Response to acp-2021-645 reviews for RC2
We thank Reviewer 2 for their effort and feedback on our manuscript ACP-2021-645. In response to the
questions and suggestions, please find our answers and corrections listed below. Reviewer 2 comments
are extracted in bold from original review supplement and our responses are given directly below in
normal font. The original text in previous manuscript is repeated in red italic and corrected text in revised

manuscript typed is in blue italic.

® Major:

1  The study is well structured and has the suitable experimental design to conduct ice nucleation
measurements. However, the study lacks novelty, with some portions of the study being a repetition
of previous experiments with the same chamber or in other institutes e.g. 1.349, 1.429, L.522.

R:  We acknowledge that Mahrt et al. (2018) (L349 and L522, now L355 and L526 in revised
manuscript respectively) studied the ice nucleation activity of freshly generated organic lean CsHs
(propane) flame soot (mCASTblack) and commercial black carbon soot (FW200) soot particles using
the same chamber HINC. Our study however, focuses on how the mixing state of soot with H,SO4
regulates soot ice nucleation activity in the mixed-phase and cirrus cloud regime. By using the same ice
nucleation chamber to perform RH (relative humidity) scans for size selected mCASTblack and FW200
soot particles with various H>SO4 coating thicknesses, we ensure repeatability and direct comparability,
which we believe is important to the research process. The experiments with uncoated samples set the
benchmark for further comparison and thus are necessary to repeat, also part of a robust research process.
Therefore, the measurement of bare mCASTblack and FW200 soot particles is a repetition of Mahrt et
al. (2018) but it is necessary and reasonable as these are needed to compare to the results of coated
particles.

In our study, we coated each size selected soot particle sample with at least eight different H,SO4
coating thicknesses, ranging from really thin (w¢ % < 3 %) to thick wt % (> 100 %) coatings which are
atmospherically relevant (Bhandari et al., 2019). Thus, the novelty is in the atmospheric relevance of the
coating thicknesses that cover cleaner regions to very polluted regions. Previous studies typically
achieved only very thick coating conditions. In addition, we discussed the mechanism of ice nucleation
in detail by means of the varying coating thickness. These discussions and results have not been presented
before with a systematic control of size and coating thickness parameters. The detailed comparison
between our study and previous studies (Mdhler et al., 2005; Crawford et al., 2011; Mabhrt et al., 2018;
Mabhrt et al., 2020a) was performed to understand and put into context the ice nucleation activity of our
soot samples rather than highlight similarities in the studies. We have done this in the main text in Sect.
3 (L348-355, now L355-362 in revised manuscript) and Sect. 3.1 (L429, L432 and L434, now 1435,
L438 and L440 in revised manuscript).

2 The results, as is, have high degree of uncertainty. Discrepancies between EDX, optical sizes,
mobility sizes and electron microscopy sizing on grids and equivalent ML are mentioned but
waived aside without a deeper discussion on the uncertainties of the study. Lack of statistical
analysis presentation, in particular in electron microscopy, create high ambiguity for the derived
conclusions. Some of the uncertainties, like chemical reactions, are mentioned e.g. L581 but not
sufficiently discussed while some are not mentioned at all. The authors mention the presence of the
doubly charged particles however, it’s not clear which sizes are playing the main role in the

nucleation process. Since size is a key factor both for coagulation, condensation and ice nucleation,



this aspect of the study should be clarified. A deeper discussion on the physicochemical properties
of H,SOy to the same extent as water freezing is absent.

R: We acknowledge the reviewer’s comment and respond to each aspect as below. First, we respond
to the size measurement discrepancies raised. As addressed in Appendix C of the manuscript, micron size
soot agglomerates were observed for uncoated mCASTblack soot from its 200 nm mobility diameter
TEM (transmission electron microscopy) images and 400 nm mobility diameter SEM (scanning electron
microscopy) images, resulting from soot-aggregates coagulating when depositing the sample particles
onto the microscopy grids under high particle number concentration (~ 3000 # cm™) conditions. When
collecting soot particles onto grids, such a large particle concentration provides a high probability for
submicron size single soot aggregates to coagulate. However, micron size agglomerates were not
observed for coated mCASTblack and bare and uncoated FW200 soot samples whose TEM/SEM grids
were collected with a much lower particle concentration (~ 200-300 # cm™). On the other hand, optical
size measurements of 200 and 400 nm soot particles (~ 3000 # cm™ in aerosol phase) were used to
confirm if the DMA (differential mobility analyzer) could select soot particles with correct size and the
results demonstrated the absence of micron size particle in the aerosol phase under different particle
number concentration conditions (see Fig. C3 in original manuscript). This measurement further
confirms that micron size particles are absent for the same soot sample (uncoated) used for aerosol
particle ice nucleation experiments with similar or lower particle number concentrations.

