10

15

20

25

30

Referee#1 comment RC2

This study investigates the ice nucleation characteristics of two samples of Asian dust collected from the west coast of Japan.
Particles with diameters > 1.1 p m were deposited on a hydrophobic Si waver using an impactor. The ice nucleation ability
of the collected particles was investigated in immersion freezing mode in a closed cell mounted onto a cold stage of an
optical microscope. The ice nucleating particles (INPs) together with a number of inactive particles were characterized first
with AFM and micro-Raman spectroscopy followed by SEM-EDX. For comparison several reference samples were
investigated with the same methods. This study presents a new approach to characterize atmospheric INPs on an individual
particle basis. It is a welcome complement to other combinations of methods used to characterize atmospheric INPs on a
single particle basis. It shows once more how complex the composition of aged aerosol particles in the coarse mode is,
rendering a clear classification of particles difficult. Nevertheless, the authors succeeded to identify physical and chemical
characteristics that increase or decrease the ice nucleation ability of the particles. I recommend this paper for publication in
ACEP after revisions. Specifically, the experimental procedure needs to be explained in more detail. For the validation of the
method, the reference samples need to be analyzed more quantitatively and compared more thoroughly with available
literature. Moreover, more references need to be added to the introduction and the formulation of some sentences needs to be
improved (see specific comments below).

The authors would like to thank the reviewer for providing positive comments and constructive suggestions by thoroughly
going through the manuscript. As suggested by the reviewer, we added more details on the experimental procedures. We
have conducted additional and thorough analysis on the reference samples to validate our method, and quantitatively

compared the results with the available literature. Please find our response to each of the comments below (in blue italic).

Page 1, line 19: what is meant by “slower”? At lower temperature?
We changed the corresponding sentence as follows:
‘Meanwhile, most of the IN active atmospheric particles formed ice below -28 °C, i.e. at lower temperatures than the

standard mineral dust samples of pure components.’

Page 2, line 9: reference to Murray et al. (2012) only is somewhat arbitrary. Add more references or “e.g.” in front of the
reference to the Murray et al.review..
We added Murray et al., (2010) and Rosenfeld and Woodley, (2000) as the references which also reported that the

homogeneous nucleation takes place below -37°C.

Page 2, line 21 — 22: This sentence needs to be reformulated.

We changed the corresponding sentence as follows and added few more references:
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‘Based on these results, while mineral dust and biological particles are generally regarded as efficient ice nuclei (Morris et
al., 2004; Connolly et al., 2009; Niemand et al., 2012), ice nucleation within mixed phase clouds involving soot and organic
particles is still not as clearly demonstrated due to the diverse chemical composition and different experimental conditions

(DeMott, 1990; Kireeva et al., 2009).”

Page 2, line 23: “sea salt and sulfates are often not considered as efficient ice nuclei.”: This is not generally true for sulfates.
Ammonium sulfate is found to be ice nucleating at lower temperatures as is also stated later in the manuscript by referring to
e.g. Abbatt et al. (2006). The sentence here needs to be corrected, e.g. by adding “under mixed phase conditions”.

Indeed, we should state more clearly that we are referring specifically to the mixed phase conditions here. We made the
following change as suggested.

‘On the other hand, sea salt and sulfates are often not considered as efficient ice nuclei under mixed phase conditions.’

Page 2, lines 30 — 31: This sentence needs to be improved.
We changed the corresponding sentence as:
‘This enabled direct and detailed investigation on the particles representative of the actual deposition mode ice nuclei in

cirrus clouds.’

Page 3, lines 1 — 3: this statement should be supported by more recent references.

We added Prenni et al., (2012) and Ardon-Dryer and Levin, (2014) as the references.

Page 3, lines 3 — 5: this statement should be supported by a reference.

We added Korolev, (2007) as the reference.

Page 3, line 12: which “above mentioned artifacts” are meant here? Please, be more explicit.

We made the following changes to be more explicit:

‘However, they also reported discrepancies between the results obtained from the three different sampling techniques, and
attributed them to potential bias arising from the artifacts such as the possible generation of particles within the instruments

and the inherently scarce number of ice nuclei in the atmosphere.’

Page 3, line 20: more than just one reference should be given here to support this statement.

We added Zhang et al., (2003), Sullivan et al., (2007), and Iwasaka et al., (2009) as the references.

Page 3, lines 21 - 22: again, more than one reference should be given to support this statement.

We added Maring et al., (2003) as the reference.
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Page 4, lines 25 — 28: Was the dew point kept constant at -6 to -3°C during cooling? Also, the degree of dilution of the
particle should be estimated based on the size of the developing droplet. This is important to judge whether a freezing point
depression as discussed later on in the manuscript is relevant at all.

The air supply to the chamber is cut during the cooling phase, so the dew point of the supplied air is not actively controlled
or monitored during this time. Nonetheless, as the course of the cooling down to -30°C, the remaining water vapor in the
chamber is expected to be maintained slightly above the saturation. This is consistent with the fact that the growth in particle
size due to condensation can be visually observed.

The dry and wet particle diameters before and after the condensational growth are shown in Table S-1. The degree of
dilution was estimated based on the growth rate. As a result, the average concentration of the solution droplets of the

atmospheric particles were estimated to be approximately 0.074 g/ml.

Table S-1: The diameters and volumes of the particles before (dry) and after (wet) the condensational growth.
Corresponding concentrations of the sample and test solute particles in the solution droplets are also shown. Here, D,,, and
D, denote the circle equivalent diameters obtained from the 2D silhouette of the particles in the microscopic images taken
before and after (at approximately -25 °C) the cooling experiment, respectively. The number of the particles observed by the
microscope is shown as n. V,, is the sphere equivalent volume calculated from the corresponding D,,,. V,,, was calculated by
assuming droplets having contact angle of 110° relative to the substrate. The droplet volumetric growth factor GF was
determined by the ratio of V,,, relative to V,,, By assuming following densities (sampled particles: 2.00 g/em’, NaCl: 2.16
g/cm3, Ca(NO;),: 2.36 g/cmj), The calculated mass and molar concentrations of the droplet are shown in terms of m and M,
respectively. The test solute particles of NaCl and Ca(NO;), were aerosolized by atomizing their solutions (0.005g/ml) and

collected on the substrate with an impactor.
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Sampled

particles (::(;17) ((::(=N1?)3i))2
(n = 144)
Dy, (em) 39+08 48+14 40£1.0
D, (um) 9218 147 £4.7 12925
V gy (pm°) 44%22 9.0+7.6 49%22
Vet (um?) 156.9 +75.0 750.0 £ 677.0 4292 +191.0
GF 43.9+25.0 94.3+55.7 123.7 +101.4
m (g/ml) 0.074 +0.112 0.029 +0.015 0.024 +0.009
M (mol/l) - 0.49 +0.25 0.15 £0.05

Page 5, lines 26 — 27: This sentence needs to be improved.

We changed the corresponding sentence as follows:

‘Both the IN active and non-active particles collected in the atmosphere were analyzed on an individual particle basis using
a series of microscopic techniques. Firstly, an AFM (CombiScoperm 1000, AIST-NT, Inc., USA) was used to characterize the

three-dimensional morphology, followed by micro-Raman spectroscopy to detect chemical compounds.’

