Responses to Anonymous Referee #2

We thank the reviewer for his/her constructive comments that we address below point by point
(responses are in italic).

In this study, authors describe the ice formation dynamics within the soot aggregates. They de-
scribe and parameterize the relationship between various thermodynamic variables that control
the nucleation of ice and soot morphology. The paper is well written, the analysis is original in
such that they extend the previously PCF based theory to soot aggregates, and the development
of a parameterization to predict AF is unique. | have few minor comments, and after addressing
them | recommend the paper for publication.

1) Abstract: This section is bit long. To improve the readability, | would suggest reduce the
length of the abstract. Some of the sentences can be moved to the main text.

We have shortened the abstract.

2) Section 8: Soot particles in the atmosphere undergo aging, and the morphology of soot ag-
gregates changes rapidly. The co-emitted gases (in biomass burning kind of event) condense
and modify the physical and chemical properties. Can the theoretical framework (equation
9) be applied in such case? The related question is how one can model if some pores are
partially filled with the sulfates and organics. This will change or at least alter the ice for-
mation mechanism. Any thoughts on applying this framework in a transient environment
where the soot properties are evolving in time?

This is a highly relevant question that cannot be fully answered within this study based on the
currently available experimental data. We have addressed the different roles of aging occurring
on soot particles acquiring coatings in Sect. 9, and extended the specific discussion in the revised
manuscript to include the following points:

“In general, coatings of soot aggregates with semi-volatile material are expected to inhibit PCF.
Yet, thin coatings with hydrophilic material should only have a minor effect. In general, they will
(i) shift condensation of pore water to lower RH, (ii) lead to a freezing point depression, and (iii)
may facilitate ice growth if diluted aqueous coatings wet the soot surface. Thus, the inhibiting
effect of thin coatings should be most pronounced in the temperature range around 230 K where
homogeneous ice nucleation rates are critical.”

Thicker, more hydrophobic or viscous and glassy coatings will block water uptake by pores and
inhibit PCF, while thick hydrophilic coatings will shift the freezing mode to immersion freezing or
homogeneous freezing of solution drops depending on the ice activity of the specific soot in im-
mersion mode. This is now addressed in the revised manuscript. Specifically, we have added the
following:

“When sulfuric acid condensation leads to thick coatings, the freezing mode will shift to immer-
sion or homogeneous freezing of solution droplets, depending on the ice activity of the specific
soot in immersion mode. Whether a coating inhibits PCF depends on the amount of condensed
material and on its distribution on the soot aggregate. Semi-volatile species may preferentially
condense within the pores and block them for water condensation. Hydrophilic coatings do not
spread on soot particles as an even coating but will form patches or droplets on soot aggregates,
depending on the contact angle. A reasonable value to discriminate thin from thick coatings
might be 20 % of the soot mass as chosen by Ullrich et al. (2017).”

Lastly, we acknowledge that the currently available experimental data on the impact of coating
on the ice nucleation activity of soot particles is insufficient to make reliable and quantitative
estimates about the amount of coating required to inhibit soot-PCF, which is addressed in a short
outlook. Please see our answer to comment 17 of reviewer 3.

3) There is vast literature on soot ice nucleation onset and AF at temperature less than -38
degC. How this previous data compares with the Fig 6? | wonder if it is possible to plot the



Fig 6 data in RH-T space (RH on y-axis and Temperature on x-axis) to compare against litera-
ture data. AF can be colored with the marker size or colorbar.

Ice nucleation studies often only report ice formation onsets in terms of relative humidity and
temperature, for AF thresholds typically lying between 0.1 to 1 %. Based on these studies, many
soot samples have been found to activate along the homogeneous freezing line of solution drop-
lets (Koop et al., 2000), while some form ice well below these conditions, as can be seen e.g. in
Fig. 1-7 of Kanji et al. (2017).We have added a table to Appendix F, that reports ice nucleation
data together with physicochemical characterization reported in literature. Moreover, we discuss
these data and set them into perspective with the soot-PCF framework presented here. To further
acknowledge the available literature data on soot ice nucleation at cirrus conditions, we have
added a new figure to our introduction that summarizes previous work.

Unfortunately, hardly any of the literature data is sufficiently detailed to develop an empirical
soot-PCF parameterization, since most of them just report ice onset RH and T for one mobility
diameter and/or do not report the physicochemical properties of the soot particles investigated.
What is lacking in most cases is the whole AF curve up to homogeneous ice nucleation to obtain
the fraction of particles that exhibits pores suited for soot-PCF and in many cases the primary
particle size. We have specified this in the revised manuscript, as written in our answer to com-
ment 17 of reviewer 3.

4) Can this parameterization (equation 9) be modified to take into account the vertical velocity
(the information typically needed to model the cirrus clouds)?

Indeed, the vertical velocity is relevant for homogeneous ice nucleation, which is a stochastic pro-
cess and should be parameterized as a temperature dependent rate. For soot-PCF, pore conden-
sation and ice growth are deterministically determined by the critical ice activation RH. Therefore
parameterizations should provide time-independent, ice active fractions similar to Eq. (9) instead
of nucleation rates. Vertical velocity therefore does not need to be taken into account. We have
clarified this by adding the following statement to Appendix E:

“For soot-PCF as described in Eq. (E1), macroscopic ice formation is determined by the processes
of pore filling or ice growth out of the pore, which both occur deterministically at a critical RH.
Only at temperatures around 230 K, where the homogeneous ice nucleation rates may be critical,
the stochastic nature of ice nucleation can be relevant. Therefore, vertical velocity, which is a
determining factor for the number of homogeneously nucleated ice crystals (Kdrcher and
Lohmann, 2002; Hoyle et al., 2005; Sullivan et al., 2016), does not influence the number of ice
crystals nucleated through soot-PCF and can be neglected in the soot-PCF framework.”