As for the uncertainty of coating equivalent monolayer (ML), we used this concept from Wyslouzil
et al. (1994) to evaluate the coating state and to investigate the relation between ML values and the
corresponding soot ice nucleation activity. In Sect. 2.2.3 (L284-286, now L288-290 in the revised
manuscript), we addressed the ML values for coated soot particles depend on the specific surface area
and the technique used for measuring the surface area besides the coating masses, which leads to the ML
value calculation uncertainty. In Sect.3.3.1 (L614-624, now L623-632 in the revised manuscript), we
discussed the relation between soot ice nucleation and corresponding ML values and concluded that the
equivalent ML value is not a reliable proxy to describe the distribution of H>SO4 coating material on
soot-aggregate surfaces (L631 in revised manuscript Sect. 3.3.1). Nonetheless, the ML values of coated
soot particle samples provide nominal coating thicknesses to understand the amounts of coating and its
effect on soot particle morphology change. Therefore, we used coating wt %, particle mobility diameter
change, as well as microscopy images as descriptors to evaluate coated soot particle mixing state and to
understand the coated soot particle ice nucleation activity, in addition to the ML value (see Sect. 2.2.3
and Sect. 3.3).

In order to address the concern raised by the reviewer on the statistics of the electron microscopy
images, we provided more microscopy images of bare and coated soot particles. We took more than 40
images randomly from each soot sample grid and we present 8 images randomly selected from these
images, as shown in Figs. RC2-1 to RC2-6. Other than the sample grid for bare mCASTblack soot, TEM
sample grids were collected on the same date and the same condition as for soot samples presented in
Fig. 9 in the main text. The figures below should provide more confidence that the images shown in the
manuscript are representative. Given obtaining TEM and SEM images is time consuming and resource
costly (time due to shared facility, expensive equipment), we obtained as many images as possible within

the above constraints to convince us that the sample we produce is represented by these images.



Figure RC2-1. TEM images (microscope TFS F30) for 200 nm size selected bare mCASTblack soot particles.

Scale bars are indicated in each image.

Figure RC2-2. TEM images (microscope TFS F30) for 200 nm size selected mCASTblack with a thin coating

(coating wt = 2.9 %). Scale bars are indicated in each image.
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Figure RC2-3. TEM images (microscope TFS F30) for 200 nm size selected mCASTblack with a thick coating

(coating wt = 30.2 %). Scale bars are indicated in each image.
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Figure RC2-4. TEM images (microscope TFS F30) for 200 nm size selected bare FW200 soot particles. Scale

bars are indicated in each image.
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Figure RC2-5. TEM images (microscope TFS F30) for 200 nm size selected FW200 with a thin coating (coating

wt = 2.3 %). Scale bars are indicated in each image.
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Figure RC2-6. TEM images (microscope TFS F30) for 200 nm size selected FW200 with a thick coating

(coating wt = 139.3 %). Scale bars are indicated in each image.

Fourthly, regarding possible chemical reactions on soot surfaces with H,SO4 coating as the carbon
to oxygen ratio before and after coating was changed (Fig. 10 in the manuscript), detailed chemical
reactions or mechanisms (L581, now L589 in revised manuscript) are out the scope of this study which
focuses on the ice nucleation of soot particles. We infer that a reaction took place based on the O:C ratio,
without designing the experiment to study the reaction between acid and soot. As such it would be
completely speculative to state anything more than is already stated in the manuscript.

