the conditions for pore filling for the various filling mechanisms are given in Appendix B.
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6 Ice growth out of the soot ring pores

In Section5 we have shown that direct filling of ring pores with liquid water up to the freezinglevel (/1) may take place at
RHy well below bulk water saturation. In this section, we determine the ice supersaturation required for the growth of the pore
ice out of the ring pores into amacroscopic ice crystal.

In the following, we assume rigid soot pore structures that cannot facilitate ice growth out of narrow pore openings by
expanding upon ice growth. We describe ice growth out of the pore by the same governing equations (see Appendix B) as for
filling with water, treating the ice growth as continuous filling of the pore throat with ice. The RH; of water vapour in
equilibrium with the growing ice phase can then be obtained by evaluating Eq. (B 15) with respect to ice:

[ yvi(T)( 43 costO + 2 ) I(T)\

2D;; +\/_D pCOSE
— =exp

| T |

Here, p and p;i are the water vapour pressure and the equilibrium water vapour pressure with respect to ice, respectively, and

O

their ratio yields the saturationratio with respect to ice (Si). Moreover, yvi(T) is the interfacial tension between ice and water
vapour, vi(T) is the molecular volume of water in ice, and 6si is the contact angle between ice and water vapour. Similarly,
evaluating Eq. (B 19) with respect to ice, the Kelvin equation describing the equilibrium vapour pressure for ice growth out of

a four-membered ring pore is given by:

4 cos(Og + €)
/ ) e Dppcosg)vi(r)\
— =exp .
Di kT
\ J

The interfacial tension between ice and vapour is not well known. Following previous studies, we assume a quasi-liquid layer

®)

to form on the ice surface (Gelman Constantin et al., 2018; Wettlaufer, 1999). Then an upper limit of the interfacial tension of
ice and water vapour is given by the sum of the interfacial tensions of water and vapour and ice and water: yvi(7) = pvw(7) +
yis( T), following David et al. (2019). Their molecular dynamics simulation showed an ordered arrangement of an ice phase
growing out of a silicapore, that can be interpreted as a contact angle between the two solid phases of the ice and the silica
particle. This approach allows to substitute yvi(T) in Egs. (7) and (8) by the sum of yvw(7) and yiw(7). Similarly, the contact
angle between ice and soot is not well constrained by measurements and an upper limit can be estimated by assuming a quasi-
liquid layer between pore ice and the soot surface, as described in Appendix C. The presence of a quasi-liquid layer between
pore ice and the (hydrophobic) pore wall material has been confirmed by measurements (Morishige, 2018) and molecular
simulations (Mooreetal.,2012).

Figures 5a and d show the equilibrium vapour pressure with respect to ice, p/pi = S;, above the condensing water and growing
ice phases during PCF in three-membered and four-memberedring pores as a functionof growth angle & as illustratedinpanels

c and f and evaluated using Eqgs. (5)—(8). In panels b and e, PCF is exemplified for ring pores with Dy, =20 nm and contact
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angles of Gw (6s) = 60° (78°) with Cov = 0.05 for the three-membered ring pore, and Cov = 0.1 for the four-membered ring
pore. The curves for capillary condensation and pore ice growth for these pores are shown as rose, solid lines in panels a and
d (Fig. 5). Curves for other contact angle values are given as dashed lines for comparison. The curves start at the p/pi required
for direct pore filling by water followed by an increase in p/piup to the point where a filling level of ss1= hsr=1.25nm is
reached. Once /1 is reached ice nucleation of the pore water takes place and the governing (growth) equations have to be
evaluated with respect to ice to describe further growth. The switch from water to ice growth is marked by the kink in the
curves. During this first step of water condensation and condensational growth, the slit filling angle increases frome=0°to ¢
= er. The second step of ice growth by water vapour deposition is described by a further increase of the growth angle from ex
to e = 180°. Using ¢ as growth coordinate assumes that the contact angle between ice and soot is maintained throughout the
ice growth, determining the ice surface curvature. This growth coordinate is able to capture the specific characteristics of the
ice growth although it neglects deviations from the prescribed curvature that occur when the ice caps growing out of the two
opposite openings merge as it is the case for the three-membered ring pores (see panel b, frame D). During ice growth, p/pi
again increases and passes through a maximum before it transforms to depositional growth of an ice crystal. Inspection of Fig,
5 shows that the maximum in the ice growth curves is fore <30°,1i.e. for ice growth within the pore, implying that it is the
local pore geometry that determines the supersaturationrequired for PCF of soot and not the overall aggregate structure. Along
each curve, the filling or growth stepthat is associated with the highest Si (global maximum) is the limitingstepand determines
the critical supersaturation for soot-PCF. For the cases shown in Fig. 5, PCF for the three-membered ring pore is limited by
ice growth while for the four-membered pore it is limited by water condensationup to 4r = 1.25 nm. More specifically, the
maximum RH; of the fillingand growth steps of the three-membered ring pore are 86 % and 137 %, respectively (solid, rose
line in Fig. 5a). Conversely, the filling-limited four-membered ring pore has maxima of 129% RH; and 124 % RH;, for the
filling and ice growth steps, respectively (solid, rose line in Fig. 5d).

Figures D1 and D2, show additional PCF curves for other primary particle sizes and overlaps. This overview shows that soot-
PCF is sensitive to contact angles, primary particle size and overlap. Overall, the narrower three-membered ring pores tend to
be ice growth limited, while the wider four-membered ring pores are rather limited by water condensation. Increasing overlap
and decreasing primary particle size both shift the limiting step of soot-PCF from capillary condensation to pore ice growth.
With increasing contact angle, the RH required for both, pore condensation and ice growth shift to higher values. For instance,
fora given contact angle of G (6s) = 45° (68°), the onset of soot-PCF is expected already at Si = 1.15 (for four-membered
ring pores with Dpp =30 nm and Coy = 0.2). This onset shifts to Si= 1.21 for Gsw(6s) = 60° (78°),to Si~ 1.27 for G () =70°
(85.5°),and to Si= 1.35 for G (ki) =78°(92°).
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595 Figure 5: PCF by three-membered (a — ¢) and four-membered (d — e) ring pores. (a, d) Saturation ratio with respect to ice (S;) required for
(step 1) direct filling of the ring pore up to a filling level 43 = Az = 1.25 nm, followed by (step 2) growth of pore ice as a function of the
growth angle &, as illustrated in the side views (panels ¢ and f). The 3D renderings illustrate the water growth up to Az = 1.25 nm (A: darker
blue, £ =7.18°) and ice growth (light blue, £=30° (B), 60° (C), and 90° (D)) for a three-membered ring pore with D, =20 nm, C,, = 0.05,
and 6y, (05;) =60° (78°, panel b) and a four-membered ring pore with D,, =20 nm, C,, = 0.1, and &, (5;) = 60° (78°, panel €). All soot-PCF
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PCF curves encompassing different primary particle sizes and overlaps.
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7 Constraints on stability of pore ice and pre-activation

The ability of aerosol particles to form macroscopic ice crystals at lower relative humidities and/or higher temperatures
compared to their intrinsic ice nucleation efficiency after prior having experienced an ice nucleation event or low temperatures
is called pre-activation (Fukuta, 1966; Mason, 1950; Mossop, 1956; Pruppacher and Klett, 1997). Many or even most
observations of pre-activation can be explained by pore ice that has nucleated in a preceding activation step/cloud cycle
(Marcolli, 2017b), allowing ice crystal formation by pure depositional growth when the particles re-encounter ice
supersaturation. Yet, some observations of pre-activation may also be explained by the contact of soot aggregates with ice or
liquid water changing their (pore) morphology or modifying surface functionalization (Bhandari et al., 2019; China et al.,
2015;Colbecketal., 1990;Maet al., 2013; Miljevic et al., 2012; Zuberi et al., 2005), and thus enhancing their ice nucleation
activity in subsequent cloud cycles, even in the absence of ice pockets preserved in pores (Mahrt et al., 2020b). Here, we focus
on pre-activation through ice preserved in pores. This pre-activation mechanism is most effective when the ice nucleation rate
is low and the presence of pore ice enables bypassing the nucleation step. This is the case when pore ice that formed through
homogeneous ice nucleation at low temperatures persists to temperatures above the HNT enabling growth to macroscopicice
when (re-)encounteringice supersaturated conditions. Soot provedto be susceptible to this pre-activationmechanismin a study
by Wagner et al. (2016). Specifically, they found soot, which was not ice active at temperatures above the HNT, to produce a
small ice fractionevenup to 7'=250 K, after having undergone an initial cloud processing cycle at 228 K, i.e. well below the
HNT.