Page 7, lines 11 — 16: Here, the freezing onset temperatures of the reference samples are compared with literature (Atkinson
et al.,2013) and it is concluded that they are consistent. However, this comparison does not take the surface area present in
the samples into account. The comparison needs to be based on the surface area present in the investigated reference sample
of this study multiplied with published ice nucleating active sites (INAS) surface densities e.g. from Peckhaus et al. (2016)
or Harrison et al. (2016) for feldspars. Moreover, It should be specified what frozen fraction was taken as the onset condition.
We have to admit that our technique is not a perfect method that can resolve all technical issues encountered in the ice
nucleation experiments. The biggest advantage of course is that we can keep track and be sure which single particle was
actually nucleating ice. In return, we have to sacrifice the accuracy and quantitative evaluation of freezing temperatures
based on INAS in relation to the evaporation of droplets in the vicinity of the frozen particles (Bergeron-Findeisen effect), as
well as due to the limited number and size (d>1.1um) of the particles that can be analyzed.

The number of ice crystals formed are compromised especially at lower temperatures as the number and size of ice crystals
increase and more droplets in the vicinity of the growing ice are subjected to evaporation. When comparing our results with
those found in literature, we must also note that strict comparison is difficult because of the uncertainties and differences

related to the size distribution and composition of dust particles used in different experiments. Assumptions made to

4
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calculate the surface area can also be a source of bias. The K-feldspar used in this study as a reference mineral dust was
purchased from the same supplier, but the lot number is different (i.e. different source rock) from the K-feldspar used in
Atkinson et al (2013). Therefore, composition of K-feldspar used in the current study and that used in Atkinson et al. (2013)
are not exactly the same. Nevertheless, we added the ice nucleation active sites (INAS) of the 4 standard mineral particles
measured by the current IDFM (Fig. S-2).

The ice nucleation active sites (INAS) obtained in this study agreed within an order of magnitude difference compared to
those found in the literature (despite many different experimental conditions). Further, we would like to emphasize that the
relative order of the onset temperatures found for different particles is always consistent (i.e. K-feldspar > Na-feldspar >
quartz > kaolinite >> pure water) and even the range of the freezing temperatures are not far off from the reported values.
It was probably not clearly stated in the manuscript, so the following change was made with regard to the onset
temperatures:

‘Heterogeneous ice nucleation observed in all standard mineral samples tested in this study (K-feldspar, Na-feldspar, quartz,
kaolinite) consistently occurred at higher temperatures than the homogeneous freezing temperature. The reference mineral
samples were milled to fine grains before being collected on Si wafer substrate by an impactor. Three set of samples were
made for each reference mineral to ensure large enough observation area for the IDFM. The total number of the particles
monitored during the ice nucleation experiment by IDFM was 4,509, 2,271, 4,759, and 1,435 particles, respectively. In this
study, the freezing onset temperature of the sample was defined as the temperature at which the IN active fraction of the
total observed particles reached 0.01. As a result, the freezing onset temperatures for K-feldspar, Na-feldspar, quartz, and
kaolinite ranged between -22.2 to -24.2 °C, -24.7 to -25.7°C, -24.8 to -26.8 °C and -27 .2 to -29.2 °C, respectively (Fig. S-1).
Therefore, the ice nucleation activity of K-feldspar was the highest and that of kaolinite was the lowest. The order and the
range of observed onset temperatures for these minerals were consistent with the results found in the literature (Atkinson et

al.,2013; Murray et al., 2011).”
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Figure S-1: Activated fractions of the reference mineral dust particles. Results of the atmospheric samples collected in

February and April are also shown for comparison.
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Figure S-2: the ice nucleation active site (INAS) densities for the reference single component mineral dust samples. These
INAS densities were calculated from the activated fractions (Fig. S-1) and the averaged sphere equivalent surface areas

obtained from the 2D silhouette of individual particles in the microscopic image.

Page 7, line 18: The ATD and ADS samples should be discussed in more detail. How many particles were analyzed?
Comparison of freezing temperatures with relevant literature is needed.

In response to the above comment, we added the ice nucleation active sites measured for ATD and ADS, and compared with
the natural dust sample found in literature (Niemand et al., 2012)

We also made the following change in the manuscript:

‘For comparison, the freezing onset temperatures of the ATD and ADS were -22.1 to -23.7 °C and -25.2 to -27.2 °C, for

2,019 and 1,354 monitored particles, respectively.’
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Figure S-3: the ice nucleation active site densities for ATD and ADS.

Page 7, line 19 — 21: the measurement procedure needs to be explained better. Was the same sample cooled repeatedly to
investigate the ice nucleation activity of the 10,188 and 24,145 particles? If yes, what were the heating/drying conditions
between the cooling cycles to remove the ice crystals?

No we did not repeat the freezing and heating/drying cycles though it would be an interesting experiment to show the
robustness and reproducibility of the results. To minimize the impact of repeated activation on the particle properties, we
limited it to be just one freezing and heating cycle. Besides, it is very labor intensive to go through that many particles for a

repeated number of cycles.
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The heating/drying condition is described in section 2.1 in the manuscript. We added following explanation in the
Manuscript:

‘For ambient samples, we first determined the total number of target particles by analyzing the optical images recorded with
x50 magnification. As a result, ice nucleation activity of 10,188 and 24,145 particles were monitored by the IDFM for the
February and April samples, respectively. To avoid too many particles in contact or in proximity to each other in the same
field of view, multiple samples were collected during the sampling period on separate silicon wafer substrates to gain a good

total number of particles. *

Page 7, lines 22 — 23: Ice nucleation active fractions should also be given for the reference samples.

We added those results in Fig. S-1.

Page 7, line 24: specify “onset temperature” in terms of a frozen fraction.
We added the following description in section 3.1 as the definition of the onset temperature.
‘In this study, the freezing onset temperature of the sample was defined as the temperature at which the ice nucleation active

fraction of the total observed particles reached 0.01.

Pages 9 — 10, Section 3.4: The elements C, N, O and Si could not be identified by SEM-EDX. The influence of this
restriction should be discussed more explicitly. It should be analyzed whether based on the Raman spectra, some particles
might be dominated by organics. In general, it might be helpful to combine the results of the Raman spectra and the SEM-
EDX analysis already in the results section and not only in the discussion section. Also, do the compositions derived from
the two techniques support each other or are they in some cases contradictory? At the end of this section, it is stated that the
Raman peaks are “not necessarily representative of a major component of the particle”. This is certainly true for large
samples. However, in case of particles with diameters <5 p m, the laser spot penetrates the whole sample. This is supported
by the presence of Raman peaks from the substrate present in the spectra. Moreover, in the method section, it is stated that
Raman spectra were taken “each 750 nm step”. This should lead to a full coverage of the particles in the x- and y-directions.
The restriction of not being able to take into account C, N, O and Si peaks are that we cannot detect organic containing
particles by SEM-EDX analysis alone. As a result, if an organic dominant particle is present, it should be identified by the
presence of organic related peaks in Raman and absence of other particular elements in the EDX spectra. This restriction
however, does not lead to miscounting of mineral dust particles since even a quartz enriched particle can be detected with
inclusions of small amount of Al. We added the following description in section 3 4.

‘Note however, that elements C, N, O, and Si were not taken into account in the EDX semi-quantitative analysis. Therefore,

we cannot rule out the possibility that organic dominant particles may be overlooked by EDX analysis alone.'
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In relation to the results obtained by Raman spectra and EDX analysis, we found that the compositions derived from the two
techniques are generally complementary to each other rather than being contradictory. But it is difficult to obtain a 100%
match because the Raman peaks depend on the amount, Raman active cross section and peak overlaps of the compounds.
And we also cannot determine if the organic matter is the dominant component in a particle or not solely from the obtained
Raman peaks.

