We thank Reviewer 3 for his/her constructive comments. We reproduce the reviewer’s comments in

blue and our responses in black in this document.

Some more information on the droplet size distributions in the emulsions would be good. The fact
that not all droplets in the emulsions have the same size, and particularly that there likely are some
large droplets with a high amount of material in them, will influence the extent to which the obtained
data can be used to derive atmospheric implications.

This is a good point. The emulsion preparation procedure has been developed in our group and was
first described in Marcolli et al. (2007). It has been used in Pinti et al. (2012) and Kaufmann et al.
(2016). Droplet size distributions resulting from this procedure are shown in Figs. 1 of Marcolli et al.
(2007), Pinti et al. (2012) and Kaufmann et al. (2016). Our size distribution are comparable with these.
To make this clear, we add to Sect. 2.2 of the revised manuscript on lines 148-150 the following
sentences:

"This procedure leads to droplet size distributions peaking at about 2 — 3 um in number and a broad
distribution in volume with highest values between 4 and 12 um similar as the ones shown in Figs. 1
of Marcolli et al. (2007), Pinti et al. (2012), and Kaufmann et al. (2016)."

For 2 wt % microcline suspensions, the smallest droplets of emulsions prepared by this procedure
remain empty while the largest ones carry in the order of 1000 microcline particles. We consider these
largest droplets relevant for the onset freezing temperatures. Since these droplets freeze due to a
nucleation event occurring on the best of about 1000 particles, the onset freezing temperature has a
high bias compared with the freezing temperature of an average microcline particle. This may explain
the higher freezing temperatures observed in our experiments compared with the ones from single

particle freezing experiments (Niedermeier et al., 2015; Burkert-Kohn et al., 2017).

Broad droplet size distributions with few large droplets might explain why the onset temperature of
heterogeneous freezing does not change much with microcline concentration (line 172-174): in all
emulsions, there may have been a few large droplets with a comparably high microcline content
(more precise: a high total microcline surface area per droplet), which were responsible for the
onset of freezing. Interestingly, this temperature you report (~ 251 K) also is the temperature at
which the strong increase in the freezing spectrum for microcline (“K-feldspar’) in the paper by

Atkinson et al. (2013) starts. The droplets with the highest content of microcline in your experiments
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likely are similar (in microcline surface area per droplet) to those examined by Atkinson et al.
(2013).

A constant onset temperature of heterogeneous freezing is indeed a sign of a narrow distribution of
active site freezing temperatures. There are examples of a shift of freezing onset to warmer
temperatures with increasing suspension concentration. Such an increase is observed for ATD, which
is a mixture of minerals (see Fig. 4a of Marcolli et al. (2007)). When a minor component is freezing
at warmer temperatures than the dominant species, a second heterogeneous freezing peak appears
for higher suspension concentrations as is the case for kaolinite from Sigma Aldrich (same as Fluka)
containing a minor component of feldspars. The mineralogical pure kaolinite from the Clay Mineral
Society KGa-1b has an almost constant onset (see Fig. 3 of Pinti et al., 2012). Atkinson et al. (2013)
report an active site density of about 10° cm for microcline between 251 K and 252 K. The freezing
onset for 2 wt% microcline suspensions is ~252 K (see Fig. 3.). If we assume that all the microcline
particles in our study are of average size (mode diameter of 213 nm), droplets responsible for the
freezing onset (12 um diameter) should contain about 1000 particles in case of 2 wt% suspensions
resulting in an active site density of at least 5-10° cm at ~252 K. The same evaluation for 0.2 wt%
and 20 wt% microcline emulsions yields active site densities of at least 5-10° cm and at least 5-10-
4 cm-2at 251 K and 252 K, respectively. Note, that it is only possible to determine a lower limit of
active site densities because more than one site may be responsible for freezing especially at high
suspension concentrations. Overall, these numbers are in excellent agreement with Atkinson et al.
(2013) considering the roughness of the estimate and that microcline samples from different sources
and origins have been compared. Moreover, it shows that microcline exhibits a characteristic active
site with little variation in the freezing temperature.