Multiple charged soot particles persist in soot samples when using a DMA (differential mobility
analyzer) because of the nature of the charge theory. Moreover, the heterogeneity and fractal nature of
soot particles lead to a decreased resolution for soot particle size selection. To our knowledge, this is a
recalcitrant issue to the use of DMAs for size selecting soot particles (Burkert-Kohn et al., 2017; Mahrt

et al., 2018; Nichman et al., 2019; Zhang et al., 2020) in combination with ice nucleation. This is also



the reason why we presented size selection quality evaluation for each sot sample used in this study. Now,
we add a statement in Appendix A after the results for particle size selection evaluation (L820-821 in
revised manuscript), as below:

‘It is likely that these double-charged particles of larger size than the size selection value first nucleate
ice during the RH scan experiments, given the size dependence of soot ice nucleation.’

Finally, this study focuses on how the mixing state of soot particle with H,SO4 modifies the ice
nucleation ability of coated soot particles. In each soot particle activation fraction plot (Figs. 4-7 and B1-
B8) as a function of RH (relative humidity), the homogeneous freezing RH of solution droplets (H,SO4
solution), calculated based on the water activity parameterization presented by Koop et al. (2000), was
indicated and used to compare the ice nucleation ability of soot particles (Sect. 3.1). In Sect. 4, we
evaluated the atmospheric impacts of coated soot particles, compared to the homogeneous freezing of
droplets, e.g. H2SO4 (L679 and L691, now L689-690 and L705-706 in revised manuscript).

® Minor:

1 L1: ‘Activities’ replace with activity. Also, I’d recommend to amend the title to include the
bare soot measurements and to clarify that these are laboratory experiments. Also see
comment L625.

R: Thanks. The title is changed to ‘Laboratory studies of ice nucleation onto bare and internally

mixed soot—sulphuric acid particles’.

2 L10: There is a problem with this sentence, if they are only candidates, what makes them so
important? Perhaps use potential instead of important.
R: Thanks for your suggestion. We changed it to “potential candidates” (now L10 in revised

manuscript).

3 L10: comma after formation
R:  Thanks. In this sentence, it is cirrus clouds that finally exerts a net-warming effect on the climate.

Therefore, we think we do not need a comma here.

4 L14:1 think a sentence of justification is missing here for the choice of propane flame soot or
a commercial BC. e.g. ‘Generic BC surrogates are often used in laboratory experiments. In
this study....’.

R: Thanks. This sentence was changed to ‘/n this laboratory study, two samples, a propane (C3Hsg)

flame soot and a commercial carbon black were used as atmospheric soot surrogates and coated with

varying wt % of sulphuric acid (H»SOy).” (now L14 and L15 in revised manuscript)

5  L16: activities - in line 13 you say ability, but study activity? Please keep consistency or explain
the differences throughout the text between ability and activity.

R: Both ‘ice nucleation ability’ and ‘ice nucleation activity’ are used to describe soot particle ice

nucleation in simulation and laboratory studies (Koehler et al., 2009; Lupi and Molinero, 2014; Mahrt et

al., 2020b; Mabhrt et al., 2020a; Zhang et al., 2020; Kilchhofer et al., 2021).

6 L25: abilities — same comment.

R:  See response above.



7  L3S: please add https://doi.org/10.1029/2021JD034649 to Liu et al., 2020.
R: Thanks for the suggestion. Agreed and added (now L35 in revised manuscript).

8  L36: The numbers cited here are from a review by Bond et al. published 8 years ago and data
collected more than a decade ago. Please see if there are additional newer reports. Otherwise,
short-lived climate forcers suggest a continuous decline in carbonaceous emissions. Moreover,
there is a lack of accurate global quantification of this short lived element (IPCC ARG report,
Chapter 6). These caveats should be mentioned.

R: Thanks a lot for this suggestion. We cited some recent studies reported in [PCC ARG6 report and

added two sentences as following (L37-39 in revised manuscript):

‘Recently, some studies suggested that emission-based radiative forcing from BC has been reduced

(Takemura and Suzuki, 2019, Lee et al., 2021) because of carbon emission mitigation. However, the

estimate is of a low confidence (Mcgraw et al., 2020).”