5) Line 749: Discussion on aerosol-lamina is not clear. Is this means some particles were outside
the lamina and did not had a chance to induce nucleation of ice? Does this artifact also affect
all other measurements?

The measurement of the ice nucleation activity of different soot types shown in Fig. 6 were per-
formed with a continuous flow diffusion chamber (CFDC). The general working principle of a CFDC
is detailed elsewhere (Rogers, 1988) and a more detailed characterization of the CFDC used to
sample the data shown in Fig. 6, called the horizontal ice nucleation chamber (HINC), has been
published in previous studies (Kanji and Abbatt, 2009; Lacher et al., 2017; Mahrt et al., 2018). In
brief, in a CFDC a linear temperature gradient is established between two ice-coated walls, re-
sulting in a parabolic water vapor supersaturation profile, due to the non-linear relationship be-
tween temperature and saturation vapor pressure, as described by the Clausius-Clapeyron rela-
tion. In an attempt to expose the aerosol particles in the CFDC to distinct temperature and relative
humidity conditions, the aerosol flow in a CFDC is sandwiched by a particle free sheath flow. This
sheath flow constrains the particles to a small region within the CFDC, called the aerosol-lamina
(that largely coincides with the peak of the supersaturation profile), where the variation of RH
and T is smallest. The ratio of the aerosol-to-sheath flow determines the width of the aerosol-
lamina and hence the variation in RH and T that the aerosol particles are exposed to while trav-
elling through the CFDC. A detailed discussion of the resulting uncertainties for the instrument
used to sample the data in Fig. 6 can be found in Appendix D of Mahrt et al. (2018). The RH and
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T conditions in this aerosol-lamina correspond to the ice nucleation conditions that are reported
in most studies. While even across the aerosol lamina some variation in RH and T exists, the as-
sumption of ideal instrument behavior, i.e. all particles remaining in the aerosol-lamina, is incor-
rect and to some extent also impacted by the difference in wall temperature, as demonstrated by
previous studies (DeMott et al., 2015; Garimella et al., 2017). Specifically the comprehensive
study by Garimella et al. (2017) performed experiments using two different CFDCs and demon-
strated that some fraction of the injected aerosol particles leave the lamina, ultimately resulting
in correction factors to the measured AF between 1.5 to 9.5. Both CFDCs tested by Garimella et
al. (2017) had a vertical orientation. In this design, a buoyant flow of relatively warmer air close
to the warmer CFDC wall causes a replacement of the aerosol-lamina (as a function of the wall
temperature difference). Such a buoyant airflow is absent in CFDCs with horizontal orientation,
where the warmer wall is above the colder wall. As a result, the AF correction factors for horizon-
tally oriented CFDCs, such as the one used to measure the data shown in Fig. 6, should be different
and likely lower. However, we are not aware of any systematic quantification of such a correction
factor for horizontally oriented chambers, and to the data shown in Fig. 6 no correction factor
has been applied.

In conclusion, particles leaving the aerosol-lamina are likely an inherent issue in all types of
CFDCs. We have modified the relevant lines to direct the reader to the appropriate studies that
focus on discussing this issue in more detail. Specifically, our revised paper reads:

“This suggests that the levelling off observed for the experimental data points at AF ~0.2 results
from instrumental limitations. Specifically, for the data depicted in Fig. 6, that were sampled with
a continuous flow diffusion chamber (CFDC), it could result from divergence of particles out of the
region of highest RH conditions within the CFDC, the so-called aerosol-lamina, as has been
demonstrated in previous studies (e.g. DeMott et al., 2015; Garimella et al., 2017).”

6) Line 752: what are other examples of previous parameterizations?

We have specified this by making the following additions to the revised manuscript in Sects. 8
and 9:

“The way current parameterizations in global climate models predict the ice nucleation activity
of soot particles are hampered by a number of factors. Most importantly, they often do not in-
clude a size dependence, but simplistically assume a fixed percentage of ice active soot particles
ranging from 0.1 to 100 % with ice activation occurring at one distinct RH; level (Gettelman et al.,
2012; Gettelman and Chen, 2013; e.g. Hendricks et al., 2005; Penner et al., 2009; Wang and Pen-
ner, 2010; Zhou and Penner, 2014). Detailed cirrus models with spectral aerosol representations
are capable of accommodating size- and supersaturation-dependent INP activity (Jensen et al.,
2013, 2018; Kdrcher, 2020; Kienast-Sjégren et al., 2015), leading to more realistic simulations of
indirect aerosol effects on cirrus. While accounting for soot aggregate size is indispensable to
correctly estimate the number of primary particles and pores present that ultimately determine
the ice nucleation activity, explicitly measuring the size- and relative humidity dependent ice nu-
cleation activity has only been the focus of a limited number of studies to date. Recently, Lohmann
etal. (2020) used a more sophisticated parameterization derived from the ice nucleation activity
of 400 nm miniCAST black soot aggregates, measured at 233 K and 218 K, with AF being a func-
tion of RH; but still independent of aggregate size. Moreover, Zhou and Penner (2014) and
Lohmann et al. (2020) assumed that soot aggregates are rendered inactive over time upon ac-
quiring a coating of three or one monolayer, respectively. Compared to these parameterizations
the soot-PCF parameterization denotes a key step forward as it comprehensively reflects the
strong size dependence of ice nucleation on soot aggregates and can easily be adapted to specific
soot properties.”