The above mentioned discussion has been added as a new section to the revised manuscript: “Section
4.1 Heterogeneous ice nucleation of microcline in pure water” (Lines 233-263)

| do take from your text that you yourself assume that there are multiple particles contained in single
droplets, as you mention possible aggregation (line 288, lines 550-551). This is, however, only
mentioned at these two occurrences, but might influence your results more broadly. This should be
incorporated more wherever it could influence your results.

We rather think that aggregation occurs in the suspension before the emulsions are prepared and
could lead to more empty droplets. We therefore sonicate the suspensions to avoid possible

aggregation before the preparation of the emulsions. We have discussed this in Appendix B in the
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manuscript where we determined the particle size distribution of microcline suspended in pure water
with a laser diffraction particle size analyzer. Suspensions were sonicated for 2 minutes before the
size distribution measurement. Negligible agglomeration was observed during aging for 2 hours
(Figure B1). Therefore, we assume negligible aggregation also within the emulsion droplets.

Has the DSC method been compared to single particle or freezing array methods before? If yes, this
could simply be mentioned in the text, together with the results on how the different methods
compare.

We made such comparisons in Kaufmann et al. (2016). Through emulsion freezing experiments the
whole distribution of particles is investigated for their IN efficiency without any extra information
concerning the dependence on particle size. In Kaufmann et al. (2016), we applied the active site
parameterization developed by Marcolli et al. (2007) based on DSC freezing experiments with
polydisperse ATD (Arizona Test Dust) to other studies that investigated the IN efficiency of ATD
(Niedermeier et al., 2010; Hoyle et al., 2011; Nagare et al., 2016). We found throughout consistency,
e.g. a low ice active fraction for 300 nm ATD particles. This confirms our assumption of random
distribution of INP within droplets that was the basis of the simulations in Marcolli et al. (2007).
Niedermeier et al. (2015) observed onset freezing temperatures of 248 K in single particle immersion
freezing experiments (LACIS) with microcline. Their onset corresponds to a frozen fraction of 0.02
to 0.05 and does not vary much over size-segregated K-feldspar (76% microcline) particles with
diameters from 200 nm to 500 nm. The 500 nm particles achieve an ice active fraction equal to one,
while the smaller particles reach a plateau at 238 K below an ice active fraction of one. Burkert-
Kohn et al. (2017) performed single particle immersion freezing experiments with size-segregated
microcline and found a frozen fraction of 0.1 up to 253 K for 300 nm particles and up to 248 K for
200 nm particles. Our microcline sample consists of particles with diameters ranging from 100 nm
to 2 um and a mode diameter determined as 213 nm and exhibits Tonset 0f 251 — 252 K for suspensions
in pure water with concentrations between 0.2 wt% and 20 wt%. Kaufmann et al. (2016) investigated
two microcline samples with onset freezing temperature range of 250.5 — 251.8 K (microcline from
Namibia) and 251.8 - 252.8 K (microcline from Elba) for suspension concentrations of 0.5 — 10 wt%.
Kaufmann et al, (2016) calculated active particle fractions of 0.64 for Micrcline Elba and 0.54 for
Microcline Namibia, but concluded that considering the uncertainties associated with these
estimates, the data would also be consistent with an active particle fraction of one. In conclusion, the

DSC results are consistent with results from single particle and droplet freezing setups, even more if
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one considers the variability of IN activities between different microcline samples as shown in Fig.
5 by Harrison et al. (2016).

The new section (Sect. 4.1) in the revised manuscript discusses the comparison of our freezing onsets
in pure water with the ones of other studies. (Lines 244-263)

In general, it would be good to know how large the droplets you looked at were on average, and how
broad was their size distribution? And how broad was the particle size distribution? And how were
the particles distributed to the droplets? Or, summarized in one parameter: how was the mineral
surface area distributed to the droplets? Is anything known on that?

The size distribution of dry dispersed microcline particles evaluated using APS/SMPS has been
added in the revised Supplementary Material (Figure S17). Moreover, the size distribution of
microcline particles suspended in water is shown in Fig. B1, upper left panel.