As pointed out, the following statement “not necessarily representative of a major component of the particle” and the
related paragraph (Page 10, 1-9) is omitted from the text since it is true that we cannot prove it. We made following change
in the manuscript:

‘Particle classification with SEM-EDX relies on characteristic X-ray signals, which are used to estimate the major elemental
composition of a particle. This information can be considered to reflect the bulk elemental distribution within a particle and
has been commonly used for particle classification in many previous studies. In contrast, micro-Raman spectroscopy detects
slight shifts of wavelength in the scattered light that reflect the vibrations of molecular bonds specific to the compounds
contained in a sample. Therefore the Raman spectrum was used rather to complement the bulk particle type classification by

the EDX analysis, and to detect the internally mixed compounds.’

Page 10 — 12, Section 4.1: This section needs to be improved. The assignment of clay minerals is solely based on a
fluorescence signal in the Raman spectra. However, fluorescence is also often taken as an indication for the presence of
biological aerosol particles (e.g. Twohy et al., 2016). How can a biological origin of the fluorescence signal be excluded?
Actually, the assignment of clay minerals is not solely based on a fluorescence signal but also taking into account the
subsequent SEM-EDX analysis on the same particles. Our conclusion is based on the fact that 87% of the fluorescent
particles contained dust related elements such as Mg, Al, Fe.

Indeed, we are aware of the biological fluorescence and it is also stated in Page 8, 29-31 ‘Fluorescence from a particle is
typically attributed to a certain group of organics of biological origin, or the intercalated impurities of humic or humic-like
substances in clay minerals and amorphous alumino-silicates (Sobanska et al., 2012; Jung et al., 2014).

Possibility remains that part of the fluorescence results from internal mixing of biological matter attached to the mineral
dust. To make it more clear, the following explanation is now added in the manuscript:

‘Subsequent SEM-EDX analysis showed that most of the fluorescent particles (87 %) contained elements that indicate a
mineral composition. The fluorescence is also often taken as an indication for the presence of biological aerosols (Twohy et
al., 2016), but considering the fact that all the ADS also showed similar fluorescence, and the relatively small abundance of
biological particles as compared to mineral dust in general (Huffman et al., 2012), these fluorescence signals are mostly
associated with mineral dust (especially those enriched in clay minerals) rather than pure biological particles. Possibility
remains however, that a fraction of the fluorescence signal results from biological matters attached to the clay minerals. In
any case, both the SEM-EDX and micro-Raman analyses indicated that mineral dust particles act as efficient ice nuclei

under conditions relevant for mixed phase cloud formation.’



10

15

Page 11. lines 5 — 6: An Al-K-(Ca+Na) ternary plot is not a typical way to discriminate K-feldspars from Na/Ca-feldspars.
For this purpose a K-Na-Ca plot is usually used.
The ternary plot in Figure 7 is replaced with the K-Na-Ca plot. In any case, atmospheric particles are not gathering at a

certain corner but they are rather scattered and show quite mixed characteristics.

Page 11, lines 6 — 7: Why should clay minerals and mica appear in the middle of an Al-K-(Ca+Na) ternary plot? The clay
mineral kaolinite contains only Al but no K nor Ca/Na. It should appear therefore at the Al corner. The clay mineral illite
contains Al and K but no Ca/Na. It should therefore appear on the Al-K line. The same with the common mica muscovite: it
contains Al and K but no Ca/Na.

From our years of experience of SEM-EDX analysis on natural Asian dust aerosols, it is very rare to see a single component
dust particle. It is commonly the case that several mineral components are internally mixed within a particle so that plots do

not usually stick to Al corner or Al-K line.

Page 11, line 8: How was the presence of mica inferred?

10
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According to Yabuki et al., (2003), mica appears in the center rather than along the Al-(Ca+Na+K) line of the ternary Al-
(Ca+Na+K)-(Fe+Mg) plot. Most of our dust particles (both IN and non-IN active) also fall in the area where plots of mica,
feldspars, clay minerals appear. Most particles do not show characteristic elemental composition of specific mineral types,

which is another indication that particles are forming complex mineral mixtures.

Page 11, lines 17 — 19: Only one study is cited although the sentence starts with "Previous studies". Either give reference to
at least one more study or change to "A previous study".

We changed to "A previous study".

Page 11, line 23: improve formulation, e.g. reformulate: “most IN particles active above -30°C.”
Reformulated accordingly to the suggestion as follows.

‘most IN particles active above -30°C.’

Page 11, lines 23 — 26: The discussion of the origin of the fluorescence signal needs to be improved.

The fluorescence signal may come naturally from the crystal structural defect and/or the organic materials contained in the
clay mineral particles. As discussed in section 4.4 .(page 16, lines 12-16 in the original manuscript), we even found that all
the fresh ADS (Asian dust particles believed to be dominated largely by clay minerals) were fluorescent and contained
organic matter to some extent. Therefore the fluorescent particles associated with elements of crustal origin (by EDX
analysis) were suggested as clay minerals. We made the following changes to be more explicit:

‘Furthermore, we even found that all the fresh ADS particles (believed to be dominated largely by clay minerals) showed
the fluorescence. This fluorescence is likely derived from the defects and/or impurities (e.g. humic organics) in their crystal
structure (Gaft et al., 2005; Jung et al., 2014; Sovanska et al., 2014). Therefore, the fluorescent particles associated with
elements of crustal origin (by EDX analysis) were regarded as clay minerals. It was also demonstrated that the most IN

particles active above -30 °C were dominated by such fluorescence mineral dust particles.'

Page 12, lines 7 — 8: It should be stated here, that this number has a low bias because contributions from organics are missed
in SEM-EDX. An estimate of the contributions of organics based on the Raman spectra might be added.

Following sentence is added to the corresponding section:

‘Note however, that this elemental fraction of sea salt components is based on SEM-EDX and does not reflect potential

contribution from organics and therefore must be regarded as the upper limit.’

Page 12,. line 23: “at any event” seems a too strong conclusion considering that aged sea salt particles + inclusions were also

found as a small fraction in the IN active particle fraction.

11
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We changed the corresponding part as follows:
‘Based on the results of this study, we suggest that large and aged sea salt particles internally mixed with sulfates, nitrates,
or organics are less likely to nucleate ice, although the possibility remains for ice nucleation by sea spray organic particles

in the atmosphere.’

Page 13, line 30 — 31: “Therefore, the liquefied Ca(NO3)2 coating is expected to show strong molar depression of freezing
point, which could explain their weak IN ability”. This argumentation is only valid in the case of concentrated solutions. Its
validity in the present case depends on the degree of dilution of the soluble material in the droplet. The dilution should be
estimated to test the validity of this argumentation.

As shown in Table S-1, the average mass concentration of the suspension droplets formed by the atmospheric particles was
estimated to be 0.074 g / ml. Similarly, the mass concentrations of droplets formed by pure NaCl and Ca(NO;), measured for
comparison were 0.029 g / ml and 0.024 g/ ml, respectively. These concentrations are equivalent to 0.49 mol / | and 0.15 mol
/1.