As another example, Ullrich et al. (2017) present an empirical active site parameterization relying
on AIDA campaigns carried out with different types of soot. As this parameterization assumes an
active site density per surface area, it includes a size-dependence, but it does not differentiate
between more hydrophilic and hydrophobic soots. Moreover, its temperature dependence does
not reflect the data well as it shows a continuous decrease with increasing temperature even
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above the homogeneous nucleation threshold. Nevertheless, the parameterization by Ullrich et
al. (2017) requires five fitting parameters and just describes the isolines of the ice nucleation ac-
tivity, but does not have a deeper physical background. We further discuss this point in our an-
swer to comment 14 of reviewer 3.
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Responses to Anonymous Referee #3

The authors present an extensive theoretical framework to describe the heterogeneous ice nu-
cleation ability of soot particles at cirrus conditions based onthe pore condensation and freezing
(PCF) mechanism. They provide a very careful analysis of the dependence of the individual steps
of the PCF process, i.e., capillary condensation of water, homogeneous freezing of the “water
pockets”, and ice growth out of the pores, on the geometry of the pore types that can typically
occur in soot aggregates and on the soot-water contact angle. The pore geometries were mod-
elled/calculated based on primary particle size and particle overlap. Overall, the analysis pro-
vides some very nice insights into the pathway of forming macroscopic ice crystals on an “active
site” on the soot surface, which can be limited, depending on the pore size and geometry, either
by capillary condensation or ice growth out of the pore (see analysis of Fig. 5).

We thank the reviewer for the detailed assessment of our manuscript and his/her constructive
comments that we address below point by point (responses are blue and in italic).

1) The approach is also useful to estimate the particles’ susceptibility to pre-activation (see
Sect. 7). One point of criticism for me is the in some aspects somewhat limited discussion of
the new parameterization introduced in Eqg. (9). The authors present a rigorous mathemati-
cal treatment of the various steps in the PCF mechanism, but the motivation for choosing
the specific formula to quantify the ice-active fraction in Eq. (9) is much less described. Also,
the authors state that the parameterization can predict the ice activity of a soot sample (line
853) and that the active-site probability function can be derived from first principles (line
705), but in the end they just use in their current work some empirical formula to derive the
active site probability function from fits to activated fractions measured for two soot types
in a continuous flow diffusion chamber (Eq. E4 and E5).

In order to address this comment, we have significantly expanded the description and derivation
of Eq. 9. Specifically, we have added the following text to Appendix E:

“To predict soot-PCF, we have developed an equation that quantifies the ice active fraction as a
function of RH based on the combined probability Pn(RH), that n-membered ring pores nucleate
ice at a given RH on the one hand and the probability that a soot aggregate contains such a ring
pore on the other hand . By splitting up the ice nucleation probability into two parts, we define a
probability function Py(RH) that depends on the properties of a single ring pore, namely the pri-
mary particle size, overlap and contact angle, and apply it then to aggregates of different size,
compaction and number of (equally-sized) primary particles. In other words, Py(RH) defines the
probability per (single) primary particle to be part of a ring-pore structure.

To calculate the probability that an aggregate contains a ring pore, we start by calculating the
complementary probability, namely that an aggregate made of N, primary particles does not
contain any primary particle belonging to a ring pore, i.e. (1 — Py (RH))Ne. However, it is im-
portant to consider that at least three (four) primary particles are needed to form a three-mem-
bered (four-membered) ring pore. Therefore, this probability, needs to be decreased such that
three and four primary particles just have one option to form a three-membered and four-mem-
bered ring pore, respectively, leading to (1 — Py (RH))Ne~"m where n, = 2 in the case of three-
membered ring pores and n,, = 3 in the case of four-membered ring pores. If both, three-mem-
bered and four-membered ring pores are present on an aggregate, the use of n,, = 2 is advised,
to avoid underrepresentation of ring pores in small aggregates.

This probability would be valid for ring pores occurring on a string or chain-like structure (1D) of
primary particles. If instead primary particles cover an area (2D) or fill a volume (3D), a primary
particle has more neighbouring primary particles with which it can form a ring pore. We account
for these multiple options by potentiating the probability by the fractal dimension Dy, ranging
from values of 1 for chain-like structures to 3 for perfectly spherical soot aggregates. Taken alto-
gether, the activated fraction is then given as:

—n\Pr
AFRH) = 1— (1 — By (i) (o)), (E1)
The fractal dimension determines the spacing between the AF-curves of soot aggregates with
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different mobility diameters. Since experimental derivation of the true three-dimensional fractal
dimension is challenging and associated with uncertainties or just derived from two dimensional
TEM images (see Sect. 2.3), Df can also be used as a fit parameter to adjust modelled AF curves
to measurements for aggregates of different (mobility) sizes.