9  L38: aircraft plural is still aircraft
R: Thanks. Agreed and corrected (L40 and 43 in revised manuscript)

10 L6S5: ‘...vigorous convection’ — reference missing.

R: Thanks. Relevant references were added as following (L68 and 69 in revised manuscript):

‘In addition, some soot particles, generated by incomplete combustion from natural and anthropogenic
sources contaminated by sulphur material during industrial processes, can get advected to the upper

troposphere by vigorous convection (Posfai et al., 1999; Okada et al., 2005, Motos et al., 2020).”

11 L69: abilities — see comment for .16 and throughout the manuscript

R: See response to comment 5 above.

12 L72: ‘potentially... potential’, I suggest to reword. For example: Thus, it is possible that the
mixing state of soot particle with H,SO4 coating may regulate its INP activity.

R: Thanks. Agreed and accepted. The sentence was restructured as following (see L76 and 77 in

revised manuscript):

‘Thus, the internal mixing of soot particle with H>SO4 may regulate its ability to be a potential INP but

the mixing state is unconstrained.’

13 L75: remove abilities, remove in-situ

R: Thanks. Agreed and accepted. The sentence was change to be as following (see L79 in revised
manuscript):

‘Ice nucleation of aviation soot particles and their surrogates have been investigated both in field

measurements (Brown, 2018) and laboratory studies.’

14 L75: some references could be useful here e.g. Brown et al. DOI: 10.2514/6.2018-3188

R: Agreed and added (L79 in revised manuscript, also see response to comment 13 above).

15 L76: please include some references for lab studies of aviation soot.



R: Laboratory studies on the ice nucleation of aviation fuel generated soot particles (Popovicheva et
al., 2004; Koehler et al., 2009) were already introduced in the next paragraph (now in L90 and L98 in
revised manuscript). However, ice nucleation studies of aviation soot emitted from real aircraft engines

are lacking.

16 L77: ‘contrail dissipation’ — please add reference

R: Arelevant paper is cited in L81 (in revised manuscript) and is given below:

Kércher, B., Kleine, J., Sauer, D., and Voigt, C.: Contrail Formation: Analysis of Sublimation
Mechanisms, Geophys.Res. Lett., 45, 10.1029/2018g1079391, 2018.

17 L77: stick with one form ‘in-situ’ like in line 75 or ‘in situ’.
R: Agreed, we decided to use “in situ” and applied this form to the whole manuscript. (L81 in

revised manuscript)

18 L88: inline 85 you talk about aviation soot particle surrogates then here you mention graphite,
it is not clear how graphite is a surrogate of aviation soot and how this is relevant here.

R:  Soot particles are of different level of graphitization. The study of graphite ice nucleation is of

similarity to that of soot particles and the results can help understand how soot particle graphitization

level changes its ice nucleation ability.

19 L90: Mahrt et al. 2018 — please replace with Marcolli C. 2014 and others. I believe it was
suggested also much earlier by others. Marcolli, C.: Deposition nucleation viewed as
homogeneous or immersion freezing in pores and cavities, Atmos. Chem. Phys., 14,2071-2104,
2014.

R: Marcolli (2014) suggested PCF may be the possible pathway for soot ice nucleation and Mahrt et

al. (2018) performed ice nucleation experiments for soot particles with different porosity and surface

wettability below homogeneous freezing temperature and demonstrated PCF is responsible for soot ice
nucleation. (L94-97 in revised manuscript)

‘Mahrt et al. (2018) demonstrated that pore condensation and freezing (PCF) (Koehler et al., 2009;

Marcolli, 2014) rather than deposition nucleation is responsible for soot particle ice nucleation activities,

given that porous soot particles are able to form ice crystals at RHi values lower than homogenous

freezing conditions at T < HNT.”