We conducted additional experiments to compare the freezing temperatures of pure water and NaCl solution and found that
the droplets formed by NaCl particles froze consistently at lower temperatures than the pure water droplets by the current
method (Fig. S-4). this result suggests that the molar depression of freezing point by NaCl or Ca (NO;), may occur within
the range of concentrations expected in the current ice crystal formation experiment, unless there is an inclusion of
extremely active ice nuclei. Furthermore, Pruppacher and Neiburger (1963) suggested that the freezing point depression by
inorganic salt may be significant with concentrations down to 107 mol / 1. Therefore, with the degree of dilution involved in
the current experiment, freezing point depression may be effective and act to hinder freezing of droplets activated from NaCl

or Ca (NO;), enriched particles.

12
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Figure S-4: Activated fractions of NaCl and pure water droplets. Three set of samples were tested for both NaCl and water.

The number of particles and droplets observed under the microscope is shown as n.

The test NaCl particles were aerosolized by atomizing their solutions (0.005g/ml) and collected on the substrate with an

impactor. The pure water droplets were also collected by spraying directly onto the substrate.

Page 14. Line 31: Can the OH peaks be associated with either alcohol or carboxy functionalities?
Detections of both the OH peak (3200 — 3650 cm™) and the organic peak (2,800 — 3,100 cm™) in this study suggest that the
detected particles are highly oxidized organic matter containing hydroxyl group (Laskina et al., 2013). Although it is

difficult to draw any conclusions, these Raman spectral features are also similar to OH bands observed for glassy
oxygenated organic material (Tong et al., 2011; Baustian et al., 2012).

Page 15, lines 25 — 26: improve this sentence. You might split it: “...mainland Japan. Further upstream...”

The sentence was now split accordingly to the suggestion as the follows:

'The study area, Kanazawa City, is located along the west coast of mainland Japan. Further upstream of the westerly

continental outflow are the vast arid regions of inland China and Mongolia. Every spring, frequent dust outbreaks are
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observed, transporting a massive amount of mineral dust aerosols (Asian dust) across the region and beyond (Iwasaka et al.,

2009)."

Page 16, line 2: why exactly 3.27+1.80 particles/cm3? Please explain.

This value is basically what we observed as an average concentration during Asian dust events in February 2016 at our
monitoring station. This is explained in the manuscript for better clarity as follows:

‘The average concentration observed during Asian dust events in February 2016 was 3.27 + 1.80 particles/cm’, so the
concentrations observed during February sampling period were not as high as that expected during major Asian dust
events.*

Page 16, line 8: how far away is NOTOGRO from the sampling location?

We added the following information in the manuscript:

‘(NOTOGRO; 3745°N, 137.36°E; 116km north east of the sampling location)’

Page 16, lines 20 — 27: this paragraph reads like a conclusion and might be deleted here and merged with the conclusion
section.

The corresponding paragraph is now merged with the conclusion.

Page 17, line 5: the text in the bracket needs to be formulated better. Is it meant that mineral components such as clay
minerals have defects in their crystal structure and contain impurities?

Yes, the corresponding part is now changed accordingly to the suggestion:

These mineral dust particles were suggested to be mixtures of several clay mineral components rather than single mineral

species, having defects in their crystal structure and contain impurities.

Page 28, Fig. 3 and page, 35, Fig. 10: the line along which the transect of the particle was scanned should be indicated. The
length bar of 0.5 pm given on top of the AFM images does not seem to correspond with the length axis given at the bottom
in some images. Please check.

We checked and changed Fig.3 and Fig. 10 as follows:

14
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Figure 3: AFM topographic images of representative IN active particle (a) and non-active particle (b, c) groups, and their
corresponding Raman and EDX spectra. The AFM images were obtained in probe amplitude mode. The inset in the AFM
image shows the scanned height along the white transect of each particle. The red and black curves indicate the spectra of

the particles and the substrate background, respectively.
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Figure 10: AFM topographic images of representative Ca-rich particles in IN active (a) and non-active (b) groups, and
their corresponding Raman and EDX spectra. The AFM images were obtained in probe amplitude mode. The inset in the
AFM image shows the scanned height along the white transect of each particle. The red and black curves indicate the

spectra of the particle and the substrate background, respectively
Page 30, Fig. 5: what sulfates are meant here if not ammonium sulfate or calcium sulfate?

This sulfates in Fig. 5 means the detection frequency of either ammonium sulfate or calcium sulfate. We also changed Fig. 5

to for better clarity as the follows:
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Figure 5: Summary of the detection frequencies of the assigned components in non-active and IN active particles by micro-

Raman analysis. Data from Asian dust source (ADS) particles are shown for comparison.

5 Page 3, line 9: “residues” instead of “residue”.

Corrected accordingly.

Page 8, line 31: Sobanska et al. (2012) is missing from the reference list.

Corrected accordingly.
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Page 14, line 4: “nucleus” instead of “nuclei”

Corrected accordingly.

Page 26: figure caption: “supersaturation” instead of “super saturation”.

Corrected accordingly.

Page 27, Figure 2: the axis numbers are too small to be readable.

Corrected accordingly as follow.
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Page 28, Fig. 3 and page, 35, Fig. 10: The label “BCC” in the Raman spectra should read “BBC”.

Corrected accordingly.
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Anonymous Referee #2 RC3

The manuscript “Characterization of individual ice nuclei by the single droplet freezing method: a case study in the Asian
dust outflow region” by Ayumi Iwata and Atsushi Matsuki describes an application of a droplet freezing apparatus to the
characterization of the ice nucleating (IN) particles sampled during two Asian dust events. The authors report on the
application of several microanalysis techniques (AFM, Micro-Raman, SEM, EDX) to reveal the chemical composition and
morphology of the most IN active particle in a subset of a sample, identified by the droplet freezing technique. A
combination of the single-particle microanalysis techniques with droplet freezing assay methods is a very promising
development in the field of the ice nucleating particle research. An important advantage of the method described in the
manuscript is the realization of a “single IN particle per water droplet” approach, which greatly reduces uncertainty
associated with preparation of suspensions, characterization of particle size and surface distribution, and variability of
particle properties across the droplet population, which are the common issues in a conventional cold stage experiment.
However, before starting characterizing the most active ice nucleating particles with all the modern and expensive single
particle techniques, one has to be completely sure that the particles identified as the most IN active are really such particles.
To be honest, I am not convinced that this is the case. I would nevertheless support the publication of the manuscript
provided that authors carefully address the multiple critical issues listed below. This might require a tedious re-evaluation of
the results or even new experiments because some issues cannot be resolved without repeating the experiments.

We appreciate all the positive comments and valuable feedbacks the reviewer provided us. We carefully examined and
addressed the issues raised by the reviewer, which also involved thorough re-evaluation of the results and new experiments
to validate our experimental method. We believe that the additional information will help improve the technical soundness of

our paper. Please find our response to each of the comments below (in blue italic).

1.1 would like to draw the author’s attention to the both papers of Schrod at al., AMT 2016, and ACP 2017, who essentially
describes a similar but much better characterized setup (FRIDGE) to study the deposition freezing of ice on the atmospheric
IN particles collected with an unmanned aircraft over eastern Mediterranean. This group has gone a long way improving
their instrument and achieving reliable results, you can learn a lot from them. These papers have to be mentioned and
discussed.