The probability for a droplet to contain at least one particle depends on its volume. Therefore, the
probability for a larger water droplet to freeze heterogeneously is higher than for a smaller water
droplet. Hence, freezing of larger droplets dominates the heterogeneous freezing signal and freezing
of smaller droplets the homogeneous freezing signal. We have discussed this in more detail
previously in Kaufmann et al (2016) (Sect. 3 Statistical evaluation of emulsion measurements) as
well as in the current manuscript ““Sect. 3.1 Effect of microcline concentration on the heterogeneous
freezing signal”. We extend this discussion in the revised manuscript (Lines 191-196):

“For 20 wt% microcline suspensions, droplets with diameters of 1.1um are on average filled with
one microcline particle, while smaller droplets are on average empty. This number shifts to 6.3 um
for 0.2 wt% microcline suspensions. 2 wt% suspensions were picked for further investigations
leading to a good heterogeneous freezing signal with little particle agglomeration (see also Kaufmann
et al. (2016) and Appendix B). Droplets with diameters of about 12 um are considered to be relevant
for the freezing onset in the DSC. For a 2 wt% suspension of microcline, these droplets contain about
1000 microcline particles.”

And last but not least: How reproducible are the distributions in the emulsions? And how reliably
can the freezing spectra be evaluated (as e.g., those shown in Fig. 4)? And what is the uncertainty
of the derived values?

The homogeneity of lanolin-mineral oil mixture determines the reproducibility and stability of the
size distribution of droplets in emulsions as discussed previously in “Sect. A2 Uncertainty in the

calculation of water droplet size distribution in Kaufmann et al. (2016). We have shown that the
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fraction of ice active particles varies at most by a factor of 2 due to the changes in the water droplet
size distribution for emulsions prepared with a batch of lanolin-mineral oil mixture and dust
suspension with a few months gap. This result is in accordance with the comparison of the droplet
size distributions measured at different times.

Fret is evaluated from freezing experiments with at least two separate emulsions prepared from each
suspension. Deviations are on average ~2 % from the mean. The maximum observed deviation from
the mean was 10 %. This has been discussed in Sects. 2.2 (Lines 165-167) and 3.2 of the manuscript.
line 345: You observe that Fret decreases during the first day after microcline was suspended in pure
water, while Tret was preserved. Could a reason be that droplets are settling out? Again, it seems
that the majority of your droplets might act different than the few ones that determine the freezing
onset. And in this respect, if the different emulsions had different surface area distributions for the
experiments in pure water and in dilute NHz and (NH.4)2SOa4 solutions, this may also explain observed
differences. Please discuss this shortly, too.

We age the microcline suspensions and not the emulsions. Emulsions are freshly prepared from the
suspensions right before running a freezing experiment. Settling of droplets in the emulsion
overnight is therefore not an issue. We test the stability of the emulsion during the measurement in
the DSC by performing a run with a cooling rate of 10 K/min before and after the run with a cooling
rate of 1 K/min to check whether the DSC curve is the same for the first and the third cooling cycle.
We use the second cooling cycle for evaluation. This is described in Sect. 2.1.

We have shown in Appendix B of the manuscript that particle aggregation does not explain our
observations. There, we determined the particle size distribution of microcline suspended in pure
water/solutions with a laser diffraction particle size analyzer. The only case where microcline shows
slight aggregation is for the suspensions in 0.5 wt% KCI solution. Re-aggregation within droplets
after emulsion preparation is possible in this case, but it is not sufficient to explain the drastic loss of
IN activity shown in Figs. 3 and 5.

As a bottom line of all of that said above (and besides for revisions in the text mentioned above), the
direct translation of your results to the atmosphere, even with giving degrees of Kelvin by which the
occurrence of freezing may be shifted, needs to be discussed more critically or may even be
shortened. Your results on the influence on the surfaces and surface sites alone is already a valuable

contribution.