20 L116: I'd remove the text after wettability and refrain from mentioning contact angle in the
manuscript for two main reasons: First and foremost, you don’t report or use contact angle
measurements in this study. Secondly, the concept of contact angle measurements and
inference to nano-scale dynamic processes is questionable to the least. No surface energy
component calculations are truly quantitative nor are they necessarily based upon universally
accepted theoretical considerations (see Marmur et al. 2017; Marmur 2006; Strobel&Lyons
2011). Most theories of solid surface energy have a basis in Young's equation, which employs
the equilibrium contact angle. In surface energy calculations, many in the surface science field
tend to use the so-called static contact angle, which we now know to be meaningless (Marmur
et al. 2017), or else the advancing angle, assuming that one of these angles is the equilibrium

angle or at least very close to the equilibrium angle. However, the equilibrium contact angle



cannot be determined on practical BC surfaces. Contact angle is indeed a parameter that can
reflect surface functionality however it was and continues to be a highly biased method for
getting absolute characterization of the surface. If experimentally measured, it is often highly
dependent on the methodology of the measurement. Hoose and Mohler (2012) suggested to
use a probability distribution function for contact angle. Marcolli (2016) when using contact
angle ignored the correction for the size dependence of surface tension and assumed a zero
contact angle, she also mentioned that ‘accurate values for the contact angles between water
and the pore walls of our investigated particles are not available’.
Marmur, Abraham, Claudio Della Volpe, Stefano Siboni, Alidad Amirfazli, and Jaroslaw W.
Drelich. "Contact angles and wettability: towards common and accurate terminology."
Surface Innovations 5, no. 1 (2017): 3-8.
Marmur, A.: Soft contact: measurement and interpretation of contact angles, Soft Matter, 2(1),
12-17, doi:10.1039/B514811C, 2006.
Strobel, M. and Lyons, C. S. (2011), An Essay on Contact Angle Measurements. Plasma
Processes Polym., 8: 8-13. doi:10.1002/ppap.201000041
Marecolli, C. (2016), 'Pre-activation of aeosol particles by pore condensation and freezing',
Atmos. Chem. Phys., 2016, 1-48.
Hoose, C, and O Méhler. "Heterogeneous Ice Nucleation on Atmospheric Aerosols: A Review
of Results from Laboratory Experiments." Atmospheric Chemistry and Physics 12, no. 20
(2012): 9817-54.
R: Thank you for this comment. We agreed that contact angle cannot be accurately measured and the
contact angle over heterogeneous soot powder surface perhaps has a distribution other than a single value.
However, a wettable surface always shows a lower contact angle value and this relative outcome remains
unchanged. Here in L116 in the original manuscript (L120 in revised manuscript), we use contact angle
as a measure for relative soot surface wettability. In addition, the inverse Kelvin effect occurrence, which
is an important step for soot ice nucleation via pore condensation and freezing (PCF), relies on the contact
value according to Kelvin equation. From the literature (Marcolli, 2014; David et al., 2019; David et al.,
2020; Marcolli, 2020; Marcolli et al., 2021), contact angle is used for PCF description and
parameterization other than wettability. Marcolli et al. (2021) noted that contact angle can be viewed as
a measure to quantify particle surface wettability and enumerated two cases (contact angle 180 and 0°)
from Lohmann et al. (2016) to present the role of contact angle in surface wettability. To stay coherence
with the literature and understand soot particle ice nucleation via PCF, we think it is necessary to mention

the contact angle.

21 L127: replace ‘need’ with ‘could benefit from’
R: Thank you. Agreed (see L131 in revised manuscript)

22 L134: in the abstract you also mention mixed-phase, but the conclusions are only about ice
nucleation in cirrus clouds?

R: Thanks for the comment. We discussed and concluded that both uncoated and coated soot particles

cannot nucleate ice in the mixed-phase cloud regime (see Sect. 3 in L349-350 in revised manuscript).

Now, a statement is added in the conclusion part (see Sect. 5 in L751-752 in revised manuscript) as

following:

‘For T > HNT, i.e. in the mixed-phase cloud regime, soot particles with/without H>SO,4 coating do not



nucleate ice.’

23 L137: The samples are not ‘experimental’ perhaps ‘test samples’?
R: We agree, and now, we use ‘soot samples’ instead of ‘experimental samples (see L141 in revised

manuscript).

24 L142: Switch places between the name and the HINC acronym like you did in linel46 for
DMA
R: Thanks. Agreed and changed (see L146-147 in revised manuscript).