Thank you for reminding us of the works using FRIDGE. We have certainly learned a lot form FRIDGE. We added Ardon-
Dryer and Levin, (2014), Schrod at al., (2016) and Schrod at al., (2017) as the references which also reported the
measurements of the atmospheric ice nuclei using cold stage. Now they are discussed in the context of the limitations and the
merits of IDFM, and cited in the result section as follows:

'The advantage of IDFM is that we can keep track and be sure which of the collected single particle was actually nucleating
ice. Thus the IN active particles identified by IDFM can be studied in detail by various particle analysis techniques.
Comparing IDFM with the other methods such as FRIDGE used primarily to measure ice nuclei concentration (Ardon-

Dryer and Levin, 2014; Schrod at al., 2016; Schrod at al., 2017), we have to compromise the accuracy and quantitative
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evaluation of IN activity since the evaporation of droplets around frozen particles by the Bergeron-Findeisen effect can
affect the activated fraction. Therefore, by selecting the higher cooling rate and -30 °C as the end cooling temperature, we
minimized the evaporation and the scavenging of the droplets around the rapidly growing ice crystals in the experiments of
atmospheric particles. By this way, most of the atmospheric particle (excluding those very close to the ice crystals) were not
dried and remained as droplets until temperature reached -30 °C. Note however, that the selected cooling rate is
considerably faster when compared with the typical cooling rate found in the convective cloud updraft. Also, we cannot fully

rule out the possibility that droplets very close to an ice crystal may had been fully evaporated.’

2. The method description is incomplete. Many important details are missing, preventing the objective evaluation of method
applicability. The only reference supposedly describing the setup (Akizawa et al., 2016), refers to an application of a Linkam
stage for mineralogical samples. I wonder how is that related to the IN study discussed in the manuscript. Peckhaus et al.,
ACP 2016, also used a Linkam stage for a cold stage experiments.

We added and changed the introduction and the method section as follows:

‘Several laboratory studies used similar cold stage to test the ice nucleation activities of various atmospherically relevant
standard particles (Fornea et al., 2009; Baustian et al., 2010; Mason et al., 2015; Whale et al., 2015; Knopf et al., 2014),
but not enough studies have been made so far to investigate on the immersion-mode ice nucleation (mixed phase cloud) by
the individual particles in the actual atmosphere.’

‘The sample particles were deposited onto a Si wafer substrate with a hydrophobic coating (Glaco, Soft99 Corporation,
Japan). Particles were observed for their position, size, and shape under an optical microscope with x50 magnification
(Olympus, Japan) as shown in Fig. la. Subsequently, the substrate was transferred onto a cold stage in a closed cell
(THMSG600, Linkam Scientific Instruments, UK). Since the cold stage used in this study is cooled by liquid nitrogen, the
exposed tube through which the liquid nitrogen passes in the cold cell becomes a cold trap which can act as an additional
sink for the water vapor. Therefore, in this study, all cooling parts except the cold stage surface were covered by insulating
material. The temperature measured at the cold stage was calibrated by the substances of known melting points (Akizawa et
al., 2016). Furthermore, we confirmed that the temperature gap between the substrate and the cold stage was consistently
smaller than 0.3 °C by observing the melting of water. During the ice nucleation experiment by atmospheric particles, the
stage temperature and the dew point were recorded every 1 seconds. The temperature measurement and the images were

synchronized with the PC internal clock.’

3. The method described in the manuscript allows identifying the first particle within the field of view that initiated the
freezing. This particle is then labeled the “ice nucleating” particle, and the others as “non-nucleating” particles. I wonder
what happens with all other particles on the substrate? Do they initiate freezing too? Please explain this clearly in the

manuscript.
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It is a very important point. We do not have uniform distribution of particles on the substrate, because impinging jet of the
impactor concentrates particles closer to the nozzle center, and there is a hotspot where we see too many particles that are
close to each other. We discard these areas with too many (right in the center) or too sparse particles (far from center), so
we do not keep track on what happened to all other particles on the substrate outside the field of view. We do see cases with
multiple particles freezing in the same field of view by monitoring the collected particles in a relatively wide area (Fig.1)
and it is not necessarily only one particle that we are labeling as “ice nucleating”. We added this in the method section as
follows:

‘By comparing the optical images before and after the ice nucleation experiments, the individual particles that formed ice
crystals (excluding those coalescing with adjacent droplets or crystals) were identified and regarded as IN active particles.
Most of the particles collected on the substrates were monitored under an optical microscope with x5 magnification (Fig.
la). We did see multiple particles freezing in the same field of view. However, we did not cover all of the collected particles.

Therefore we must note that the Non-active particles or IN active particles outside of our field of view are not included in

our counts.’
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Figure 1: Optical images of sample particles deposited on Si wafer substrate before the freezing experiment (a, b), after
exposure to water super saturation conditions at -9 °C (c), after cooling to -30 °C (d), and after sublimation and
evaporation by dry air (e). The inset graph shows the stage temperature and the dew point of the wet air introduced into

the cell before exposing the stage to water super saturation.

4. The setup description in the manuscript doesn’t have it very clear, but if I understand correctly, the method has a very
important limitation. In a closed cell with the humidified gas disconnected from the cell, the droplets are in equilibrium with
the water vapor. The moment the first crystal appears, it grows very fast because the vapor is supersaturated with respect to

the ice surface. Now that the system contains all three phases of water, droplets start evaporating and some of them would
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evaporate completely without having a chance to freeze. To prevent complete evaporation, you use the very fast cooling rate
(30 K/min), but this reduces the time remaining for the other droplets to freeze to less than 20 s (if the first droplet freeze at -
30_C and the homogeneous freezing is over at -40 “C). Ice nucleation is a stochastic process described by a rate equation, so
that the probability of freezing at given temperature is a function of time spent at this temperature. At such cooling rate, the
freezing of “second-best” IN particles can be inhibited by this time-dependent issue and all the droplets will freeze
homogeneously concealing the potential freezing activity of the IN particles. A chance of freezing is further reduced by
droplets evaporation.

It is a very important point. It is true that part of the reason we selected the higher cooling rate is to prevent the evaporation
of the droplets. Another reason is to restrict the final size of the growing ice crystals so that they do not coagulate with, or
dry many of the surrounding droplets. By selecting the higher cooling rate and -30 °C as the end cooling temperature, we
minimized the evaporation and the scavenging of the droplets around the rapidly growing ice crystals in the experiments of
atmospheric particles. By this way, most of the atmospheric particle (excluding those very close to the ice crystals) were not
dried and remained as droplets until temperature reached -30 °C. However, as the reviewer points out, we cannot fully rule
out the possibility that droplets very close to an ice crystal may be fully evaporated. Therefore, it is possible that a
moderately IN active particle may be miss-interpreted as non-active particles. We admit that the current method still has
limitations and space for future improvements with respect to the quantification and accuracy of the IN counting. The fast
cooling rate may also cause “second-best” IN to be overlooked in the current method. These limitations are now clearly
explained in the section 3.1 (also as a response to the first comment). However, our primary objective here is to identify the
properties of the individual ice nucleating particle in the actual atmosphere, by realizing a clear-cut identification of IN
active particles. Therefore, we believe being able to identify even the most active fraction (with potential miss counting of the
“second best” IN) from the actual atmosphere is still an important step forward towards our understanding of the IN

behaviors of atmospheric aerosols, which are often found in complex mixtures (both internally and externally).

5. In this way, only one ice nucleating particle can be identified per sample. The other, just very slightly less active ice
nucleating particles would have no chance to initiate freezing and would be labeled as non-nucleating. This would result in a
wrong statistics of the IN vs the non-IN particles, and as a consequence in a biased composition of non- IN active particles.