For Soot-PCF as described in Eq. (E1), macroscopic ice formation is determined by the processes
of pore filling or ice growth out of the pore, which both occur deterministically at a critical RH.
Only at temperatures around 230 K, where the homogeneous ice nucleation rates may be critical,
the stochastic nature of ice nucleation can be relevant. Therefore, vertical velocity, which is a
determining factor for the number of homogeneously nucleated ice crystals (Hoyle et al., 2005;
Karcher and Lohmann, 2002; Sullivan et al., 2016) (Kdrcher and Lohmann, 2002; Hoyle et al.,
2005; Sullivan et al., 2016), does not influence the number of ice crystals nucleated through soot-
PCF and can be neglected in the soot-PCF framework. It should further be noted that the function
Pn(RH) can either be used to bring AF(RH) in agreement with an experimental dataset or can be
derived from soot properties by inspecting the different onset RH required to nucleate and grow
ice out of ring pores, as shown in Appendix D. Note that within aggregates, there may be struc-
tures that are not fully closed to form ring pores. Such structures that can be viewed as ring pores
with negative overlap may close to form effective ring pores during humidity cycles and cloud
processing driven by capillary forces arising during condensation and evaporation (e.g. Huang et
al., 1994; Ma et al., 2013). Such an increase in the pore number density would come in addition
to the one expected by an increase in Dy and require an adaptation of Py(RH).”

2) Furthermore, it is mentioned that the new approach has advantages over previously pro-
posed parameterizations, but no comparison with other literature data is shown in Fig. 6.

We believe that our soot-PCF parameterization is more elaborated than parameterizations com-
monly used in global models, which often treat ice nucleation on soot particles in a simplistic
manner. To clarify this aspect, we added the following text to our manuscript in order to compare
with ice nucleation parameterizations that are frequently used in global climate models as sug-
gested by the reviewer:

“The way current parameterizations in global climate models predict the ice nucleation activity
of soot particles are hampered by a number of factors. Most importantly, they often do not in-
clude a size dependence, but simplistically assume a fixed percentage of ice active soot particles
ranging from 1 to 100 % with ice activation occurring at one distinct RH; level (Gettelman et al.,
2012; Gettelman and Chen, 2013; e.g. Hendricks et al., 2005; Penner et al., 2009; Wang and Pen-
ner, 2010; Zhou and Penner, 2014). While accounting for soot aggregate size is indispensable to
correctly estimate the number of primary particles and pores present that ultimately determine
the ice nucleation activity, explicitly measuring the size- and relative humidity dependent ice nu-
cleation activity as a function of RH; has only been the focus of a limited number of studies to
date. Recently, Lohmann et al. (2020) used a more realistic parameterization derived from the
ice nucleation activity of 400 nm miniCAST black soot aggregates, measured at 233 K and 218 K,
with AF being a function of RH; but still independent of aggregate size. Moreover, Zhou and Pen-
ner (2014) and Lohmann et al. (2020) assumed that soot particles are rendered inactive over time
upon acquiring a coating of three or one monolayer, respectively. Compared to these parameter-
izations soot-PCF denotes a key step forward as it comprehensively reflects the strong size and
relative humidity dependence of ice nucleation on soot aggregates and can be adapted to specific
soot properties.”

If these points are explained a little better, | will be very happy to accept the manuscript for
publication in ACP.

Specific comments:

3) Line 75-77: Could you incorporate these literature data to Fig. 6 to compare them with the
Mahrt et al. data?

We have added a new appendix that summarizes previous literature on ice nucleation of soot
7



particles in the cirrus regime and have also included an additional overview figure into the intro-
duction of our revised manuscript (see Fig. 1). Please directly see the new Appendix F. We do,
however, not see a benefit in incorporating more data into Fig. 6, since the lines shown in Fig. 6
denote ice nucleation predicted by our soot-PCF parameterization (Eq. 9) considering the specific
properties of the specific soot types shown in this figure.

Please note that in order to compare the ice nucleation activity predicted by the soot-PCF para-
metrization to that measured in previous studies, measured size-dependent ice activated frac-
tions along with a characterization of the particle properties (e.g. primary particle size) would be
desirable. Comparison is indeed limited by the lack of such data, as many studies only report onset
conditions in terms of RH and T, for a certain AF that is reached. To address this issue, we have
added the following statement:

“While accounting for soot aggregate size is indispensable to correctly estimate the number of
primary particles and pores present that ultimately determine the ice nucleation activity, explic-
itly measuring the size- and relative humidity-dependent ice nucleation activity has only been the
focus of a limited number of studies to date.”

Furthermore, we address this issue in the outlook:

“Such studies should take great care in characterizing the physical and chemical properties of the
soot particles, in particular those discussed herein, which will be essential to further validate the
soot-PCF framework. We re-iterate that there is a clear need for dedicated ice nucleation studies
on size-selected soot particles, also for aggregate sizes with (mobility) diameters below 100 nm,
as well as studies exploring the impact of semi-volatile coatings on the ice nucleation ability of
these particles. Lastly, we underscore the importance to report full ice activation spectra, rather
than only ice nucleation onset conditions, to further improve our understanding of the physical
principles determining the ice nucleation by soot particles and thereby better predict their effects
on clouds and climate.”

4) Line 86: You specifically mention here “hydrophobic material” to suppress PCF. But wouldn’t
the same be true for water-soluble components like sulfates, because solutes would de-
crease the homogeneous freezing temperature compared to pure water?

The reviewer raises a good point and is right that dissolved water-soluble components decrease
the freezing temperature. This effect will be relevant in the temperature range close to the ho-
mogeneous ice nucleation threshold of aqueous solution droplets. Moreover, large amounts of
hydrophilic material will shift the freezing mode from soot-PCF to immersion freezing or homo-
geneous ice nucleation of solution droplets. We discuss these aspects in more detail in the revised
manuscript in Sect. 9. Please see our changes directly within Sect. 9 and our answer to comment
2 of reviewer 2.

5) Line 116: You state here that you “predict” the ice nucleation ability of soot particles which
then “fits” experimental results — but in the end with Eq. E4 and E5 you use empirical formu-
las to derive the active site probability function from the experiments. So currently it is still
more the development of a new framework, by which the experimental data should be fit-
ted, than an a priori prediction of the ice nucleation ability of a soot sample.