The intention of the “Atmospheric Implication” section is to show that the chemical-exposure history
is relevant for the IN activity of microcline. We identify here a case for which a condensation freezing
scenario results in a higher freezing temperature than an immersion freezing scenario. The focus is
on the difference in freezing temperatures between condensation and immersion freezing. The exact
values are not important. To make this clear, we add to the revised manuscript starting on line 473
of the revised manuscript: “As the basis of this discussion we use the freezing onsets and
heterogeneously frozen fractions shown in Figs. 3 and 5, respectively. Figure 9 therefore shows
freezing onsets that reflect the IN activity of the best microcline particle out of about 1000. Scenarios
for average microcline particles would be exactly the same, only with all reported temperatures
shifted downwards to about the maximum of the heterogeneous freezing signal, i.e. by 2 - 4 K.”
(Lines 473-476)

line 51ff: Below, you discuss that deposition ice nucleation was questioned by Marcolli (2014), and
similarly, for condensation freezing, you should also include that Vali et al. (2015) says: “Whether
condensation freezing on a microscopic scale, if it occurs, is truly different from deposition
nucleation, or distinct from immersion freezing, is not fully established.”

We mention this statement in the revised manuscript starting on line 54: “Although condensation
freezing is usually mentioned as a distinct mode, it is still debated whether, on a microscopic scale,
it is really distinct from the other freezing modes (Vali et al., 2015).”

This is also related to line 442, where you use “condensation freezing’, which, however, following
the definition by Vali et al. (2015) given in your introduction does certainly not take place in your
DSC measurements. But you used these measurements to make up your scenarios. Please be
consistent!

Indeed, our definition of condensation freezing is inaccurate. Thank you for pointing this out. We
improve it in the revised manuscript by reformulating the definition of condensation freezing on line
53: “Condensation freezing is considered to take place when IN is concurrent with cloud droplet
activation.” With this improved definition, the scenario fits the definition of condensation freezing.
line 276-278: Is it really so improbable that the (100) surface is exposed? - After all, you milled your
samples, and the number density of active sites in microcline is “only”” ~1000000 cm-3 at 251 K in
Atkinson et al. (2013). This site density would need to be compared to the expected number of cracks

and defaults that may occur during milling, before this statement you make here can be made. BTW:



this is again a point where it would be good to know the exact distributions of droplet sizes and of
particles in the droplets.

Cleavage upon milling occurs mostly along low energy faces. According to Pedevilla et al. (2016),
the most easily cleaved face (001) also shows IN activity. The high energy (100) surface is
presumably most important at the highest observed freezing temperatures which are not probed in
our experiments, while the most common (001) faces become more and more important at lower
freezing temperatures. We improve our argumentation in the revised manuscript, line 323: “If this
were the case, the (100) face would need to be present on almost all particles since the majority of
submicron microcline particles show IN activity (Niedermeier et al., 2015; Kaufmann et al., 2016;
Burkert-Kohn et al., 2017). However, the (100) face is a high energy face that is not easily cleaved
during milling and disappears during crystal growth. Moreover, Pedevilla et al. (2016) attribute IN
activity to the common, easily cleaved (001) face, which we expect to dominate IN on submicron
particles due to its prevalence on the particle surface.” (Lines 323-327)

The whole chapter 4.5: This chapter made a somewhat unfinished impression on me. How do the
results here fit in line with what you described earlier? And as you only did the experiments at a
single (and always different) pH for each of the solutions, a difference between the effects of the
dissolved substance versus the pH cannot be obtained. This should also be mentioned in the text
(e.g., connected to what you write in line 381). Also, in the end of Chapter 4.5, you cite a number of
studies, however, without putting them in context to your results, so while reading this part of your
text, | got confused. Similarly, when later reading the part on aging in the conclusions (line 501 ff) |
was astounded as this did not reflect what | took from this chapter. Please revise these parts of the
text.