Ring pores have the potential to show pre-activation as ice may persist in the pore necks at RH well below ice saturation and,
when ice supersaturation is reached, grow out of the pore. Inspection of the soot-PCF curves displayed in Figs. 5, D1 and D2
shows that the ability of a pore to show pre-activation depends on the pore type (three-membered or four-membered), primary
particle size and overlap, as well as contact angle of soot with water and ice. For ice preserved in narrow pores with high
contact angles, growth is only expected at RH above water saturation, implying that cloud droplet activation should precede
ice crystal growth. This was indeed observed by Wagner et al. (2016), where the majority of the pre-activated soot particles
that produced ice at 7= 250 K froze in condensation mode. Note, that the critical embryo size increases with increasing
temperature. Therefore, the soot-PCF curves shown in Figs. 5, D1 and D2 must be re-calculated at the ice growth temperature
to judge whether the ice is able to persist inthe pore. Indeed, pre-activation to temperatures well above the HNT relevant for
glaciation of MPCs requires large cavities with small openings that need to open up to release the ice contained in them during
cloud droplet activation. Thus, the larger inner cavities between four tetrahedrally or eight cubic arranged primary particles
(see Fig. 1 for cavity shapes and Fig. 2 for their radii) are the ones that are likely best suited to preserve ice to higher
temperatures.

At cirrus conditions, when ice nucleationrates are high, pre-activationis not expectedto increase the fractionofice active soot
aggregates, but its main effect is to reduce the supersaturation required for soot-PCF to result in macroscopic ice crystals.

When homogeneous ice nucleationrates are high, PCF is either limited by water condensation or ice crystal growth. In case
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of pre-activation, since the pores are already filled with ice, the supersaturation required for pore condensation is irrelevant
and ice growth becomes the limiting step. Thus, in cases where soot-PCF is ice growth limited, pre-activation has no effect.
Conversely, in cases where capillary condensation of pore water constitutes the limiting step of soot-PCF, pre-activation lowers
the supersaturation required for soot-PCF to the value forice growth. Moreover, for pre-activation, pore ice needs to remain
thermodynamically stable at RH; < 100 %, so that it can grow by vapour depositionupon (re-)encounteringice supersaturation.
Whenever n-membered ring pores in soot aggregates fulfil both conditions, i.e. soot-PCF is capillary condensation limited and
ice remains in pores to RH; < 100 %, pre-activation should be relevant. Figs. 5, D1 and D2 exemplify for which combinations
of primary particle diameters, overlap coefficients and contact angles these conditions are met. It can be seenthat pre-activation
has a limit to high contact angles, as for 65 > 85.5° pore ice is not preserved at RH; < 100 % for any three-membered or four-
membered ring pore considered here. Since three-membered ring pores tend to be narrow, PCF is for most of them constrained
by ice growth and pre-activation has only a marginal or no effect at all. The only exceptions are combinations of large primary
particles (Dpp> 30 nm) and small overlap (Cov < 0.05). Pre-activation in four-membered ring pores is more prevalent and may
occur when Dpp > 20 nm and/or Cov < 0.2 and is able to reduce the supersaturation required for macroscopicice growth by up
to 40 % RH; at T=220 K. Yet, ice in ring pores for which soot-PCF is limited by water condensation is only preserved to 80—
90 % RH;. To keep pore ice to lower RH, larger pores need to fill with ice, such as the larger inner cavities between four
tetrahedrally or eight cubic arranged primary particles. However, these cavities are rarer and require larger soot aggregate
sizes. Nonetheless, we note that by taking into account the complex pore morphology of fractal soot aggregates, the framework
presentedhereinis able to capture the hysteresis ofsoot particles between water uptake and release as previously reported(e.g.
Dubinin, 1980; Mahrt et al., 2018; Popovicheva et al., 2008), which cannot be described by approximating soot pores as
cylindrical cavities that lack hysteresis.

Overall, pre-activation is most important when particles that were activated under cirrus conditions reach MPC conditions and
the ice preserved in pores can grow to macroscopic ice crystals. Moreover, our results suggest that pre-activation at cirrus
conditions is less relevant than previously estimated (e.g. Zhou and Penner,2014), as it does not increase the number of ice-
nucleating soot particles, but just reduces the supersaturation required for activation for a minor fraction of the soot particles.
This confirms that the increased ice nucleation activity at cirrus conditions after cloud processing as observed by e.g. Mahrt et
al. (2020Db) is due to changes in the surface functionalization and morphology of soot aggregates (compaction) and not caused

by pre-activation through ice preserved in pores.

8 Parameterizing soot-PCF for ice nucleation of soot aggregates

In the previous sections we have shown that n-memberedringpores formcavities that are able to provide ice nucleationactivity
to soot aggregates. We now use these findings to explain ice nucleation experiments performed with different soot types. In
Fig. 6 we show activated fractions (AF) as a function of RH of size-selected soot particles as determined in a continuous flow

diffusion chamber (Mahrt et al., 2018, 2020b). The AF describes the cumulative fraction of total soot particles of a given size
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that formed macroscopic ice crystals larger than 1 um (optical) diameter within the ice chamber at given RH and T conditions,
as counted with an optical particle counter (see Mahrt et al., 2018 for details). We constrain ourselves to data obtained from
two soot types with vastly different properties, namely FW200, taken from Mabhrt et al. (2018), and miniCAST black soot
taken from Mahrt et al. (2020b). FW200 is a commercially available soot (Orion Engineered Carbons GmbH, Frankfurt,
Germany) with average primary particle diameter of Dpp = 22 + 3.9 nm and fractal dimension of Dr = 2.35, as measured by
Mahrt etal. (2018). The miniCAST black sootis a propane flame soot, generatedina diffusion flame under fuel-lean conditions
with average Dpp=31=£5.9 nm and Dr=1.86 (Mahrt et al.,2018). Furthermore, the water sorption measurements by Mahrt et
al. (2018) indicate that the water uptake capacity of the miniCAST black is significantly lower compared to that of the FW200
soot. Thus, miniCAST black should represent a soot with higher soot-water contact angle compared to FW200 (Mahrt et al.,
2018). Both soottypes taken together cover a wide range of properties relevant for ambient soot particles (see Section2.1). In
Fig. 6 we show the AF as a function of both RH; and RHw, for aggregates with electrical mobility diameters between Dm =400
nm and Dn = 100 nm, and for typical cirrus temperatures of 7= 223 K (crosses) and 7'= 218 K (circles). Interestingly, for
miniCAST black, the AF curves for T=218 K and 7= 223 K collapse onto the same line when plotted as a function of RHw
(see Fig. 6b), but are clearly offset when plotted as a function of RH;. This behaviour suggests that the filling of the ring pore
structures with water is the limiting step for miniCAST black particles for soot-PCF (see Section 6). This is consistent with
our prediction that critical supersaturations for three-membered and four-membered ring pores with comparable primary
particle size of Dyp =30 nm tend to be determined by capillary condensation (see bottomrowin Figs. D 1 and D 2). Conversely,
the AF curves of the 400,300, and 100 nm aggregates of the FW200 sootat 7=218 K and 7= 223 K do not overlap when
plotted as a function of RHy, while the curves clearly overlap when plotting them as a function of RH;. The only exception are
the 200 nm aggregates, which show deviations in both scales. This demonstrates that soot-PCF by the ring pores of the FW200
soot is not limited by filling with liquid water but by ice growth out of the pores instead. Considering our predictions for pore
filling and ice growth in three-membered and four-membered ring pores formed between particles with Dpp = 20 nm suggest
that the PCF activity of FW200 soot results primarily from three-membered ring pores, since four-membered ring pores tend
to be limited by water uptake into the pores (i.e. the fillingstep; see Figs. D1 and D2). The onset of freezing for both soot types
is clearly above ice saturation, as is expected for pore surfaces with rather high contact angles to water and ice. Since the
detection limit for this experimental setup is reached at AF = 10-4—10-3 as evidenced by the increased scatter, we consider the
RH when values above this AF-range are reached as onset. In a recent study, David et al. (2020) observed a shift of freezing
onsets from about 115 % RHi to 120—135 % RH; when the surface of hydroxylated mesoporous silica particles (Gw=41-45°)
was methylated (Gsw= 75-80°). Inspection of Figs. D1 and D2 shows that the freezing onset of 400 nm miniCAST black
aggregates of about 125 % RHi is in accordance with approximately & (6si) of 70° (85.5°) while a freezing onset of about 116
% RH; as observed for400 nm FW200 aggregates conforms witha contact angle of approximately G (6si) <60° (78°). Overall,
the theoretical framework developed here allows to describe ice formation on soot aggregates and helps to explain differences

in the ice nucleation ability of soot particles reported in the literature.
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In order to use the new framework to predict soot-PCF via n-membered ring pores, the abundance of such pore structures
within soot aggregates needs to be considered. For this reason, we have developed an equation to quantify the ice active fraction

(AF) as a function of RH that reflects aggregate and pore properties:

AF =1 — (1 = Py(RH))(@o=mm)”) ©)
Here, Py (RH) is the probability of a primary particle to be part of a ring pore that induces ice nucleation and growth at RH in
a deterministic fashion, N, denotes the number of primary particles within the soot aggregate and Dr is the fractal dimension.
The active-site probability function Pn(RH) can be derived from first principles to reflect the properties (contact angle, primary
particle size and overlap) of a specific soot type (e.g. aviation or diesel car emissions) or it can be treated as a fit functionto
bring the AF-parameterization in agreement with measured datasets. Depending on the soot properties and the ice nucleation
data, Pxn(RH) can be parameterized in terms of relative humidity with respect to ice (Pn(RH;)) or water (Pn(RHw)). We note
that even if Pn(RH) is determined through fitting to an existing dataset, it can be used along with Eq. (9) to predict the ice
nucleation activity of soot particles with different properties (fractal dimension, number and size of primary particles).