Indeed, here we use Py(RH) to fit the experimental data. However, in the absence of experimental
data the freezing onset for a given contact angle can be estimated based on the soot properties.
We added a paragraph outlining how the parameterization can be derived based on soot prop-
erties to the revised manuscript:

“Soot-PCF parameterizations in the form of Eq. Error! Reference source not found.) can be de-
rived from first principles using activation curves as the ones shown in Appendix D, presuming a
contact angle combined with characteristic distributions of primary particle sizes and overlap co-
efficients. Weighting the ice activation RH for each combination of primary particle size and over-
lap coefficient with its occurrence probability leads to an ice activation probability distribution as
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a function of RH. If PCF is water condensation limited, the parameterization should be formulated
based on RH,, if it is ice growth limited, it should be with respect to RH,. Moreover, the tempera-
ture below which PCF becomes active needs to be defined. Assuming that soot is not ice active in
immersion freezing mode, this threshold temperature depends on the increase of the homogene-
ous ice nucleation rate with decreasing temperature and should be around 230 K, given the small
water volumes involved in forming ice via soot-PCF. Yet, more ice nucleation experiments are
needed in this temperature range with ice nucleation active soot samples to better constrain this
threshold temperature.”

In conclusion, while we demonstrate the ability of the soot-PCF framework, by fitting experi-
mental data using Eq. (9), the same framework can also be applied/transferred to other soot
particles with different properties, where experimental data is absent. Once the parameters for
the soot-PCF parametrization have been derived/estimated, the parametrization can be used
within e.g. global climate models to predict the ice nucleation activity of soot particles with given
physicochemical properties.

6) Line 120: Given the length of the manuscript and the numerous aspects of the discussion,
you might add here a short paragraph describing the general structure of the article.

This is a good suggestion. We have added a paragraph summarizing the structure of the paper:

“The paper is structured as follows: in Sect. 2 we summarize the soot properties that are relevant
for PCF and in Sect. 3 we define the pore structures that serve as the basis for the soot-PCF frame-
work developed herein. In Sects. 4—-6, we discuss the different steps of soot-PCF, namely ice nu-
cleation (Sect. 4), which is preceded by pore water condensation (Sect. 5) and followed by ice
growth out of the pores on the soot aggregates (Sect. 6). Section 7 discusses the relevance of pre-
activation for soot-PCF, while Sect. 8 presents a novel parameterization of ice nucleation by soot
based on the soot-PCF framework. Atmospheric implications are discussed in Sect. 9 followed by
a summary and conclusions in Sect. 10.

A detailed derivation of soot-PCF equations can be found in the appendices. Pore geometries are
derived in Appendix A, pore filling and ice growth conditions in Appendix B. The derivation of the
contact angle between ice and soot is given in Appendix C, while Appendix D features a compila-
tion of different soot-PCF curves for relevant combinations of contact angle, primary particle di-
ameter and overlap. A detailed derivation of the soot-PCF parameterization is given in Appendix
E, followed by a compilation of ice nucleation data from previous studies (Appendix F) and a list
of symbols (Appendix G).”

7) Line 209: The heading of Sect. 2.3 “promises” some information on “compaction”, but actu-
ally I couldn’t find much of it in this section. Given that compaction is indeed an important
process which affects the number of pores in a soot aggregate (line 141) and also appears as
a parameter (via the fractal dimension) in Eq. 9, | would like to see some more discussion of
this, see also my later comment regarding Eq. 9.

Indeed, our discussion of compaction was incomplete. We therefore extended Sect. 2.3 to include
a discussion of compaction and fractal dimension:

“The number of equally-sized primary particles contained in a soot aggregate of a given mobility
diameter depends on the degree of compaction. Freshly emitted particles are typically fractal-like
chain-agglomerates that can become more compact via various aging processes during transport
through the atmosphere (Bhandari et al., 2019; China et al., 2015) such as coagulation, conden-
sation of semi-volatile material, heterogeneous reactions, relative humidity changes, and cloud
processing (China et al., 2015; Ding et al., 2019; Yuan et al., 2019). To quantify the degree of
compaction, TEM or SEM (scanning electron microscopy) images of soot particles can be evalu-
ated with respect to morphological descriptors such as aspect ratio, roundness, convexity or frac-
tal dimension (e.g. Bhandari et al., 2019; China et al., 2015; Mahrt et al., 2020). Such analyses
evidence compaction at high RH and collapse after cloud cycling (Colbeck et al., 1990; Huang et
al., 2014; Zuberi et al., 2005). Collapse of fractal-like aggregates due to capillary condensation of
water has also been reported in HTDMA (Humidified Tandem Differential Mobility Analyzer)
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measurements, where a decreasing mobility diameter with increasing RH has been observed in
the case of carbon particles (Weingartner et al., 1997, 1995). Conversely, fresh diesel and jet en-
gine combustion particles exhibit much less restructuring together with hygroscopic growth that
becomes more pronounced with increasing sulfur content (Gysel et al., 2003; Weingartner et al.,
1997). Compaction has also been observed in field measurements (Bhandari et al., 2019; Ding et
al., 2019). For instance soot particles sampled from evaporated cloud droplets, have been found
to be significantly more compact than freshly emitted and interstitial soot (Bhandari et al., 2019).