If I am wrong, please show your results in form of “the number of frozen droplets as a function of the substrate temperature”.
Such curves can be used to retrieve the so-called ice nucleating active site (INAS) densities, that can be better compared with
the measurements of other groups.

We have to admit that our technique is not a perfect method that can resolve all technical issues encountered in the ice
nucleation experiments. The biggest advantage of course is that we can keep track and be sure which single particle was
actually nucleating ice. In return, we cannot fully rule out the possibility that the “second-best” IN particles may had been
overlooked due to the evaporation of droplets in the vicinity of the frozen particles. Therefore, accuracy and the quantitative

evaluation of freezing temperatures based on the activated fraction and the INAS could be biased to some extent. The
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number of ice crystals formed are compromised especially at lower temperatures as the number and size of ice crystals
increase and more droplets in the vicinity of the growing ice are subjected to evaporation.

In this study, only a small number of particles collected in the atmosphere formed ice crystals in a limited temperature range
between -26 °C and - 30 °C. so it is difficult to present the “the number of frozen droplets as a function of the substrate
temperature” . Instead, we show INAS and activated fraction of standard samples, and the validity of this experimental
method is discussed by comparing these result with previous studies.

When comparing our results with those found in literature, we must also note that strict comparison is difficult because of
the uncertainties and differences related to the size distribution and composition of dust particles used in different
experiments. Assumptions made to calculate the surface area can also be a source of bias. The K-feldspar used in this study
as a reference mineral dust was purchased from the same supplier, but the lot number is different (from different source
rock) from the K-feldspar used in Atkinson et al (2013). Therefore, composition of K-feldspar used in the current study and
that used in Atkinson et al. (2013) are not exactly the same. Nevertheless, we added the ice nucleation active sites (INAS) of
the 4 standard mineral particles measured by the current IDFM (Fig. S-2).

The ice nucleation active sites (INAS) obtained in this study agreed within an order of magnitude difference compared to
those found in the literature(despite many different experimental conditions). Further, we would like to emphasize that the
relative order of the onset temperatures found for different particles is always consistent (i.e. K-feldspar > Na-feldspar >
quartz > kaolinite >> pure water) and even the range of the freezing temperatures are not far off from the reported values.

It was probably not clearly stated in the manuscript, so the following change was made with regard to the onset
temperatures:

‘Heterogeneous ice nucleation observed in all standard mineral samples tested in this study (K-feldspar, Na-feldspar, quartz,
kaolinite) consistently occurred at higher temperatures than the homogeneous freezing temperature. The reference mineral
samples were milled to fine grains before being collected on Si wafer substrate by an impactor. Three set of samples were
made for each reference mineral to ensure large enough observation area for the IDFM. The total number of the particles
monitored during the ice nucleation experiment by IDFM was 4,509, 2,271, 4,759, and 1,435 particles, respectively. In this
study, the freezing onset temperature of the sample was defined as the temperature at which the IN active fraction of the

total observed particles reached 0.01. As a result, the freezing onset temperatures for K-feldspar, Na-feldspar, quartz, and
kaolinite ranged between -22.2 to -24.2 °C, -24.7 to -25.7°C, -24.8 to -26.8 °C and -27 2 to -29.2 °C, respectively (Fig. S-1).
Therefore, the ice nucleation activity of K-feldspar was the highest and that of kaolinite was the lowest. The order and the
range of observed onset temperatures for these minerals were consistent with the results found in the literature (Atkinson et

al.,2013; Murray et al., 2011).”
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Figure S-1: Activated fractions of the reference mineral dust particles. Results of the atmospheric samples collected in

February and April are also shown for comparison.
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Figure S-2: the ice nucleation active site (INAS) densities for the reference single component mineral dust samples. These
INAS densities were calculated from the activated fractions (Fig. S-1) and the averaged sphere equivalent surface areas

obtained from the 2D silhouette of each particles in the microscopic image.

6. The critical issue discussed in the above comments can be also a consequence of the Linkam stage design. The standard
cell of a Linkam stage has the metal coolant tubing exposed to the environment, making this tubing the coldest spot inside
the cell. Water condensed on the tubing during the condensation step must freeze first during the cooling. As explained
above, such ice surface would immediately become a strong sink for the water vapor. If the cooling rate is too slow, the
liquid droplets condensed on the residual particles would evaporate before having a chance to freeze. I suspect that this is the
reason for using a cooling rate of 30 K/min. If this is the case, it is a serious drawback of the system and has to be clearly
stated in the manuscript. For the future work, I would recommend enclosing the substrate with the collected particles into a
separate cell, so that just this area of the substrate is exposed to the supersaturated vapor.

We are aware of this issue of the Linkam stage design. Before the experiment, we made a slight modification in the Linkam
stage such that the metal coolant tube is covered by the insulating material and made sure that the condensation on this tube
does not act as a strong sink for the water vapor. This is better explained in the revised manuscript as follows:

‘Since the cold stage used in this study is cooled by liquid nitrogen, the tube through which the liquid nitrogen passes in the
cold cell becomes a cold trap which can act as an additional sink for the water vapor. Therefore, in this study, all cooling

parts except the cold stage surface were covered by insulating material.’

7. At the cooling rate this high, a strong temperature gradient across the substrate can arise. The freezing temperature can be
biased towards low values. Was temperature measured on the surface of a substrate or taken from the Linkam stage internal
measurement? How was the temperature of the freezing onset determined? Have you been recording the microscope images?
If yes, what was the image acquisition rate? Was it synchronized with temperature measurements? Since this is the first time
you report the measurements with the new setup, you should convince the reader that the setup is well characterized.

The temperature measured on the surface of a substrate and the Linkam stage internal measurement is calibrated based on
the melting experiment of some materials as described in Akizawa et al., 2016. The temperature difference between the
substrate surface and the stage, as well as the temperature gradient was determined to be less than 0.3 °C based on the
observation of melting of pure ice.

The microscopic images were recorded with the maximum rate of (5 fps). During the ice nucleation experiment by
atmospheric particles, the stage temperature and the dew point were recorded every 1 seconds. The temperature
measurement and the images were synchronized with the PC internal clock. This is better explained in the revised
manuscript as follows

‘The sample particles were deposited onto a Si wafer substrate with a hydrophobic coating (Glaco, Soft99 Corporation,

Japan). Particles were observed for their position, size, and shape under an optical microscope with x50 magnification
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(Olympus, Japan) as shown in Fig. la. Subsequently, the substrate was transferred onto a cold stage in a closed cell
(THMSG600, Linkam Scientific Instruments, UK). Since the cold stage used in this study is cooled by liquid nitrogen, the
exposed tube through which the liquid nitrogen passes in the cold cell becomes a cold trap which can act as an additional
sink for the water vapor. Therefore, in this study, all cooling parts except the cold stage surface were covered by insulating
material. The temperature measured at the cold stage was calibrated by the substances of known melting points (Akizawa et
al., 2016). Furthermore, we confirmed that the temperature gap between the substrate and the cold stage was consistently
smaller than 0.3 °C by observing the melting of pure ice. During the ice nucleation experiment by atmospheric particles, the
stage temperature and the dew point were recorded every I seconds. The temperature measurement and the images were

synchronized with the PC internal clock.’