To obtain the fraction of soot aggregates with ring pores, the probability of a primary particle to be part of a ring pore is
potentiated by the number of primary particles contained within the soot aggregate (N, — nm). N, in turn can be calculated from
defining relations of fractal aggregates based on the primary particle size and the fractal dimensions (see Appendix E).
Furthermore, the number of neighboring spheres surrounding a primary particle is considered in terms of the fractal dimension
Dy. To account for the minimum number of primary particles required to form a ring pore, 7, is subtracted from the total
number of primary particles within the aggregate, N,. In case of three-membered and four-membered-ring pores the value of
nmis 2 and 3, respectively. The value of n, is relevant to correctly represent the smallest soot aggregates that still may contain
apore and ensures AF to be nonzero even for small number of primary particles within an aggregate, as long as ring pores can
be formed. The inclusion of primary particle number and compaction in Eq. (9) allows to parameterize the ice nucleation
activity of differently sized soot aggregates using the same active site probability function.

Because soot properties such as the primary particle size and the fractal dimension can readily be measured, this soot-PCF
framework can directly be compared to and constrained by experimental data. The lines shown in Fig. 6 are based on Eq. (9)
using the experimental soot characterization and the ice nucleation data as explained in Appendix E. The number of primary
particles in soot aggregates as a function of their aggregate size are detailed in Table E1, while Table E2 lists the parameters
that were used in Eq. (9) to model the AF data. Since for FW200, activated fractions measuredat 218 K and 223 K collapse
on one line when plottedas a function of RH;, we parameterized the active-site probability as a function of RHi. Since the
conversion from RH; to RHw is temperature dependent, AF" splits into two separate curves, one for 218 K and one for 223 K
when plotted as a function of RHw. Conversely, since AF at 218 K and 223 K of miniCAST black coincide when plotted as a
function of RHw, we parameterized the active-site probability as a function of RHy.

The differently colored curves shown in Fig. 6 denote activated fractions of soot aggregates with different mobility sizes. Since

the activated fraction of aggregates from a given soot type rely on the same active-site probability function (Pn(RH)), AF
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curves for mobility diameters that have not been measured can be derived from Eq. (9). Thus, activated fractions for lower
supersaturation ratios and smaller soot aggregate sizes than have been measured, e.g. because they were below the detection
limit, can be derived as long as data for larger aggregates and/or higher supersaturations are available. Moreover, a
parameterizationcan be establishedeven in the absence of ice nucleation data, when a soot sample has been characterized with
respect to the aggregate size and compaction, the primary particle diameter and overlap, and the contact angle with water and
ice (see Appendix E). The active-site probability (fit) function depends on the soot particle properties, and measurements
thereof are often associated with some degree of uncertainty. For instance, Anderson et al. (2017) quantified the uncertainty
of a single measurement of the mean soot primary particle diameter derived from TEM to be + 14 %. We note that Eq. (9) can
easilybe adapted to consider different primary particle diameters to describe the same AF curves of the different soot aggregate
sizes shown in Fig. 6, again using a single fit function (Pn(RH)). For example, assuming a lower mean primary particle diameter
increases the number of primary particles within a soot aggregate, and allows smaller soot aggregates to be active via soot-
PCF. In this case, a fit to the data is achieved by lowering the probability of a primary particle to be part of a ring pore that
induces PCF at a specific RH. Conversely, the spacing between the soot-PCF curves of differently sized aggregates in Fig. 6
is not a free parameter but determinedby the fractal dimensionof the sootaggregates. Therefore, complying with the AF curve
measured for 100 nm FW200 particles implies full activation (AF = 1) for D = 300 nm at RH; = 155 % for T=223 K, or at
lower saturation ratios for larger soot aggregates. This suggests that the levelling off observed for the experimental data points
at AF' =~ 0.2 results from instrumental limitations, and in the case depicted in Fig. 6 could result from divergence of particles
out of the region of highest RH conditions (aerosol-lamina). Overall, the good agreement of the parameterized curves with the
measured data shown in Fig. 6 is compelling evidence that the active-site probability function provides an excellent means to
describe PCF on soot aggregates of different sizes when combined with relevant aggregate and pore properties. This is an
advantage over previously proposed parameterizations that often rely on datasets that were specific to an aggregate size and/or

a single emission source.
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Figure 6: Fraction of soot particles that nucleate ice, termed activated fraction (AF), at temperatures of 7= 218 K (circles) and 7'=223 K
crosses), as a function of relative humidity with respect to ice (RH;; left) and water (RH,; right) for (a, b) miniCAST black soot and (c, d)
FW200 soot. The different colours denote soot aggregates of different electrical mobility diameter D,, as indicated in the legend. Data is
taken from Mahrt et al. (2018) for FW200 and from Mahrt et al. (2020b) for miniCAST black. The solid and dashed lines show the
parameterization for 223 K and 218 K, respectively. Note that in case of miniCAST black the curves at 218 K and 223 K coincide when
plotted as a function of RH,,, while in case of FW200 the curves coincide when plotted as a function of RH;. See Appendix E for details.

9 Atmospheric implications

The framework presented here links the ice nucleation ability of soot with its physicochemical properties, namely primary
particle size and overlap, aggregate size, and contact angle with water and ice and by that provides a physical basis to uniformly
describe the ice nucleation mechanism by pore condensation and freezing for soot.

Given that the ice nucleation activity of soot particles is linked to pores that form between primary particles, the framework
presented here allows to better constrainthe properties required for atmospheric soot particlesto formicevia PCF. For instance,
at least three primary particles are required to form the smallest conceivable pore (the three-membered ring pore). Hence, the
minimum soot particle (aggregate) size to nucleate ice via PCF should exceed the average primary particle size of a soot
sample. Moreover, soot spherules need to be arranged in a closed loop to form a ring pore or even be more closely packed to
form an inner cavity. Thus, having three primary particles in a soot aggregate is not a sufficient condition for PCF. The soot
aggregate needs some degree of compaction to generate closed loops along a chain of soot spherules. This explains the role
that cloud processing plays in increasing the ice nucleation activity of soot as observed by e.g. Mahrt et al. (2020b), who found

the ice nucleation ability of processed, compacted soot particles to be significantly higher compared to unprocessed, more
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fractal soot. This is further supported by recent result of Zhang et al. (2020), who investigated different laboratory analogues
of soot and found the largest ice nucleation activity to be associated with the most spherical, i.e. compacted soot type. Since
evaporating water or ice exert a tension on the surrounding soot spherules (e.g. China et al., 2015; Ma et al., 2013), these are
attracted to each other and open loops can close giving rise to ring pores and larger cavities.

We focused our analysis on three-membered and four-membered ring pores as these should be the pores most relevant for
soot-PCF onsoot particles with 10 < D,p <30 nm. The results presented in Sect. 8 corroborate that this is a valid assumption
and provides guidance for assessing the ice nucleation activity of atmospheric soot particles with similar properties. For PCF
on soot aggregates characterized by smaller primary particles, five-membered or six-membered ring pores or even larger and
more complex pore structures and cavities may become relevant. Indeed, Mohler et al. (2005a) showed that GSG soot with
particle diameters of 70—140 nm and primary particle diameters as small as 4—8 nm proved to be efficient INPs around 2 10—
220 K with freezing onsets as low as 110 % RH..

Soot-PCF requires pore space available for water to condense. Hydrophobic coatings can fill the pores and make them
unavailable for PCF, as has been demonstrated recently for soot coated with different types of secondary organic material
(Zhang et al., 2020). Similarly, ice nucleation by soot generated from propane flames was found to shift to higher ice
supersaturationand eventually vanish with increasingorganic carboncontent (Crawfordetal., 2011;Mahrtetal., 2018; Mohler
etal., 2005b). More hydrophilic coatings suchas strongly oxidized secondary organic material (Zhang et al., 2020) and sulfuric
acid (Mohleretal.,2005b,2005a) hada less prohibitingeffect onthe ice nucleationactivity but nevertheless increased freezing
onsets to higher relative humidity. At the same time, sulfuric acid aging can oxidize and/or remove organic material residing
within the soot pores and thus enhance their susceptibility to take up water by capillary condensation and soot-PCF (Mahrt et
al., 2020a). While the soot-PCF framework points to the relevance of the mixing state and coatings for the ice nucleation ability
of soot, our present knowledge about these effects on soot-PCF is insufficient to draw final conclusions. The delicate
dependency of soot-PCF on soot (pore) properties may indeed be the reason for the large uncertainties associated with the ice
nucleation ability of soot and explain seemingly contradictory results between laboratory studies, when ice nucleation
experiments with soot from various sources are compared. Additional studies are crucial to better constrain the effect of
coatings depending on their thickness and hydrophobicity.