While circularity or aspect ratio of soot aggregates are two-dimensional morphological parame-
ters that provide descriptive measures of compaction, classification via the (three-dimensional)
fractal dimension has deeper implications as soot is assumed to be a fractal object. Yet, soot
aggregates are not truly fractals because they are not completely scale invariant, but exhibit self-
similarity only over a finite range of length scales (Huang et al., 1994, Mandelbrot, 1977). None-
theless, the concepts of fractal geometry have successfully been used to quantitatively describe
their morphology during aggregate growth by agglomeration (Sorensen, 2011). To describe soot
aggregates as fractals, the primary particles are assumed to be all of the same size with point
contacts between each other (Sorensen, 2011). As a consequence of self-similarity, the number
of primary particles scales as a power law with the radius, implying a fractal dimension of 1 for a
chain-agglomerate and a fractal dimension of 3 for primary particles ordered as a sphere. Assum-
ing diffusion limited cluster-cluster aggregation, a characteristic fractal dimension for soot ag-
gregates of 1.78 should result, while in case of reaction limited cluster-cluster aggregation the
expected fractal dimension is 2.1 (Sorensen, 2011). The (two-dimensional) fractal dimension from
TEM images of soot aggregates has been derived by relating the maximum length of soot parti-
cles with the number of particles contained in them. While fractal dimensions of loose chain-
agglomerates can be well determined with this method, the fractal dimension tends to be under-
estimated in case of compacted soot aggregates. Therefore, China etal. (2015) resorted to a two-
dimensional fractal dimension such that a sphere would be assigned a fractal dimension of 2.
Alternatively, the fractal dimension of soot aggregates can be derived by relating the particle
mass measured by an aerosol particle mass analyzer (APM) to the electrical mobility diameter
from a DMA (Differential Mobility Analyzer) through a power law of the form m oc D,”, where m
is the mass of a (size selected) soot aggregate (e.g. Schmidt-Ott etal., 1990). Using both methods,
Park et al. (2004) obtained fractal dimensions of 1.75 from the analysis of TEM images while
relating the soot aggregate mass with its mobility diameter yielded a fractal dimension of 2.35.
While the (two-dimensional) TEM analysis probably underestimated the fractal dimension,
Sorensen (2011) argued that the interpretation of the exponent as the fractal dimension in the
relation of aggregate electrical mobility diameter with aggregate mass is misled in the limit of
aggregates containing only few primary particles and results in too high fractal dimensions.
Shortcomings in the analysis of two-dimensional projections have been confirmed by electron
tomography vyielding higher fractal dimensions (Adachi et al., 2007; Baldelli et al., 2019), yet, this
method is laborious and not suited to screen a large number of aggregates for a statistical anal-
ysis.”

8) Line 264: Isn’t is below that of bulk water?

Thank you for spotting this. It is indeed below that of bulk water. We have corrected this in the
revised version.

9) Line 379: Can you briefly explain in the text what is the parameter “n”?

We added “n” (as nit) to the List of Symbols and Abbreviations (Appendix G) along with an expla-
nation.

10) Line 590-593: You mention here the relatively large variability of the onset conditions in
terms of S_ice with the chosen values for the contact angle, overlap factor, and primary par-
ticle size. It would be interesting, see comment above, to compare these onsets with existing
literature data on ice nucleation by soot particles.
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We added an additional appendix (Appendix F) containing a table and figure summarizing ice
nucleation onsets of soot reported in the literature and compare them with the onsets expected
depending on contact angle.

11) Line 703: Is there a “physical basis” behind the equation you used to represent the ice active
fraction (Eq. 9), e.g. regarding the exponent defined as (Np-nm)“Df? Is there a quantitative
relationship to describe the number of pores in a soot aggregate as a function of primary
particle size and compaction which is reflected by this exponent or was this expression just
found to be a suited formulation to represent that the AF increases with Np and Df? Lines
1175/1176 state that Np and Df determine the probability that a soot aggregate contains a
ring pore, but line 703 states that the factor Pn(RH) also is the probability of a primary parti-
cle to be part of ring pore with given ice nucleating potential. | am a bit confused by this
interpretation, is Pn(RH) not more of a factor that describes a kind of “averaged” ice nuclea-
tion ability of the pores present in the soot aggregate and the exponent (Np-nm)"Df a meas-
ure for the absolute number of pores in the aggregate? Maybe you could elaborate a bit
more on the physical meaning of these parameters and clarify my potential misconception.

Pn(RH) defines the probability per (single) primary particle to be part of a ring-pore structure. The

exponent, (Np — nm)Df , takes into account the number of primary particles available within an
aggregate to form a ring pore, as well as their spatial/morphological arrangement, via the fractal
dimension, Dy. To clarify the reviewer’s concern, we have added a more detailed discussion of Eq.
9 to Appendix E. Please see our answer to your comment 1.

12) You mention in line 771-774 the very interesting finding from Mahrt et al. that the ice nucle-
ation ability of compacted soot particles was found to be significantly higher compared to
unprocessed, more fractal soot. Have you tried to model or even predict this behavior with
your new parameterization? This would be in my opinion clear evidence of the advantages
of your approach compared to previous parameterizations. Would compaction only affect
the parameter Df so that one could use the same active-site probability function of a given
soot type both before and after compaction? Or would compaction also alter Pn(RH) (a ques-
tion which is somehow related to my comment above regarding the physical meaning of the
parameters)? Also, is it immediately intuitive that compaction, i.e., a higher Df, leads to an
increase in the AF? Would compaction not also lead to the situation that some potentially
ice-active pores are no longer in the vicinity of the particle surface but somehow “shielded”
in the inner part of the particle and canthus no longer contribute to macroscopic ice growth?
This also relates to my question above how one can determine the number of pores that are
actually accessible to the PCF depending on agglomerate size and compaction.