25 L143: part of the exhaust air
R: We mean exhaust and not specifically exhaust air, since the exhaust contains air and soot particles,

as such we do not believe exhaust air suggested by the reviewer reflects what we mean to say.

26 L148: mobility diameter — change throughout the manuscript.
R: Thanks. Agreed and changed (152 in revised manuscript).

27 L164: remove ‘Experimental’

R: Thanks. Agreed and removed (L167 in revised manuscript).

28 L166: mention it's a diameter in this sentence.

R: Thanks. The sentence was corrected as following (L169-170 in revised manuscript):

‘Firstly, the DMA selects soot particles with a mobility diameter of 200 nm (sheath to sample flow ratio
13 : 1) or 400 nm (sheath to sample flow ratio 7 : 1) and...’

Original sentence: ‘Firstly, the DMA selects 200 nm (sheath to sample flow ratio 13 : 1) or 400 nm

(sheath to sample flow ratio 7 : 1) soot particles and...’

29 L167: The aerosol sample — does it contain only the soot aerosol? Are there byproducts in the
propane combustion process e.g. gases/vapors? If there are any, where do they go, do they
follow the aerosol coating and IN path? Would this direct injection affect your measurements?

R: The combustor exhaust partitioning will influence soot particle properties. For example, Corporan

et al. (2008) suggested the aircraft engine particulate and gaseous emissions vary among different

sampling positions, implying that soot samples downstream of the soot generator with different ageing
time may have different properties and ice nucleation abilities. In this study, we used a 125 L mixing
volume to allow soot particle evolution and mixing with gaseous species and to generate a more
homogeneous soot particle population before ice nucleation experiments and sample characterization.
Before sampling size selected soot particles, water vapor was removed by a diffusion dryer (down to <
5 % RHy, see L149-152 and L247 in revised manuscript).

30 L168: home change to in-house
R: Thanks. Agreed and changed (L172 in revised manuscript).

31 L174: CPMA - see comment L.142
R: Thanks. Agreed and changed (L179 in revised manuscript).



32 L175: sucked changed to pulled
R: Thanks. Agreed and changed (L.180 in revised manuscript).

33 L176: microscopic grids change to microscopy grids

R: Thanks. Agreed and changed (L181 in revised manuscript).

34 L177: Rephrase. Not clear distinction from what? Other studies in this field? Your previous
studies? Is the ‘generation of coated soot...and the real time analysis of their properties...” are
the only novelty components of this study? why is it important to mention this distinction?
Also see my major comment on the significance/novelty of this study.

R: This sentence was changed to the following (L181-183 in revised manuscript):

“The purpose of this study is generating H>SOy4 coated size-selected soot particles and studying their

physical properties including mobility diameter, mass (density), morphology and ice nucleation ability.’

35 L178: not sure what online means here? Real-time?
R: It was deleted (from L182 in revised manuscript) and the sentence was revised. Please see

response to comment 34.

36 L179: see comment in L16.

R: Please see response to comment 5.

37 L186: finally change to consequently
R: Thanks. Agreed and accepted (L190 in revised manuscript).

38 L191: LabVIEW
R: Thanks. Agreed and accepted (L195 in revised manuscript).

39 L207: indicating no pure nucleated H,SO4 - add reference to subsection where these results
are presented.

R: Thanks. Agreed and accepted we added the reference to Appendix A (see L211 in revised

manuscript).

40 L211: becomes absent - what does that mean? There is no longer homogeneous nucleation or
the mode moves below your detection threshold or rate of coagulation is higher than
homogeneous nucleation?

R:  We mean the absence of small size mode (~ 40 nm) of H,SOj4 read directly from the Fig. A1. When

soot particles present in the nucleation and condensation process of HSO4 vapor, soot particles serve as

nuclei and significantly decrease the HoSO4 vapor pressure by depleting the acid vapor. Therefore,
nucleation mode H>SO4 and coagulated pure small H,SO4 particles number concentration can be
dramatically decreased. We have now rephrased “becomes absent” to “is absent” (see L215 in revised

manuscript)