With its physical basis, the proposed soot-PCF framework has the potential to predict ice nucleation by soot based on
physicochemical particle properties. For soot particles that are emitted from a variety of combustion sources, these properties
indeed strongly depend on the fuel type and the combustion conditions (e.g. Atiku et al., 2016). Highly refined fuels used in
road traffic (gasoline, diesel) and aircraft jet engines (kerosene) mostly contain hydrogen and carbon. When freshly emitted
particles from these sources can be regarded as uncoated soot agglomerates, soot-PCF can be applied without restriction.
However, soot particles from road traffic are emitted at ground level and need to be lifted to cirrus altitudes, throughout which
condensation of semi-volatile organic material can occur, limiting or even preventing the applicability of soot-PCF. In case of
thick coatings, immersion freezing should be the prevailing ice nucleation pathway, which has been shown to be ineffective

in case of soot (Kanji et al., 2020; Schill et al., 2016). Conversely, aviation emissions constitute an in-situ source of high
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number concentrations of soot particles in the upper troposphere where cirrus conditions prevail. Persistent contrails and the
contrail cirrus clouds evolving from them, forming from water activation of aircraft-emitted soot particles and subsequent
homogeneous freezing, are responsible for a major part of the radiative forcing from aviation (Kércher, 2018). While their
direct radiative forcing is relatively well represented in global climate models, little is known about the indirect effect, i.e. the
potential of aircraft emitted soot particles to trigger or alter cirrus formation (Lee et al., 2020). After the contrail has dissipated
under dry ambient conditions, processed and compacted soot aggregates are left behind, with an increased susceptibility to
soot-PCF. Such soot particles may impact ice crystal number concentration and crystal size of cirrus clouds, in turn affecting
cloud coverage, lifetime, and radiative forcing. A key uncertainty of previous estimates of aircraft-soot cirrus interactions is
the ice nucleationefficiency of sootparticles (Kércheretal.,2007), both as a function of soot type and depending on aggregate
size. In combination with a detailed cirrus cloud model, the soot-PCF framework presented here provides a physically based
description of the ice nucleation ability and mechanism of soot with improved predictive capabilities, and as such opens up
new avenues to address and reduce these uncertainties.

Because biomass is a chemically complex fuel, it produces particles of higher heterogeneity in terms of particle morphology
and chemical composition compared to highly refined fuels. For instance, biomass burning usually emits soot together with
large shares of organic combustion products, so that immediate internal mixing is likely, resulting in particles that are
frequently mixed with inorganic species, mostly potassium salts (Li et al., 2003; Liu et al., 2017; Posfai et al., 2003) resulting
in complex chemical composition (e.g. Liang et al., 2020). Nonetheless, under flaming conditions biomass burning has been
found to emit relatively pure soot particles (Li et al., 2003; Posfai et al., 2003), that may formice via soot-PCF. Given that
combustion of biomass globally denotes an important source of carbonaceous particles, which are furthermore frequently
found at cirrus level in the upper troposphere (Schill et al., 2020b), more studies are required to establish the share of

sufficiently pure soot particles for soot-PCF to be effective.

10 Summary and conclusions

In this work, we have developed a new theoretical framework to describe ice nucleation by atmospherically relevant soot
particles through PCF at cirrus conditions. Soot-PCF is a three-step process, where water is first taken up into the pores of soot
aggregates, followed by homogeneous nucleation of the supercooled pore water, and subsequent growth of the pore ice into a
macroscopicice crystal, which can ultimately impact cloud-microphysics and radiative properties.

While previous work has inferred the susceptibility of sootto PCF from the dependence of freezing efficiency on temperature
and relative humidity, the soot-PCF framework presented here goes a step further as it derives the ice nucleation activity of
soot fromparticle properties, namely the aggregate size and compaction, the primary particle diameter and overlap coefficient,
as well as the contact angle with water and ice (pore wettability). We find that #-membered ring pores are the dominant pore
structures for soot-PCF, as they are common features of soot aggregates and have a suitable geometry for both, filling with

water and growing ice below water saturation. We focused our analysis on three-membered and four-membered ring pores as
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they are of the right size for PCF assuming primary particle sizes typical for atmospherically relevant soot. For these pores,
we have derived equations that describe the conditions for all three steps of soot-PCF, namely pore filling, ice nucleation, and
ice growth. We demonstrated that pore filling occurs via spontaneous gathering of pore water in the pore neck, which we
referred to as direct filling. For cirrus conditions, we assume that ice nucleation occurs immediately after the condensed water
volume is large enough to host a critical ice embryo, which has been shown to be the case when 7< 228 K (David et al., 2019;
Mahrt et al., 2018, 2020b). Ice growth out of the pore sets a second thermodynamic barrier to PCF. While the critical
supersaturation for soot-PCF in narrow pores is limited by ice growth, the limiting step switches to capillary condensation for
wider pores. The width of ring pores increases with increasing primary particle size and decreases with increasing overlap.
Overall, the narrower three-membered ring pores tend to be ice growth limited, while the wider four-membered ring pores
tend to be limited by capillary condensation of water. With increasing hydrophobicity, both, capillary condensationand ice
growth shift to higher ice saturation ratios, making the contact angle between soot and water/ice a key parameter for soot-PCF.
Based on the characteristics of three-membered and four-membered ring pores, we have developed a framework to
parameterize the fraction of ice active soot particles. A key feature of the new parameterization is its capability to extrapolate
activated fractions measured for one mobility diameter to other aggregate sizes, and to predictice activity of a soot sample
based on its physicochemical characterization. As such, we believe that it is of great advantage over previously reported
parameterizations, as it significantly reduces the complexity of the parameters and processes that need to be represented and
incorporated into climate models, by relying on a single fit function to represent the ice nucleation activity of differently sized
soot aggregates from the same emission source, i.e. with the same contact angle. The applicability of this framework is
supported by the excellent agreement of the derived parameterization and experiments, when simulating previously measured
laboratory data of ice formationby soot at cirrus temperatures. Our analysis further revealed that pre-activationby ice preserved
in soot pores is of limited relevance under cirrus conditions, because, when ice nucleation rates are high, its only effectis to
decrease the ice supersaturation required to activate those soot particles whose limiting step for PCF is capillary condensation.
However, when soot particles that have been pre-activated below the HNT encounter ice supersaturated conditions above the
HNT, the presence of pore ice allows to bypass the nucleation step enabling ice crystal formation from soot particles with no
intrinsic ice nucleation activity at MPC conditions. Ring pores have a limited potential to exhibit pre-activation, because the
pore ice is not preserved to low relative humidity and high temperatures. In contrast, the inner cavities between four
tetrahedrally or eight cubic arranged primary particles also described herein, are able to preserve ice to higher temperatures
and lower relative humidity because the large volume of the inner cavity prevents the ice from melting and the narrow pore
opening protects it from evaporation.

Overall, the soot-PCF framework provides strong constraints on the extent to which atmospheric soot particles depending on
their physicochemical properties contribute to ice nucleation. Consideration of this framework and incorporation of the new
parameterization in future modelling studies may vastly improve attempts to quantify the impact of soot-PCF on cirrus
microphysical properties and provide guidance to predict the radiative impact of soot via soot-cirrus interactions. Although we

only studied a number of idealized pore types formedbetween equally sized primary particles, the presented framework s able
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to link previously reported ice nucleation experiments with the pore characteristics of the soot samples. Nonetheless, we
acknowledge that there remain a number of challenges for future studies to address. Arguably, uncertainties arise from the
soot-ice contact angle, and its relation to the soot-water contact angle. Future studies that aim at measuring contact angles on
soot surfaces should take into account surface structure, chemical composition and contact angle hysteresis. Further
uncertainties arise from the critical volume required for ice nucleation depending on temperature and relative humidity, and
the abundance ofring poresin sootaggregates inrelationto their size and compaction. Moreover, we focused our investigation
on three-membered and four-membered ring pores made of equally sized primary particles. Analysis of other pore types
including pores between unequally sized primary particles might improve the assessment of ice activity of soot aggregates
depending on their size and compaction. While we have used available literature data to constrain our framework, further

experimental exploration is required, in particular on ambient soot particles.