The pores that are responsible for soot-PCF are the narrowest within a soot aggregate. Therefore,
we consider shielding (due to compaction) as irrelevant to render ring pores within soot particles
ice inactive, at least for typical primary particle sizes and the degree of compaction of atmos-
pheric soot particles. If the aggregate is sintered to a degree that shielding becomes relevant or
when primary particles are approximately below 10 nm in diameter, the three-membered and
four-membered ring pores, as described here, are unlikely to be the relevant pore structures for
ice formation via soot-PCF since they require RH conditions for ice formation that are not relevant
for typical upper tropospheric conditions (see our Figs. D1 and D2). For such pore structures, com-
paction may render the openings of the inner cavities too narrow for ice to grow out of them.

Furthermore, we feel that compaction of soot aggregates will likely not only affect the fractal
dimension, but also the active-site probability function Py(RH), with the latter parameter domi-
nating the impact on soot-PCF (please see our answer to your comments 1 and 11 above). For
instance, for a soot particle with a fractal dimension well below 3 that contains open ring-pore
structures, a compaction can lead to closure of these ring-pore structure, ultimately allowing such
aggregates to become ice active via soot-PCF, while the fractal dimension might only be slightly
increased and remains well below 3. As an example, please note that the miniCAST black data
from Mahrt etal. (2018) shown in Fig. 6 use a fractal dimension of D¢ = 1.86, but are well described
by our soot-PCF (see also Table E2). We emphasize that even in the absence of an experimentally
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determined fractal dimension, one can either use a fractal dimension of Dt = 1.78, corresponding
to the typical fractal dimension of soot particles formed through diffusion limited cluster aggre-
gation (see Appendix E), or use Ds as a (free) fitting parameter (within the bounds 1-3).

13) Line 705: You mention that Pn(RH) can be computed from first principles for a given soot
type. But how would that look in practice — you would have to deal with a large parameter
range with respect to primary particle size, overlap factor, and contact angle even fora single
soot type, as reviewed in the first chapters of your manuscript, which then also depend on
fuel type and operation conditions of the engine?

We have added the following text to Sect. 8 to make clear how soot-PCF parameterizations can
be derived from first principles. Please also see our answer to your comment 5 above.

Using this procedure, we have developed a soot-PCF parameterization to describe the ice nucle-
ation activity in a separate study (Karcher et al., in prep.). In this case, we assumed a fixed, char-
acteristic contact angle and distributions for the overlap coefficient and measured distribution of
the primary particle sizes (e.g. Fig. 3 in Liati et al. (2014)). To calculate the number of primary
particles within an aggregate of given (electrical mobility) size, we assumed the average primary
particle diameter of the measured primary particle size distribution.

14) Line 751-753: You mention here the previously proposed parameterizations. Which are
these exactly and can you provide some quantitative comparison with your new parameter-
ization? | assume that in some of the previous parameterizations the activated fraction was
normalized to the surface area of the aerosol (soot) particles to yield the so-called ice nucle-
ation active surface site (INAS), whereas your approach specifically considers the number of
active sites, i.e., pores in the soot aggregates, which in principle, no doubt, is the better phys-
ically-constrained approach. But how big would be the difference? | think it would be an
important information for the modelling community to quantify the difference of your new
theoretical framework to the widespread INAS approach, and to investigate with your size-
resolved ice nucleation measurements and modelling simulations in Fig. 6 whether such an
approach that only relies on the overall particle surface area is in accordance with the data
or not. With a more quantitative comparison to previous parameterizations, you could really
underline the advantages of your approach.

The reviewer raises a fair question. INAS-based parameterizations are empirical and hence com-
pletely rely on the specific datasets that were chosen for a specific parameterization, which may
not always be representative for the INP categories (e.g. soot or mineral dust) that should be
covered. Therefore, new datasets often require new INAS parameterizations. Our soot-PCF pa-
rameterization, on the contrary, only relies on general soot particle properties (overlap, primary
particle diameter, contact angle), and can either be adjusted to an experimental dataset, or can
be chosen to broadly cover characteristic properties of atmospheric soot particles in the absence
of experimental data on ice nucleation.

Therefore, we feel that our soot-PCF parameterization is superior to INAS-based parameteriza-
tions and indeed has predictive power for atmospheric relevant soot properties.

We are aware of just one INAS parameterization of soot in the cirrus regime, namely the one by
Ullrich et al. (2017). This parameterization relies on ice nucleation onsets from AIDA campaigns
performed with only a few different soot types. It is therefore very specific for the soot samples
chosen for the AIDA campaigns and does not necessarily cover the wide variety of atmospheric
soot types and their ice nucleation activities. The equation used by Ullrich et al. (2017) for the
soot parameterization requires five fitting parameters (see their Eq. 7 and Table 7) that just de-
scribe the isolines of the ice nucleation activity, but do not have a deeper physical background.
By contrast, the soot-PCF parametrization requires a single fit function, Pny(RH), along with infor-
mation about the (measured) physicochemical particle properties to describe the ice nucleation
activity of a soot sample as a function of relative humidity and soot aggregate size as shown in
our Fig. 6.
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We added the following text to specify the advantages of the soot-PCF parameterization com-
pared with INAS parameterizations.