The aim of the reversibility tests are twofold, namely (i) to learn more about the properties of active
sites by testing their stability under severe pH conditions, (ii) to investigate the relevance of
microcline as an INP after atmospheric aging. We present them as a function of pH, because we
think that increased surface dissolution at low and high pH limits IN activity of samples aged under
severe pH conditions. To make our reasoning clearer in the revised manuscript we add to the revised
manuscript on line 419: “The aim of the reversibility tests are twofold, namely (i) to learn more about
the properties of active sites by testing their stability under severe pH conditions, (ii) to investigate

the relevance of microcline as an INP after atmospheric aging.” (Lines 419-421)



The effect of aging (hence, surface dissolution) depends on pH since the dissolution of feldspars is
slowest at neutral or near neutral conditions (pH 3 — 8) and increases towards low and high pH
(Helgeson et al., 1984). Burkert-Kohn et al. (2017) showed strong reduction in IN efficiency of 300
nm K-feldspar particles after 12 h of exposure to 1 molar sulfuric acid and nitric acid. Therefore, in
Fig. 8 we use the pH as an ordering parameter rather than stating that it is a strict function of pH.
Starting on line 425, we add to the revised manuscript: “We chose a presentation as a function of pH
because we consider the increased dissolution rates at low and high pH (see Sect. 4.5) as a
determinant of IN activity after aging because it enhances the degradation of the surface which may
result in the irreversible loss of active sites.” (Lines 425-427)

We shortened the discussion of studies from the literature and moved it to Sect. 4.5 of the revised
manuscript treating the aging of microcline.

Moreover, we went critically through the whole section and improved the formulation. We hope that
with these modifications, it is now clear that lines 501-504 of the conclusions (1% submission ACPD
version) give just a short summary of the findings from the aging and recovery experiments.

line 410: You state that ““Saharan dust particles undergo little chemical processing during long-
range transport across the Atlantic unless they become incorporated in cloud droplets”. However,
dust particles are CCN in the atmosphere (Karydis et al., 2011), so | wonder if you want to say that
dust particles do not act as CCN, or that they do not become incorporated in cloud droplets because
Saharan air masses are so dry that clouds do not form? Please clarify, and make clear that dust
particles are CCN.

We agree that dust particles, especially coarse mode, act as CCN during transport across the Atlantic
Ocean. We have improved our statement in the revised manuscript (Lines 457-459): “Furthermore,
airborne and ground station measurements imply that Saharan dust particles undergo little chemical
processing during long-range transport across the Atlantic unless they become incorporated in cloud
droplets by acting as cloud condensation nuclei (CCN).” With this sentence, we summarize results
from field studies by Matsuki et al. (2010), Denjean et al. (2015), and Fitzgerald et al. (2015).

line 435: (Again:) Your method prohibits to make statements about single particles - and, strictly
speaking, also about atmospheric onset temperatures, as a single (and then likely smaller) particle
in the atmosphere will only activate ice at lower temperature. | know that | mentioned this before.

But again, | urge you to state this clearly.



Niedermeier et al. (2015) have shown that the freezing onsets lie in the range of 248 K — 250 K for
individual 200 nm — 500 nm microcline particles. This is only 2 — 4 K lower than the freezing onset
that we observe in our experiments. If we took the maximum of the heterogeneous freezing signal
that would correspond better with the average/median freezing temperature of the particles (Tso), this
would not change the discussion of the atmospheric scenarios. We would like to stick to the
heterogeneous freezing onsets because this is the value that we report throughout the study. The
scenarios discussed in Fig. 9 should be considered as general guidelines for the effect of solutes on
microcline particles.

To make this clear, we add to the revised manuscript starting on line 473 of the revised manuscript:
“As the basis of this discussion we use the freezing onsets and heterogeneously frozen fractions
shown in Figs. 3 and 5, respectively. Figure 9 therefore shows freezing onsets that reflect the IN
activity of the best microcline particle out of about 1000. Scenarios for average microcline particles
would be exactly the same, only with all reported temperatures scaled down to about the maximum
of the heterogeneous freezing signal, i.e. by 2 — 4 K.” (Lines 473-476)

line 505: Let me ask you a question: Have you ever observed ice crystals outside of clouds in the
mixed phase cloud temperature range (unless they fall out from a cloud)? What you suggest here
might suggest that this could be observed. Based on the fact that your method rather is a bulk method
and not one for single particles, I (again) suggest you are careful in drawing conclusions for
processes going on in the atmosphere.