33



885

890

895

900

905

https://doi.org/10.5194/acp-2020-1134 Atmospheric
Preprint. Discussion started: 25 November 2020 Chemistry
(© Author(s) 2020. CC BY 4.0 License. and Physics

Discussions
By

Appendix A Pore geometry

Al Pore geometry in tetrahedral packing arrangement

We start by analysing the pores formed between four primary soot particles out of a tetrahedral packing arrangement as
illustratedin Fig. A 1. The centres A, B, C, and D of'the four primary particles form the corners of an equilateral tetrahedron.
This arrangement gives rise to two types of pores, namely the three-membered ring pore enclosed by the spheres making up
the triangle (ABC), whose dimensions we denote with the subscript ¢, and the concave octahedron, the void in-between the
tetrahedron enclosed by the spheres A, B, C, and D, whose dimensions we denote by the subscripts fe. In the following we
only consider pores formed between spheres of equal diameter.

Three-membered-ring pore

The three-membered-ring pore has the shape of a concave triangle (see Fig. A 1). The radii of its circumcircle, 7, and its
incircle, ri«, can be determined from the diameter of the primary particles, Dpp, and the distance Dj; between the centres of two

(overlapping) spheres. We start out by calculating the height, /., of the equilateral triangle ABC:
he =20 A1

> Vij.
The radius of the circumcircle of the concave triangle, 7., can be expressed as a function of the incircle of the triangle ABC

(riwr) and the height of the overlap between the primary particles, 4ov, as illustrated in Fig. A 1:

Teir = Nijgr — hov‘ (A2)
The radius of the incircle is given by:
1
Higr = ﬁDij- (A3)
The height of the overlap, /ov, canbe expressed as a function of the angle €,,,:
— singqy D
hoy = 2R, (A 4)
Making use of the “trigonometric Pythagoras”, sin &,y can be expressed as:
2
D:.
sine,, = [1-— (Di) . (A5)
pp

Inserting Eq. (A 3)— (A 5) into Eq. (A 2) yields:

2
1 D Dy
= p.——Pp |q_ () (A6)
T'c,tr 2\/5_, 1] 2 <Dpp

The radius of the circumcircle 7. coincides with the radius of the incircle in the absence of overlap of the primary particles.

The radius of the opening of the concave triangle, 7o, can be derived from the height of the triangle ABC, the radius of the

circumcircle of the concave triangle, and the primary particle diameter as:

D V3 1 1 1 1
Togr = hy = Tip =222 = 2Dy — =Dy — > Dy = =Dy — - Dy (A7)
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Setting Eq. (A 7) to zero yields D;; = \/; D, which can be set into Eq. (1) to derive the overlap coefficient, for which the

pp’
opening of the three-membered ring pore vanishes:

“; = 0.134. (A8)

Dy ,—Dj;
— _pbp 1 _
Cop="2—=1
pp

Concave octahedron

The pore enclosed by the four primary particles located onthe corners ofthe tetrahedron has the shape ofa concave octahedron
as depictedin Fig. Al. The height of the regular tetrahedron, /.., with apices given by the centres of the spheres A, B, C, and
D is given by:

2
hte = \/;Dll (A 9)

The sphere with its origin at the centre of the tetrahedral cell reaches its maximum size when it comes in contact with the

bodies of the primary particles. This maximum radius can be expressed as:

To Jte

D
=hie = Tite = Tp; (A 10)

where it is the radius of the insphere that is tangent to the faces of the regular tetrahedron given as:

_ Dby
Tite = 557 (A 11)

Inserting Egs. (A 9)and (A 11) into Eq. (A 10) yields:

v —bPepw_ 2 1 Ppp _ 3Dij _ Dpp (A 12)

T =he.— 1, — = . —D.. — .
ote te i,te 2 31 Nt 2 Nex 2

Again, setting Eq. (A 12) to zero yields Dy; = \EDpp, which can be inserted into Eq. (1) to yield the overlap coefficient for

which the pore within the concave octahedron disappears:

Cop =222 =1 — 220,184, (A 13)

ov Dpp 3
An overview of the pore dimensions formed for the case ofa tetrahedral packing arrangement is given in Fig. 2a, showing 7o,

7etr and 7o e for different sphere (primary particle) sizes as a function of overlap.
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(a) A
Dpp
Dl] htl‘ hov
T tr
ro,tr rc,tr SOV
B C

Figure A 1: Dimensions of the different pore types formed in the case of a tetrahedral packing arrangement, where four overlapping spheres
of diameter Dy, are arranged on the corners of a regular tetrahedron, indicated by A, B, C, and D. (a) Top view of the three-membered ring
pore that forms between the three spheres with centres at the corners of the triangle A, B and C. (b) The inner cavity formed within the
tetrahedral cell with apices at the centres of the spheres A, B, C and D has the form of a concave octahedron.

A2 Pore geometry in tetrahedral packing arrangement

The case of a cubic packing arrangement of overlapping spherical particles is depicted in Fig. A 2, showing in panel (a) the
top view of four overlapping particles forming a square with corners A, B, C, and D, that denote the centers of neighbouring
spheres within the same lattice layer (plane). In this packing arrangement the centres of spheres among different lattice layers
are aligned with each other across the different layers. The cubic packing gives rise to two types of pores. Four-membered ring
pores arise as the cavity formed between the spheres making up the square ABCD. We use the subscript sg to refer to the
dimensions within this pore type. Another type of pores originates as the concave cube, i.e. the void in-between eight spheres
formed between two sets of four neighbouring spheres in adjacent lattice layers, and we denote the dimensions of this pore by
the subscript cu.

Four-membered ring pore

The four-membered ring pore has the shape of a concave square. The radii of its circumcircle, rc sq, and its incircle, 7isq, can be
calculated from the diameter ofthe primary particles, Dpp, and the distance between the centres of the overlapping spheres, D,
similar to the case of the three-membered ring pore. The radius of the circumcircle of the concave square can be expressed as
a function of the incircle of the square ABCD and the height of the overlap between two adjacent spheres, as shown in Fig. A
2:

T, h

csq = T

isq ™ (A 14)

ov*
Here, the radius of the incircle of the square ABCD, i, is directly given by the half-width of the distance along the centres

of two overlapping spheres as:

1

sa= 3D (a15)

ij.
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The height of the overlap can be calculated from the angle &,v, analogously to the case of the three-membered ring pore and is

given by Eq. (A 4). Based on this, the radius of the circumcircle can be expressed as:

2
1 1 singyy D 1 D Djj
r. =ip. —h =21p. —SM&vDlpp _ 1p _Dpp |1 _(Zi) (A 16)
csq — 5 Mij ov 5 j P 5 i 2 Dop

The radius of the circumcircle of the concave square, 7 sq, coincides with the radius of the incircle of the square ABCD, risq,
in the absence of overlap, i.e. oy = 0. The radius of the incircle of the concave square, 7o,sq, describing the radius of the pore
opening, is given by:

_ V2 1 A 17
Tosa =7 Dij= 3 Dpp- &17)

Here, \/f/ZDi]- is the half-length of the diagonal of the square ABCD (see Fig. A 2). Setting Eq. (A 17) to zero yields \/iDi]- =

\%Dpp, which can be inserted into Eq. (1) to obtain the value of the overlap coefficient for which the pore opening of the four-

membered ring pore vanishes:
—Dpp=Dy _ 4 _ 1 _ A 18
o= = 1-—==10293, (A 18)

Concave cube

C

Consideringtwo adjacent layers ofthe cubic packing arrangement, a cavity is formedbetween eight primary particles arranged
onthe corners ofacube (A —H, see Fig. A 2b). The enclosed pore has the shape of a concave cube. The center of a sphere that
can be placed within this concave cubic cellis located along the space diagonal of the cube spanned by the eight spheres, given

by \/§Dij. Accordingly, the radius of the sphere that is in point contact with the bodies of the primary particles is given by:

To,cu = \/§Dij - Dpp' (A 19)

Setting Eq. (A 19) to zero yields Dy; = %Dpp and consequently the overlap for which the pore in the dented concave cube
disappears becomes:
_Dpp=Dij _ ;1 _
Cov = e 1 N 0.423. (A 20)

An overview of the various pore dimensions formed for the case of a cubic packing arrangement is given in Fig. 2b, showing

To,sq, Ve,sgand 7o.cu for different sphere (primary particle) sizes and as a function of overlap.
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(b)

Figure A 2: Dimensions of the different pore types formed in the case of a cubic packing arrangement of overlapping spheres with diameter
D,,. (a) Top view of the four-membered ring pore that forms between the four spheres with centres at the corners of the square A, B, C, D.
(b) The inner cavity formed within the cubic cell between eight neighbouring spheres of two lattice layers has the form of a concave cube
(blue shading).