41 L211: decreases dramatically - please elaborate, is it the difference between nucleation and

coagulation rates? What portion coagulated and how much condensed? have you tracked the



temperature in this coating process? how mixing the flows with different temperature affects
the evaporation rate of H,SO4? could it affect the repeatability?
R: Thanks for the comment. As in L211 in the original manuscript, it is the number concentration of
pure H,SOy4 particles that decreases progressively and after 20 minutes the small mode ~ 40 nm is
completely absent. To make this clear, we have now rephrased the sentence to read “...and the number
concentration of H:SOy particles reduces to effectively zero for the ~40 nm peak (see Fig. A1)’ (see L215

and 216 in revised manuscript)

As shown in Fig. 2 and described in Sect. 2.2.1, the temperature of H,SO4 vapor flow, dilution flow and
cooling system was continuously monitored and maintained for each soot sample with a H,SO4 coating
wt %. The flow rates for each stream were controlled as indicated in Fig. 2. By increasing the H,SO4
vapor saturation and dilution flow temperatures, more H,SO4 vapor can be generated and the coating
thickness for per coated soot sample can be controlled. To demonstrate the repeatability, the coated
particle mass and mobility diameter were monitored during the course of ice nucleation experiments, and
ice nucleation tests were also performed by conducting two RH (relative humidity) scans at per fixed
temperature. In addition, each size selected soot sample was coated with at least 8 different coating
thicknesses and the coating thickness increase monotonically with increasing saturation flow and

temperature (see Table 1 and Fig.3).

42 L215: we are confident change to we conclude

R: Agreed and changed (see L220 in revised manuscript).

43 1.220: a known changed to defined?
R: Agreed and changed (see L224 in revised manuscript).

44 L252: ‘and’ change to ‘so that’.
R: Agreed and changed (see L256 in revised manuscript).

45 L258: what’s the reasoning for using a water CPC? would you expect differences in
comparison to butanol CPC for coated and bare soot counting?

R: For particle mass measurement by using the CPMA (centrifugal particle mass analyzer), a high flow

rate CPC (condensation particle counter) is required to reach a better resolution than a low flow rate CPC.

Therefore, water CPC 3787 (Model 3787, TSI Inc.) with 1.5 L min'! flow rate was used. Before the

experiment, we compared our butanol CPCs 3776/3772 and water CPC 3787 by measuring the same soot

sample (both propane flame soot and FW200 black carbon) with/without H>SO4 coating. The differences

for particle counting from these CPCs were less than 10 %.

46 L260: see comment 148
R: Agreed and changed (see L264 in revised manuscript).

47 1.262: remove mathematical

R: Agreed and removed (see L266 in revised manuscript).

48 1.262: see comment L148



R: Agreed and changed (see L266 in revised manuscript).

49 L266: remove ‘by the’

R: Agreed and removed (see L270 in revised manuscript).

50 L274: see comment L.148
R: Agreed and changed (see L278 in revised manuscript).

51 L289: What is the reasoning for bringing this issue up here if there is no solution provided?
Stating that it provides still relatively comparable information doesn’t resolve the issue. This
should be moved into discussions of uncertainties in the study. What type of BET was used
for the specific surface area of your samples?

R: Here, we presented particle size, mass (effective density) and equivalent monolayer changes in Fig.

3 to show the coating effect on soot particle morphological properties. This helps the understanding and

discussion of the coating effect on soot particle ice nucleation. More detailed coating effects on soot

particle mixing states and ice nucleation were discussed in Sect. 3. We used the N, (nitrogen) based BET

(Brunauer-Emmett-Teller) surface area for uncoated soot samples reported by Mabhrt et al. (2018) (see

L275 in revised manuscript).

52 L292: Whereas 400 nm size selected soot particle does not show apparent size growth — why?
R: After L292 in the original manuscript (L297-300 in revised manuscript), a new sentence is added
to explain this.

“This may result from a lower effective density of 400 nm soot particle compared to that of 200 nm soot
particle, which suggests larger soot particles are less densified and contain more pore volume for H»SOq

filling rather than surface accumulation of the acid which would lead to a detectable size increase.’

53 L302: home — change to in-house
R: Agreed and changed (L309 in revised manuscript).

54 1L331: see comment in L16.

R: See response to comment 5.