“The physical basis of the soot-PCF parameterization permits easy and fast adaptation to differ-
ent types of atmospherically relevant soot, while parameterizations based on ice nucleation ac-
tive surface site (INAS) densities are mostly restricted to the data underlying their parameteriza-
tion. Consequently, INAS-based parametrizations cannot account for the wide diversity of soot
types and their ice nucleation activities. Moreover, INAS-based parameterizations, such as the
one by Ullrich et al. (2017), assume a scaling of ice nucleation sites with the particle (aggregate)
surface area. Yet, the size-resolved measurements displayed in Fig. 6 exemplify that the ice-active
particle fraction declines much more strongly with particle diameter than the surface area does.
This is even more important considering that laboratory studies often concentrate on soot aggre-
gates with mobility diameters much larger than typically found in the atmosphere (see Sect. 2.3),
likely resulting in an overestimation of the effect soot has on cirrus formation. Conversely, the
soot-PCF parameterization has a physically constrained size dependence and more importantly
assumes pores and not the particle surface area to determine the ice nucleation activity of soot
aerosols.”

15) Line 855: | would rather say your parameterization increases the complexity of the parame-
ters. You emphasize that you need different fit values for each soot type, and in- stead of
just using the overall aerosol surface area as a parameter, you need additional values forthe
primary particles size and the degree of compaction. Depending on the soot type, you also
discriminate between parameterizations with respect to either RHi or RHw (Eq. E4 and E5).
This is by no means meant as a criticism of your approach — but my understanding of your
study is rather that you need more parameters to characterize the actual ice active sites in
the soot agglomerates using a physically-constrained approach so that you can properly de-
scribe their ice nucleation ability.

Please note that the complexity of our soot-PCF parameterization reflects the complexity of soot
and allows to explain why different soot types show widely different ice nucleation activity. Hav-
ing just one soot parameterization for all soot types — while desirable — would neglect this diver-
sity. Furthermore, we highlight that the soot-PCF parameterization just requires two fitting pa-
rameters with physical significance compared with e.g. five purely empirical fitting parameters
used by the Ullrich et al. (2017) parameterization.

However, we acknowledge that future soot ice nucleation studies should more carefully charac-
terize and quantify the physiochemical properties of the soot types investigated, such as primary
particle size and fractal dimension. This will ultimately allow to further test the validity of the
soot-PCF framework presented here and eventually allow to derive a set of general “average pa-
rameters” that can be used within the soot-PCF framework.

16) Line 871: “may vastly improve” —is a rather strong statement which also requires a more
quantitative comparison to previous parameterizations.

We indeed view the increased physical understanding of ice nucleation by soot thanks to the soot-
PCF framework as a vast improvement. Please also see our answers to your comments above.
This framework provides guidance in the exploration of the multidimensional parameter space
spanned by soot. This allows a more focused planning of future ice nucleation experiments of soot
and faster progress of the community to better understand the impacts and consequences of
aerosol-cloud interaction of soot particles.

Furthermore, application of INAS-based parameterizations within a bulk microphysical scheme
requires drastic assumptions and simplifications to derive ice-active soot particle fractions from
the active site surface density. Conversely, the soot-PCF framework directly predicts ice-active
fractions from measured mobility diameters, thus eliminating conversion bias. Thus, the physi-
cally based description of particle size and RH dependence of soot-PCF allows accurate simulation
of soot-cirrus interactions in detailed cloud models (Karcher et al., in prep.).

17) Line 882: “have used available literature data” — yes, but there are many more previous
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measurements which you could include in Fig. 6, as suggested above.

We have chosen the two datasets from Mahrt et al. (2018, 2020) because they cover the whole
ice activation curve and include more than one particle size. Moreover, the soot types used in
these studies have been carefully characterized with respect to fractal dimension and primary
particle size, two parameters that are key for the soot-PCF framework. To emphasize the need of
carefully characterizing the soot particle properties in future soot ice nucleation experiments, we
have added the following:

“While we have used available literature data to constrain our framework, further experimental
exploration is required, in particular on ambient soot particles. Such studies should take great
care in characterizing the physical and chemical properties of the soot particles, in particular
those discussed herein, which will be essential to further validate the soot-PCF framework. We
re-iterate that there is a clear need for dedicated ice nucleation studies on size-selected soot par-
ticles, also for aggregate sizes with (mobility) diameters below 100 nm, as well as studies explor-
ing the impact of semi-volatile coatings on the ice nucleation ability of these particles. Lastly, we
underscore the importance to report full ice activation spectra, rather than only ice nucleation
onset conditions, to further improve our understanding of the physical principles determining the
ice nucleation by soot particles and thereby better predict their effects on clouds and climate.”

Furthermore, we added an additional table in Appendix F of the revised manuscript that tabulates
previous studies of ice nucleation by soot in the cirrus regime.

18) Line 1004/1005: What is meant here with “example of a pore of 8 nm diameter”? Don’t you
calculate the saturation ratios forthe whole range of filling levels?

This statement is erroneous. We correct it in the revised version. Thank you for pointing this out.

Some technical corrections:

Thank you for the technical corrections.

Line 38: Delete “of” before “ice formation”. Done

Line 54: “major gaps exist”. Done

Line 70: add “freezing”, i.e. condensation/immersion freezing mode. Done
Line 187: Maybe add comma after “Overall”. Done

Line 267: Delete comma after “graphite”. Done

I”

Line 324: Delete comma after “cell”. Done
Line 403: “in the immersion freezing mode”. Done
Line 546: please add: “growing ice phase out of a three-membered ring pore” Done

Line 568/569: You may briefly add here that the point for a filling level of 1.25 nm is indicated by
“A” in Fig. 5. Done

Line 1077: “randomly” fluctuating. Done
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