Appendix B Pore filling with liquid water and ice
B1 Kelvin equation for conical and cylindrical pores
Water in capillaries exhibits a curved surface, a so-called meniscus that stabilizes it with respect to bulk water. Similarly, the
stabilization of ice in narrow pores can be described by its surface curvature. The radius of the curvature is related to the
equilibriumvapour pressure above the curved surface through the Kelvin equation (Kelvin, 1904; Thomson, 1871). The Kelvin
equation relies onthe Young-Laplace equation (Laplace etal., 1829; Young, 1805), which describes the pressure difference,
AP, across the interface between the curved surface and the surrounding water vapour. In its general form the Young-Laplace
equation can be written as:
B1D
AP =P —Py =y(T) C=y(T) (= +-)

Te2

where y(T) is the interfacial tension between the condensed phase (water or ice) and water vapour (in case of liquid water:
Yow (T); in case of ice: y,,;(T)), P is the absolute pressure within the condensed phase, Po the standard pressure and AP the
difference in pressure. C denotes the curvature of the interface, which can be expressed by 7.1 and 7.2 describing the principal
radii of curvature of the condensate. Concave curvatures of the condensed surface (negative radii of curvature) are indicative
of a negative absolute pressure within the condensed phase. In contrast, in the case of spherical droplets (or minuscule ice

crystals), the convex surface (positive radius of curvature) goes along with positive (increased) absolute pressure within the

droplet (ice crystal).
The Kelvin equation in its general formis given as (see e.g. Appendix A2 in Marcolli, 2020, for a detailed derivation):
vw/i (T St w/i(T.
P (T) = exp (Y /i egtzg)rwiC ))_ (B2)
Pwyi kT
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Here, the subscript w/i can either refer to w (liquid water) or i (ice), to indicate the Kelvin equation with respect to liquid water
or ice, respectively. Hence, p/pwi(T) = Swi, with p and pwi describing the water vapour pressure and the equilibrium water/ice
vapour pressure, & is the Boltzmann constant, and vwi (7) is the molecular volume of liquid water/ice. If the two principal radii
of curvature are identical, i.e. rc1 = rc2 = re, the term in the nominator describing the curvature of the interface becomes 2/r.
Cylindrical pores

In the case of cylindrical and conical pores, there is only one principal axis of curvature describing the concave water or ice
surface of capillary condensates (Fig. B 1).The shape of the water/ice surfaces formed in such pore geometries is a classical
problem (de Gennes, 1985). In addition to the pore geometry, capillary condensation also depends on the wettability of the
material making up the pore given by the contact angle Oswi, describing the angle between the water/ice surface and the pore
wall (i.e. substrate (s) surface). For cylindrical pores with constant pore diameter D, as shown in Fig. B 1a, pore filling occurs

at a concave water/ice surface with radius:

b (B3)
r=—_
2 cos gy i
and the RH of pore filling can be calculated as:
4cos@
) / Yowss (0 (S22 ) (T)\ (B4)
=exp| —
Pwyi \ kT

The dependence of pore filling on the pore diameter and the contact angle is illustrated in Fig. B 2a and b, for the case of water
condensation, showing the saturation ratio with respect to water, Sw, calculated from Eq. (B 4). For a given pore diameter,
cylindrical pores with lower contact angle fill at lower RHw compared to pores with higher contact angle. We reiterate that for
Oswi > 90° the pore water or ice exhibits a convex curvature, associated with an equilibrium vapour pressure that is larger than
the bulk vapour pressure.

Conical pores

While cylindrical pores fill completely when the RH of pore filling is reached, conical pores fill gradually. Their filling level
depends on the pore diameter at the level of the water/ice surface, the pore opening angle, d, which is constant for conical
pores (see Fig. B 1b), and the contact angle:

. B5)

.= .
2 cos(Bsy /i +6)

Thus, pore filling takes place up to the pore diameter D, = —21.c05(s,y; + 6). Accordingly, the Kelvin equation for conical

pores is given by:
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(4 T (B6)
p )2 i os( 6 i+ 5 U /i
< vw/1( )( c S( sw/i )) w/1( )>

Pwyi D, kT

Figure B 2 illustrates the effect of the pore opening angle on the water saturation ratio required for pore filling for the example
of'a pore of 8 nm diameter. For 6 =0°, the geometries of cylindrical and conical pores are the same, and consequently the pore
filling conditions are the same. For a given contact angle, increasing the pore opening angles causes the RHyw for pore filling
to increase, as the radius of the concave meniscus increases. Similar to the case of the cylindrical pore, the RHw required for
pore filling decreases with decreasing contact angle. Inspection of Eq. B 5 reveals that an increase of the pore opening angle

has the same effect on 7. as an increase of the contact angle by the same amount, since the two angles add up within the cosine.

(a) (b)

Pore material Pore water

Figure B 1: Illustration of radius of curvature 7, of (a) cylindrical and (b) conical pores with pore diameter D), contact angle 6, and pore
opening angle J. For the cylindrical pore, 6 = 0°.
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Figure B 2: Influence of contact angle and pore opening on pore filling for cylindrical and conical pores. (a, b) Saturation ratio with respect
to water (p/p,,) required to fill cylindrical pores with different water-soot contact angles (6,,), as a function of the pore diameter (D,). (c,d)
Saturation ratio with respect to water required to fill a conical pore with different opening angles (d) to the level D,,, for a fixed value of 6,
=(0° Panels (b) and (d) are zooms of panels (a) and (c), respectively. All lines are calculated for 7= 220 K. The relation between the water-

1020  soot and ice-soot contact angle is given in Appendix C.
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B2 Slit filling between two adjacent primary particles with liquid water

The slit forming between two neighboring, overlapping primary particles is shown in Fig. B 3. The water meniscus takes the
form of a pendular ring with two principle radii of curvature, that can be related to the height and the width of the filling level
of the slit, in and dn, respectively (e.g. Gladkikh and Bryant, 2003; Huang et al., 2015; Persiantsevaet al., 2004), which are

independent of each other. The height of slit filling, /s, can be expressedas a function of the primary particle diameter D, ,

and the slit filling angle ¢ as depicted in Fig. B 3a:

b B7)
hq = —ZEP— sine.

The height of the filling level, 2n, corresponds to the radius of the pendular ring of water condensed within the slit between the

two particles and consequently yields a convex (positive) curvature:

. (B 8)
r. = DEE smal
cl 2

As the pendular ring is closed initself, there is no contact angle to be considered.
The expression for the second principal radius of curvature can be derived from evaluating the width of the pendular ring
D

where it contacts the surface of the spherical particles given as dg = D cos . Since the water surface along this axis

ij = “pp

spans a “bridge” between the two primary particles, the radius of curvature depends on the contact angle and the pore opening

angle J, which coincides with the slit fillingangle ¢, i.e.d = &
_ —Djj+Dppcose (B 9)

T .
c2 2 cos(Ogy+€)

Thus, unlike the pore opening angle of conical pores, the slit opening angle is not constant but increases with increasing slit
filling. As a consequence, the radius of curvature 7.2 switches from concave to convex during pore filling when (Gsw + &) > 90°.
Inserting Egs. (B 8) and (B 9) into the general expression of the Kelvin equation given in Eq. (B 2) finally yields the Kelvin

equation describingthe fillingofthe slit-shaped pore formedbetween two neighboring, spherical particles via a pendular water

ring:
2 . 2cos(@sw+e) B 10
Yow(T) Dppsin € ' —Dji+Dpp cos € vw(T) ( )
P = exp pp ij+Ppp
Pw kT )
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(a) (b)

Pendular ring

Figure B 3: (a) Two dimensional illustration of the slit-shaped pore formed between two overlapping spherical particles of the diameter Dy,
The liquid water phase forms a pendular ring of water. The two principal radii of curvature of the pendular water ring are given by 7 and
7, that are related to &y and dy, respectively (see text for details). (b) The three dimensional shape of the pendular ring can be obtained by
revolving the slit-shaped water phase (blue) about the axis described by the line between points A and B. Represented in panel (b) is a ring
corresponding with a contact angle of 6,,, = 60°.

B3 Pore filling via pendular rings for three-membered and four-membered ring pores

Ring pores form between circles of primary particles that are in contact with each other. Figure 1 in the main text depicts the
pore opening of three-membered and four-membered ring pores. At each of the contacts between the primary particles,
pendular rings of water form as RH increases. As discussed above, each pendular ring is described by the two principal radii
of curvature given in Egs. (B 8) and (B 9), that are related to the height and the width of the filling level, respectively. As the
RH increases the pendular water ring increases in volume, continuously rising from the narrowest part of the pore slit (see Fig.
B 3) according to an increase of the slit filling angle, €. In the case of three-membered ring pores, coalescence of the three
pendular rings and complete filling of the ring pore is assumed to take place when ¢ = 30° is reached, while water fillingup to
& =45° is assumed for four-membered ring pores to fill.