8. What is the relationship between the field of view of the microscope and the sampling area containing droplets condensed
on the aerosol particles? What if the first ice crystals are located outside of the view area? In this case, the initial ice crystals
would not be detected but the local vapor pressure would be reduced due to the vapor deposition on the growing crystals,
leading to evaporation of droplets and inhibition of freezing. Please give a detailed assessment of this effect. Given the
uncertainty of the method of identifying the most active IN particles, I don’t see the point of discussing the single particle
microanalysis. If possible, give the maximum detail of the cold stage operation and detection techniques. If the
measurements data permit, present your data not just in form of on-set freezing temperature, but in form of temperature
dependent freezing curves. Otherwise, the measurements have to be repeated with a lower or variable cooling rate, and the
results analyzed as discussed above.

Monitoring of ice crystal formation by the optical microscope covers most of the sampled atmospheric particles (please refer
to our response corresponding to the 3rd comment) By selecting the higher cooling rate, we minimized the evaporation and
the scavenging of the droplets around the rapidly growing ice crystals. Then, most of atmospheric particle (excluding the
very close droplets of ice crystals) were not completely dried the formed droplets until temperature reached -30 °C in this
study. Therefore we believe that suppression of ice crystal formation by local vapor pressure reduction has been minimized
at least down to -30 °C. However, as shown in temperature dependent freezing curve for the standard dust samples in Fig. S-
1, the quantification of the activated fraction especially at lower temperatures is compromised as a result of the drying of
droplets by growing crystals. In return, this method enables direct identification of individual particles with high IN activity
within the ambient samples.

We also added the following explanations of the both limitation for detection of particle and quantitative for ice nucleation
in IDFM in the section 3.1 as follows:

'The advantage of IDFM is that we can keep track and be sure which of the collected single particle was actually nucleating
ice. Thus the IN active particles identified by IDFM can be studied in detail by various particle analysis techniques.
Comparing IDFM with the other methods such as FRIDGE used primarily to measure ice nuclei concentration (Ardon-

Dryer and Levin, 2014; Schrod at al., 2016; Schrod at al., 2017), we have to compromise the accuracy and quantitative
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evaluation of IN activity since the evaporation of droplets around frozen particles by the Bergeron-Findeisen effect can
affect the activated fraction. Therefore, by selecting the higher cooling rate and -30 °C as the end cooling temperature, we
minimized the evaporation and the scavenging of the droplets around the rapidly growing ice crystals in the experiments of
atmospheric particles. By this way, most of the atmospheric particle (excluding those very close to the ice crystals) were not
dried and remained as droplets until temperature reached -30 °C. Note however, that the selected cooling rate is
considerably faster when compared with the typical cooling rate found in the convective cloud updraft. Also, we cannot fully
rule out the possibility that droplets very close to an ice crystal may had been fully evaporated.’

With respect to the particle size detection/limit, the impactor already size segregates particles and limit the test particles in
the super-micron range. The diameter of the collected atmospheric particles whose ice crystal formation could be monitored
ranged between 1.16 and 547 um through the identification by the optical microscope. Meanwhile, the laser spot size (i.e.
spatial resolution) of micro Raman spectroscopy approaches the diffraction limit of approximately 1 um in diameter. All in

all, the size of IN active particles that can be analyzed by this method is limited to super micron particles.’
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Anonymous Referee #3 RC1

The authors attempted to characterize the physico-chemical properties of atmospherically relevant ice-nucleating particles
with the new off-line approach (i.e., a combination of several off-the-shelf techniques), which could potentially complement
the in situ approach of ice residual studies. The topic itself is an important addition to ACP and the atmospheric science
community. However, the experimental and analytical methods are unfortunately poorly explained and partly erroneous.
Further, the manuscript contains a number of ambiguous statements and over-interpreted results without proper quantitative
analyses as well as conclusive performance verifications. I have numerous suggestions for critical revisions. Additional tests
of IDFM are necessary, and I do believe that the revision of the manuscript could be time consuming and result in a
significantly different paper.

First of all, we would like to express our gratitude to the reviewer for carefully going through our manuscript and providing
highly relevant remarks and suggestions for improvements. We took the comments very seriously, and hence made
substantial efforts to conduct additional tests on our method (IDFM). We believe that the major concerns raised in the

comments are now addressed. Please find our response to each of the comments below (in blue italic).

The title is misleading. “Characterization of individual ice nuclei: : :” should read “: : :ice residual: : :” unless the authors
could provide the evidence of particular individual particles repeatedly form ice over several cooling-thawing cycles. The
properties of the particle may alter during/after ice activation, and the particle should be considered as a residual after
thawing.

In a strict sense it is true that it is an ice residual particle that we characterized. We changed the title as suggested and now
we use the term “ice residual particle”. Now the title appears as:

‘Characterization of individual ice residual particles by the single droplet freezing method: a case study in the Asian dust

outflow region’

In the introduction section, the authors need to logically address why it is particularly important to study the aerosol mixing
state to improve our understanding of atmospheric ice nucleation in mixed-phase clouds. What is special about the mixing
state on ice nucleation as compared to other general properties, such as size and bulk composition?

The authors may want to do a careful and rigorous literature review, digest the contents in a diplomatic manner and describe
your thoughts to the reader along with your own story line.

The extremely small fraction of IN particles in the total atmospheric particles precludes us from using bulk aerosol sample
for characterizing the IN property. In addition to the various external mixing states expected in the ambient aerosols, we
believe that the internal mixing commonly found in the atmosphere is equally important. Therefore, the detailed information
on the individual particles is indispensable for better understanding the ice crystals formation in the real atmosphere. This is

now explained more clearly in the introduction (Page 3,Lline 20) of the manuscript.
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‘Internal mixing of aerosols commonly takes place during long-range transport in the atmosphere (e. g. Zhang et al., 2003,
Sullivan et al., 2007, and Iwasaka et al., 2009). The surface properties of the internally mixed particles following
atmospheric processing (reaction, coagulation and aging) can dramatically change from their original properties (Maring
et al., 2003; Trochkine et al., 2003). The internal mixing of particles is an important factor that contributes to the complexity
of atmospheric aerosol particles. Although efforts have been made to address the effects of internal mixing on the IN activity
of aerosols under conditions relevant for the mixed phase cloud formation (Sullivan et al., 2010; Kulkarni et al., 2014;
Augustin-Bauditz et al., 2016), the complexity of the ambient aerosol has not yet been fully represented by the laboratory
generated aerosols. Therefore, detailed investigation based on the individual particle analysis is necessary to relate the

internal mixing state of aerosols in the actual atmosphere and their IN activity.’

Why did the authors arbitrarily pick -30 dC as the end cooling T (no explanation given)?

Why didn’t the authors carry out the T-binned analyses (e.g., up to -20 dC cooling vs. up to -30 dC cooling)? Such capability
(seemingly feasible) and approach can resolve the issue, which the authors point out in the manuscript (e.g., P15L15-23).

We observed that the atmospheric particles started to form ice crystals only below -25 °C. The reason why we did not go
below -30 °C is that it was difficult to keep track on the Non-IN and IN particles due primarily to the fact that initially
formed ice crystals were growing too big and the impact on the surrounding particles became too obvious (scavenging and
evaporation of droplets around the rapidly growing ice crystals). Also, if we start dividing the already few number of total
IN particles into different temperature bins, it further degrades the counting statistics and makes the comparison of particle
types more difficult. Therefore, we had to give up discussing on the problems that require the statistical comparisons by the
T - bin analysis in the narrow temperature range (e.g. “P15L15-23" which need to clarify the detailed freezing temperature

difference among various organics in atmospheric particles).