We do not suggest anything like this on line 505 (1%t submission ACPD version). Maybe the
reviewer’s comment is related to “mixing nucleation” that we mention on line 475 (1% submission
ACPD version). We are referring here to conditions below water saturation but above ice saturation.
Under such conditions, ice nucleation can be triggered by drying an air parcel especially at the
periphery of clouds. We agree that our conclusions still should be confirmed by single particle
measurements in continuous flow diffusion chambers.

line 45: The abbreviation “IN” is used but has only been defined in the abstract. I’d define it again
on the first appearance in the text.

The abbreviation “IN” has been now defined on the first appearance (line 42) in the revised
manuscript.

line 72: You say ““the particle™, but in this context, it is not clear, which particle you mean.



The subject of this line are particles exceeding 1 um. The suggested line has been modified to
“....such supermicron particles with excellent active sites and hence a high IN efficiency.” (Lines
75-76)

line 115: Replace “the” with ““a”, as this is where the setup is first introduced. Also, DSC was
defined in abstract, but 1’d define it again in main text upon its first appearance, ideally together
with a citation where it is described in detail.

We agree with the reviewer’s suggestion. We define DSC on line 96 and write on line 140 of the
revised manuscript: “Immersion freezing experiments were carried out with a DSC (Q10 from TA
instruments) (see Zobrist et al. (2008) for details).”

line 115: Upon reading this the first time, | wished for more information on the microcline when it
was first mentioned here, particularly as you give all the detailed information about all the chemicals
here, too. Now | know that this is given in 2.4. — maybe you could swap the chapters, so that 2.4
comes first, or you could at least mention here that there is more on the microcline sample later.
We agree with the reviewer’s suggestion. Section 2.4 from the discussion paper has been moved up
and changed to Section 2.1 in the revised manuscript. Sections 2.1, 2.2 and 2.3 from the discussion
paper have been renumbered to Sects. 2.2, 2.3 and 2.4, respectively, of the revised manuscript.

line 120: Again, this is the first time that emulsions are mentioned, so delete “the”.

Suggested change has been made.

line 155: Delete the *“,” following ““Microcline™.

Suggested change has been made.

line 179-180: There is something wrong with this sentence, please correct. Looks like a copy/paste
error to me.

We have reformulated this sentence in the revised manuscript, starting on line 191: “For 20 wt%
microcline suspensions, droplets with diameters of 1.1um are on average filled with one microcline
particle, while smaller droplets are on average empty. This number shifts to 6.3 pm for 0.2 wt%
microcline suspensions.”

line 275: Kiselev et al. was published online 2016, and | have a version downloaded 2017 that says
"cite as ..., 2016" - please check which year is correct.

We agree to the reviewer’s suggestion. The concerned reference has been cited as “Kiselev et al.,

(2016)” in the revised manuscript.
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line 298: 1’d prefer ““suggest™ to ““conclude’. BTW: In line 296, you say that ““excess solute strength
hampers the IN efficiency”. Do you have any idea why that would be? If you could add a sentence
on that here, 1I’d appreciate it.

We changed “suggest” to “conclude” in the revised manuscript.

The hampering of IN efficiency at higher solute strength (hence, lower water activity) has been
discussed in detail in Section 4.4 of the revised manuscript. The concerned line has been modified to
“excess solute strength hampers the IN efficiency (discussed in Sect. 4.4)” in the revised manuscript.
(Lines 344-345)

line 310: Please add at or above which water activity you are referring to, here, in this sentence, as
data all agree quite well in the lower concentration range.

To specify the water activity range for enhanced Thet yet hampered Fret, the concerned line has been
modified in the revised manuscript to “Similarly, increasing the concentration of NH4sHSO4 resulted
in the reduction of Fret while Thet still showed an increase at low concentration (aw = 1 — 0.85).”
(Lines 355-356)
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