Figure B 4 shows the fillinglevels ofthe slits as a functionof the slit fillingangle, ¢, for increasingsaturationratio with respect
to water (p/pw) for primary particle diameters of Dy, = 10,20 and 30 nm and different soot-water contact angles, 6sw. The lines
in Fig. B 4 are calculated using Eq. (B 10) assuming overlaps of Cov =0.01,0.05,and 0.1. We stress that water uptake only
starts for & > gov. Comparison of the different panels in Fig. B 4 reveals that the curves of the water uptake become steeper with
increasing overlap. Figure B 4 clearly shows that in order to reach the conditions for three-membered ring-pore filling (¢ =
30°) and four-membered ring-pore filling (¢ = 45°) below water saturation, relatively low soot-water contact angles are
required. Specifically, soot-water contact angles of Gsw < 50° for three-membered ring pores and sw < 30° for four-membered
ring pores are needed for pore filling via pendular water rings. This makes the filling of ring pores via pendular rings an

ineffective process for porous aerosol particles with (rather) high contact angles such as soot aggregates.
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(b)

0.6

P/Py

0.4

0.2

50

(c)

0 A
0 10 20 30 40 50
Slit filling angle £(°)

Figure B 4: Saturation ratio with respect to water (S,, = p/p,,) required for filling of three-membered and four-membered ring pores as a
function of slit-filling angle &at 7= 220 K for (a) C,, = 0.01, (b) C,, = 0.05, and (¢) C,, = 0.1. Primary particle diameters D,, = 10-30 nm
and soot-water contact angles 6, =30-60° are shown as indicated in the legend. For a slit-filling of ¢ = 30° (solid black vertical line) and &
= 45° (dashed black vertical line), the pendular water rings coalesce resulting in complete filling of the pore opening for the three-membered
and four-membered ring pores, respectively. The grey shaded area indicates the range of overlap between primary particles which extends
to &,, = 8.11° for C,, = 0.01, ¢&,, = 18.19° for C,, = 0.05, and ¢,, = 25.84° for C,, =0.1.

B4 Direct filling of three-membered ring pore (tetrahedral arrangement)

The side view in Fig. B 5 shows that the three-membered ring pore is constrained towards all sides up to the end of the overlap
given by the height /ov. It widens with increasing distance from the midplane as the radii of the spherical layers (i.e. Dn)
decrease, hence the size of the concave triangle increases. Capillary condensation by direct filling is expected to start at the
narrowest part, which we refer to as the pore neck. First pore filling originates from random fluctuating slit water and water
patches that coalesce spontaneously when the RH for pore filling is reached. As the ambient RH further increases, the filling
level (hn) gradually raises. Once the water has frozen, ice growth occurs along the same coordinate, so that the filling of the

three-memberedring-pore with either liquid water or ice can be described the same way. We trackthe fillinglevel as a function

of gas depictedin Fig. B 5b. As the pore has a three-foldsymmetry, there is only one independent radius of curvature describing
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the interface between the condensed phase (either liquid or ice) and the vapour phase. We assume that the radius 7, and the
contact angle between soot and the condensed phase determine the filling level as a function of RH. From the side view shown

in Fig. B 5b the radius of the pore opening at height /n above the midplane can be written as:

(B 11)
D
M = htr —Nir— TH
Drcan be expressed as a function of &:
(B 12)
Dq = Dp,cose.
Note, that the slit-filling angle £ and the filling level, #n as given in Eq. (B 7), are related via € = arcsin Zhﬂ/Dpp.
The expressions for A and 7 are given in Egs. (A 1) and (A 3), respectively, such that:
(B 13)
N V3Dj; _ Dij _ Dppcose _ 2Djj— V3D, cose
flir =5 a3 2 2v3 :

To obtain the radius of curvature ofthe water/ice surface ofthree-memberedringpores, the contact angle and the pore opening

angle need to be considered additionally, leading to the principal radius of curvature, 7,

_ _2Dij+‘/§Dpp cose (B 14)
Tefler = 2v3 cos(Osy /i +€) !

Finally, inserting Eq. (B 14) into Eq. (B 2), the general form of the Kelvin equation describing the equilibrium vapour pressure

over the surface of the filled three-membered ring pore yields:

4V3 cos(Oswy /j+e) B15
b _ exp va/i(T)<W)vw/i(T) (B 15)
Pwy/i KT
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(a) (b)

Figure B 5: Illustration of filling of a three-membered ring pore in (a) top view and (b) side view. The orange line indicates the cross section
shown in panel (b). The pore filling is illustrated for a liquid water filling level to 4z = 1.25 nm, but the same geometry also applies for
filling the pore with ice.

BS Direct filling of four-membered ring pore (cubic arrangement)

In analogy to Appendix B4, in this section we derive expressions for the conditions of a four-membered ring pore to fill with
liquid water or ice. Similar to the three-membered ring pore, the filling level will gradually rise with increasing RH. Again,
the ambient RH and the contact angle of soot and the condensed phase (water or ice) determine the filling level and hence the
radius of curvature of the interface. The four-membered ring pore shown in Fig. B 6a has a four-fold symmetry. Since non-
orthogonal radii of curvature equalize, a surface of constant curvature will form. This surface can be describedby one principal
radius of curvature analogously to the case of the three-membered ring pore. Considering the side view shown in Fig. B 6b an
expression for the radius of the pore opening at height /s above the midplane is given by:

(B 16)
Msq = g ij — Dz—ﬂ'
with \/fDi]- describing the diagonal of the square between the centres of the spheres ABCD and Dn denoting the diameter of a

cross section of a spherical particle at the filling height n above the midplane. Using Eq. (B 12) rnsqis given by:

(B 17)
V2 Dy _ V2Dij  Dy,cose
e
With Eq. (B 3) the principal radius of curvature is given by:
(B 18)

_ —\/EDi]-+Dpp cose

T = .
cflsq 208 (Osw /i+€)

Finally, inserting the expression for 7. fsq into Eq. (B 2) we obtain the general form of the Kelvin equation that can be used to

calculate the RH of filling of the four-membered ring pore given by:
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Figure B 6: Illustration of filling of a four-membered ring pore in (a) top view and (b) side views. Bright and dark orange lines indicate the
cross sections shown in the side views depicted in panel (b). The pore filling is illustrated for a liquid water filling level to Az = 1.25 nm, but
the same geometry also applies for filling the pore with ice.

Appendix C Water soot and ice soot contact angles

The contact angle between soot and water, O, is illustrated in Fig. C 1a and can be written as:

cos esw(T) — Yus(T) - st(T), (cn
Yvw(T)

where pvs(T), ysw(T) and pvw(T) denote the interfacial tensions between water vapour and soot, soot and water and water vapour

and water, respectively. The contact angle between ice and water, 6w, can be written as:

(1) = ¥iw(T)
6. (T) = Yvw iw g (C2
cos Grw(T) Yo (1)

where yiw(T) and y.i(T) are the interfacial tensions between ice and water, and water vapour and ice, respectively. In a similar

manner, the contact angle between soot and ice can be expressed as:

) _ Yus (T) - Vsi(T) C3
cos 6,4 (T) = O (C3)

where ysi(7) and y.i(T) are the interfacial tensions betweensoot andice and water vapour and ice,respectively. While the surface
tension of water can be readily measured (e.g. Weietal., 2017), the surface tension of ice is not well known. Here, we follow
the approach of David etal. (2019) and assume a quasi-liquid-layer to form on the ice surface (Nenow and Trayanov, 1986).
In this case, an upper limit for the interfacial tension between water vapour and ice can be approximated by (David et al.,

2019):
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Similarly, we assume an upper limit for the suface tension of the soot-ice interface to be given by:
¥si (1) = You (D) +¥iw (1. €3
Making use of Egs. (C 4) and (C 5) we can express the ice-soot contact angle in Eq. (C 3) as a function of the soot-water

contact angle:

Ws (T) — YSW(T) - yiw(T) _ va(T) Cos esw(T) — Yiw (T) (C6)
Wi (T) B Yvi (T) .

In Fig. C 1 the expressionin Eq. (C 6) is evaluated, for a range of cirrus relevant temperatures. Here, yvw(7) was calculated

cos 6,4 (T) =

using the parameterization given in Hrubry et al. (2014), that is based on the work of Vargaftik etal. (1983), and yiw(7) was

calculated using the parameterization given in Ickes etal. (2015).