55 L338: what aerosol is used to calibrate the 780nm diode in the OPC? In appendix C, have you
evaluated the response of the OPC to different soot types and diameters directly without
passing through the chamber? Is it possible that the OPC mis-sizes non spherical, light
absorbing soot with higher refractive index with a complex component? The coated soot is
often studied for its enhanced light absorption and other optical property changes, would that
affect the OPC sizing? Bhandari et al. 2019 wrote that compaction affects the soot optical
properties. Light absorption and scattering change when a soot particle undergoes
morphological transformations. The recommended operating temperature of the OPC by the
manufacturer is 0° C to +50° C, what are the expected biases in detection and sizing for
air/aerosol flows at low temperature, down to -55? Would you expect humidity condensation
on OPC windows?

R:  Our GT-526S OPC (optical particle counter) was calibrated with PSL particles by MET ONE



Instrument Inc. before the experiments. In Appendix C, we used the OPC to measure 200 and 400 nm
size selected bare mCASTblack soot particles directly without passing through the chamber to
demonstrate that majority of the size selected unactivated soot particles are detected in the size bin below
1 um. As we do not use the OPC to detect soot particles directly but rather use it to detect nucleated ice
crystals larger than 1 um, we do not believe mis-sizing the soot particles in the range below | um is an
issue. As long as unactivated soot particles are not detected in the OPC > 1 um channel, we do not expect
interference of signal. Finally for such small freshly nucleated ice crystals (1 — 5 um), we believe the ice
crystals appear almost spherical (Mahrt et al., 2019) in HINC. As such we do not expect significant biases
from asphericity. More details on the characterization of sizes are available in Lacher et al. (2017) and
Mahrt et al. (2019).

We did not observe vapor condensation on the OPC internal optics. If this was to occur, it typically
results in no counts or unchanged counts over time and thus an indication for cleaning and recalibration.
Furthermore, the OPC optics will be at temperatures warmer than the sample temperature, as such
condensation is not likely to occur. Detection is merely based on being at size larger than the injected
soot particles, so as long as the ice crystals do not shrink to below 1 pm, our counts should not be affected.
It is possible that the OPC mis-sizes the particles — however, we are not using the OPC to report a size
distribution as such this should not affect our results. The OPC is merely used to separate small

unactivated soot particles from larger ice crystals.

56 L360: see comment L116. You can cite here the earlier studies. It can be attributed to
wettability but not necessarily contact angle.

R: See response to comment 20.

57 L360: There is no mention of the solvents/organic content pre-existing in FW200 as indicated
by the manufacturer. Volatile content gas chromotography or DTA-TGA analysis could shed
some light on the chemistry or its wt %. Without it, some discussion is needed about the
possible properties of this content and whether glass transition of those organic compounds
could impact the IN activity in these temperatures.

R:  We in L348 and L353 (in original manuscript, now in L355 and L360 in revised manuscript) refer

to Mahrt et al. (2018) who studied 200 and 400 nm bare FW200 soot particles generated by a fluidized

bed aerosol generator (FBG, Model 3400A, TSI Inc.) The authors also conducted thermogravimetric
analysis (TGA, model Pyris 1 TGA, PerkinElmer) and suggested that FW200 shows ~ 7 % mass losses
for water vapor and/or low-molecular-weight organics below 100 °C and there is no significant mass loss
for FW200 between 100 and 400 °C (Mahrt et al., 2018). In addition, flushing FW200 sample at 25 °C
for 1000 min in N, flow leads to a ~ 9 % mass loss, suggesting the mass loss during TGA measurement
below 100 °C is due to loss of adsorbed water (Mahrt et al., 2018). The TGA results suggest that organic

content is negligible for this soot sample.

58 L409: Is there a possibility of homogeneous nucleation of the acid and coagulation with soot,

Coagulation is strongly affected by residence time. would that be possible on these time scales?
R: We addressed in L187 and L188(in original manuscript, now in L189 and L190 in revised
manuscript), the acid coating process onto soot particles may include the direct condensation of
supersaturated H,SO4 vapor and the adsorption of small H>SO, particles formed by homogeneous

nucleation (Bambha 