V., vapor
Vis : ice
ysi
soot

(b) 100 ———————T———T———

L | —— 210K -

40 50 60 70 80
0. ()

Figure C 1: (a) Illustration of the contact angles of water on soot (6,,,), ice on water (6,,), and ice on soot (6,;). (b) Soot-ice contactangle as
a function of the soot-water contact angle for different temperatures, as indicated in the legend, calculated using Eq. (C 6).
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Appendix D Ice growth out of ring pores
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Figure D 1: Saturation ratio with respect to ice (S; = p/p;) required for (1) filling of three-membered ring pores, followed by (2) growth of
pore ice up to the top of the sphere and beyond the height of the three-membered ring pore structure, as detailed in Fig. 5 and described in
the main text. The individual panels correspond to different values of the overlap coefficient (C,,, columns) and primary particle diameters
(Dpp, Tows). Within each panel the curves correspond to different values for the contact angle between soot and water (6,,) and soot and ice
(05), as indicated in the legend. All calculations were performed for 7 =220 K.
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Figure D 2: Saturation ratio with respect to ice (S;= p/p;) required for (1) filling of four-membered ring pores, followed by (2) growth of
pore ice up to the top of the sphere and beyond the height of the four-membered ring pore structure, as detailed in Fig. 5 and described in
the main text. The individual panels correspond to different values of the overlap coefficient (C,,, columns) and primary particle diameters
rows). Within each panel the curves correspond to different values for the contact angles between soot and water (6,,,) and soot and ice
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Appendix E Soot-PCF parameterization for ice active fraction of soot aggregates
The ability of a soot aggregate to nucleate ice via PCF depends on the availability of pores and the type (ring-structure) of
pores present in a soot aggregate. The number of pores in a soot aggregate in turn increases with the number of primary
particles within an aggregate and the degree of compaction, which can be described be the fractal dimension. To calculate the
number of primary particles, N, in soot aggregates, we follow Sorensen (2011):

2R\

N, = kg <D_p§) . €
Here ko is the scaling pre-factor, Dy is the median primary particle size of an aggregate, Dr is the fractal dimension. Previous
work has shown that soot aggregates formed through diffusion limited cluster aggregation (Meakin, 1987;e.g. Witten and
Sander, 1983) from different combustion sources exhibit Dr~ 1.78 = 0.1 and ko= 1.3 + 0.2 (Sorensen, 2011, and references
therein). R, denotes the radius of gyration of the soot aggregate. The radius of gyration can be related to the more readily

measured mobility diameter, Dm, by (Sorensen, 2011):

= Dm (E2)
B _Z_Rg'

which in the single particle limit, is given by (Sorensen, 2011):

B = \/g = 1.29. E3)

The power law given in Eq. (E 1) is still valid when the primary particles are sintered, i.e. overlap to some degree as
demonstrated by Oh et al. (1997). Furthermore, the factors Dr~1.78 £0.1 and ko = 1.3 = 0.2 lead to a good description of soot
aggregates that formed through diffusion limited cluster aggregation, when primary particles overlap, although the values of
Dr and ko increase slightly with increasing overlap coefficient (Oh and Sorensen, 1997).

For the parametrization of the experimental data by Mahrt et al. (2018, 2020b) shown in Fig. 6, we rely on the soot
characterization presented in Mahrt et al. (2018), who determined primary particle sizes of Din = 31 nm and D = 22 nm, for
miniCAST black and FW200, respectively, and fractal dimensions of Dr= 1.86 for miniCAST black and Dr=2.35 for FW200.
With these values, the number of primary particles as a function of mobility diameter ofthe soot aggregates can be determined
using Eq. (E 1)—(E 3). The thus obtained values listed in Table 1 show that for the same aggregate size, the number of primary
particles is higher for FW200 than for miniCAST black, owed to both, the smaller primary particle size and the higher fractal
dimension of FW200.
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Table 1 Number of primary particles in soot aggregates as a function of soot aggregate mobility diameters Dm.

Number of primary particles, N,

D FW200 miniCAST black
400 nm 501 94
300 nm 255 55
200 nm 98 26
100 nm 19 7
80 nm 11 5
60 nm 6 3

The number of primary particles is required as a parameter in Eq. (9) together with the fractal dimension to determine the
probability that a soot aggregate contains a ring pore. Assuming that three-membered ring pores contribute to PCF, we use 1
=2.For FW200, we determined the active-site probability as a function of RH; because the experimental data acquired at 223
K and 218 K overlap when plotted as a function of RH; suggesting that PCF is ice growth limited. We found good agreement
to experimental AF for all aggregate sizes by choosing the following active-site probability function:

Py(RH,) = 10@—bRH)™* (E 4)
For miniCAST black, the experimental data acquired at 223 K and 218 K overlap when plottedas a functionof RHw, indicating
that PCF is capillary condensation limited. Therefore, we determined the active-site probability function for this soot as a
function of RHy:

Py(RH,,) = 10(@~bRH,)™ (E5)

The parameters used for the parameterizations are detailed in Table 2.

Table 2 Parameters usedin Eq. 9 to calculate active fraction AF
Dyp Dr ko A a b
FW200 22 nm 2.35 1 2 0.1544 0.002208
miniCAST black 31 nm 1.86 13 2 0.3374 0.006091
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Appendix F List of Symbols and Abbreviations

Symbol Unit | Description

AF - Activated fraction

Cov - Primary particle overlap coefficient

CNT - Classical nucleation theory

dn m Width of the water slit in conical pores at the height of filling level (/1)

D¢ - Fractal dimension

Dn m Diameter of cross-section of a spherical particle at the filling height /n above the midplane.
Dj m Distance between centres of two overlapping spheres

Dn m Mobility diameter of soot aggregate

D, m Diameter of pore

Dpp m Diameter of primary particle of soot

hn m Height of filling level

hir m Minimum height of capillary condensate in pore opening to allow for freezing to take place
hte m Height of regular tetrahedron with apices at the centres of four neighbouring spheres
A m Height of equilateral triangle formed between the centres of three spherical particles
hov m Height of overlap between two spheres

HEFA - Hydro-processed esters and fatty acids bioful

HNT K Homogeneous nucleation temperature of water

INP - Ice nucleating particle

k JK-' | Boltzmann constant

ko - Scaling pre-factor

MPC - Mixed-phase cloud

Hm - Indicator for pore type, i.e. ring structure type: n, = 3 (four-ring), n, = 2 (three-ring)
Np - Number of (equally sized) primary particles ina soot aggregate

p Pa Water vapour pressure

DPwi Pa Saturation vapour pressure with respect to water or ice

P MPa | Absolute pressure within liquid phase

Px - Active site probability fit function

Po MPa | Standard pressure (0.1 MPa)

AP MPa | Pressure difference across water-water vapor interface of curved surface

PCF - Pore condensation and freezing
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r m Radius of spherical ice cluster

re m Radius of curvature of the water surface

Ferit m Radius of critical ice germ

Fefltr m Principle radius of curvature of the meniscus at filling level (%a) in three-membered ring pore

Fe,flsq m Principle radius of curvature of the meniscus at filling level (%) in four-membered ring pore

Fetr m Radius of circumcircle around three-membered ring pore

Fesq m Radius of circumcircle around four-membered ring pore

Tisq m Radius of incircle of square with apices at the centres of four neighbouring spheres (cubic packing
arrangement)

Fite m Radius of sphere within concave octahedron (tetrahedral packing arrangement)

Fitr m Radius ofincircle tangent to the sides of the equilateral triangle with corners at the centres of three
nearest neighbour spheres.

To,cu m Radius of sphere between eight spheres arranged on the corners of a cube

To.5q m Radius of opening of four-membered ring pore

Totr m Radius of opening of three-membered ring pore

To.te m Radius of sphere within concave octahedron (tetrahedral packing arrangement)

Il tr m Radius of three-membered ring pore at filling level

I'flsq m Radius of four-membered ring pore at filling level

Tel,Fe2 m Principal radii of curvature of curved water surface

Ry m Radius of gyration

RH; % Relative humidity with respect to ice

RHy % Relative humidity with respect to water

Si - Saturation ratio with respect to ice

Sw - Saturation ratio with respect to water

T K Absolute temperature

TEM - Transmission electron microscopy

vi(T) m3 Molecular volume of water in the ice phase

vw(T) m3 Molecular volume of liquid water

p - Ratio of mobility radius to radius of gyration of soot aggregate

AT Nm! | General interfacial tension between two phases

7i(T) Nm! | Interfacial tension between ice and water

%i(T) Nm! | Interfacial tension betweensoot and ice
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7(T) Nm! | Interfacial tension between soot and water

%i(T) Nm! | Interfacial tension between water vapor and ice

7wl(T) Nm!' | Interfacial tension between water vapor and water

%s(T) Nm! | Interfacial tension between water vapor and soot

) ° Pore opening angle for conical pores

AGwi(T,P) |1 Change in Gibbs free energy of homogeneous ice nucleation within supercooled liquid water

& ° Slit filling angle/growth angle

Eov ° Angle of primary particle overlap, describing the angle between the center line between the particle
centers and the height of the overlap

0 ° General contact angle

Oiw ° Contact angle between ice and water

Osi ° Contact angle between soot and ice

Osw ° Contact angle between soot and water

1i(T,P) J Chemical potential of ice

1T, P) J Chemical potential of water

Data availability: The data used for the parameterization of soot-PCF can be found in Mahrt et al. (2018) and in Mahrt et al.
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