Because differences in particle composition may be correlated with particle size, it is difficult to determine which
characteristic fundamentally drives cloud-nucleating ability. Why didn’t the authors conduct the size dependent analysis (i.e.,
coarse vs. fine) to examine if the size can be a nucleation-triggering factor? It is not appropriate to generalize the results
based on all-size population.

We agree on the importance of size dependent analysis. However, the number of IN in the atmosphere is generally extremely
small, and as a result the total number of particles we could identify as ice residues became rather limited. If we further
group and divide the already few ice residues into different size groups, it becomes even more difficult to compare the ice-
nucleating ability among the particles with diverse mixing states and chemical compositions. All of the particles analyzed in
this study are already larger than I1.I1um due to technical limitations, and the largest size was 5.47 ym, thus our result is
representative only for this rather narrow range of the coarse particles, and it is now explained more clearly in section 3.1
as follows:

‘With respect to the particle size detection/limit, the impactor already size segregates particles and limit the test particles in
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the super-micron range. The diameter of the collected atmospheric particles whose ice crystal formation could be monitored
ranged between 1.16 and 547 um through the identification by the optical microscope. Meanwhile, the laser spot size (i.e.
spatial resolution) of micro Raman spectroscopy approaches the diffraction limit of approximately 1 ym in diameter. All in

all, the size of IN active particles that can be analyzed by this method is limited to super micron particles.’

The cooling rate of 0.5 K/s seems aggressive and not atmospherically relevant (i.e., 1

K/m may simulate a typical convective cloud updraft). Why not 1 K/min just like other numerous cold stage techniques do?
It is a very important point. We admit that our cooling rate is considerably faster when compared with the typical cooling
rate in the convective cloud updraft. Part of the reason we selected the higher cooling rate is to minimize the chance of
scavenging and drying nearby droplets because if we select a slower cooling rate, the resulting ice crystal size became too
large. To avoid this from happening and facilitate precise isolation of the ice-nucleating particles, we had to choose the
faster rate. However, we did confirm that pure water droplets do not freeze until the stage reaches down to -36.5 degrees
even at this cooling rate, which coincides rather well with the results by several previous laboratory experiments
(Pruppacher and Klett, 1997;Koop et al., 2000; Murray et al., 2010; Murray et al., 2012) and the observations of deep
convective clouds (Rosenfeld and Woodley, 2000). The reason for selecting this cooling rate is now explained in section 3.1
as follows:

'The advantage of IDFM is that we can keep track and be sure which of the collected single particle was actually nucleating
ice. Thus the IN active particles identified by IDFM can be studied in detail by various particle analysis techniques.
Comparing IDFM with the other methods such as FRIDGE used primarily to measure ice nuclei concentration (Ardon-
Dryer and Levin, 2014; Schrod at al., 2016; Schrod at al., 2017), we have to compromise the accuracy and quantitative
evaluation of IN activity since the evaporation of droplets around frozen particles by the Bergeron-Findeisen effect can
affect the activated fraction. Therefore, by selecting the higher cooling rate and -30 °C as the end cooling temperature, we
minimized the evaporation and the scavenging of the droplets around the rapidly growing ice crystals in the experiments of
atmospheric particles. By this way, most of the atmospheric particle (excluding those very close to the ice crystals) were not
dried and remained as droplets until temperature reached -30 °C. Note however, that the selected cooling rate is
considerably faster when compared with the typical cooling rate found in the convective cloud updraft. Also, we cannot fully

rule out the possibility that droplets very close to an ice crystal may had been fully evaporated.’

Show the profiles of dew point and T throughout the experiment rather than show snapshot pictures (i.e., Fig. 1).

We added the corresponding temperature profile and the time when the images were taken as follows. As described in the
manuscript, moist air supply is stopped and the cooling stage is isolated during the cooling process, so the dew point is
expected to vary and closely follow the stage temperature while the saturated vapor continued to condense onto the

activated droplets.
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Figure 1: Optical images of sample particles deposited on Si wafer substrate before the freezing experiment (a, b), after
exposure to water super saturation conditions at -9 °C (c), after cooling to -30 °C (d), and after sublimation and evaporation
by dry air (e). The inset graph shows the stage temperature and the dew point of the wet air introduced into the cell before

exposing the stage to water super saturation.

Quantitatively evaluate the capability of immersion/condensation freezing method relative to other cold stages using the ice
nucleation parameters, such as frozen fraction or ice nucleation active surface site density. The onset discussion (P711-18)
seems qualitative, speculative and over-simplified.

We have to admit that our technique is not a perfect method that can resolve all technical issues encountered in the ice
nucleation experiments. The biggest advantage of course is that we can keep track and be sure which single particle was
actually nucleating ice. In return, we have to sacrifice the accuracy and quantitative evaluation of freezing temperatures
based on INAS in relation to the evaporation of droplets in the vicinity of the frozen particles (Bergeron-Findeisen effect), as
well as due to the limited number and size (d>1.1um) of the particles that can be analyzed.

The number of ice crystals formed are compromised especially at lower temperatures as the number and size of ice crystals
increase and more droplets in the vicinity of the growing ice are subjected to evaporation. When comparing our results with
those found in literature, we must also note that strict comparison is difficult because of the uncertainties and differences
related to the size distribution and composition of dust particles used in different experiments. Assumptions made to
calculate the surface area can also be a source of bias. The K-feldspar used in this study as a reference mineral dust was
purchased from the same supplier, but the lot number is different (from different source rock) from the K-feldspar used in

Atkinson et al (2013). Therefore, composition of K-feldspar used in the current study and that used in Atkinson et al. (2013)
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are not exactly the same. Nevertheless, we added the ice nucleation active sites (INAS) of the 4 standard mineral particles
measured by the current IDFM (Fig. S-2).

The ice nucleation active sites (INAS) obtained in this study agreed within an order of magnitude difference compared to
those found in the literature (despite many different experimental conditions). Further, we would like to emphasize that the
relative order of the onset temperatures found for different particles is always consistent (i.e. K-feldspar > Na-feldspar >
quartz > kaolinite >> pure water) and even the range of the freezing temperatures are not far off from the reported values.
It was probably not clearly stated in the manuscript, so the following change was made with regard to the onset
temperatures:

‘Heterogeneous ice nucleation observed in all standard mineral samples tested in this study (K-feldspar, Na-feldspar, quartz,
kaolinite) consistently occurred at higher temperatures than the homogeneous freezing temperature. The reference mineral
samples were milled to fine grains before being collected on Si wafer substrate by an impactor. Three set of samples were
made for each reference mineral to ensure large enough observation area for the IDFM. The total number of the particles
monitored during the ice nucleation experiment by IDFM was 4,509, 2,271, 4,759, and 1,435 particles, respectively. In this
study, the freezing onset temperature of the sample was defined as the temperature at which the IN active fraction of the
total observed particles reached 0.01. As a result, the freezing onset temperatures for K-feldspar, Na-feldspar, quartz, and
kaolinite ranged between -22.2 to -24.2 °C, -24.7 to -25.7°C, -24.8 to -26.8 °C and -27 2 to -29.2 °C, respectively (Fig. S-1).
Therefore, the ice nucleation activity of K-feldspar was the highest and that of kaolinite was the lowest. The order and the
range of observed onset temperatures for these minerals were consistent with the results found in the literature (Atkinson et

al.,2013; Murray et al., 2011).”
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Figure S-1: Activated fractions of the reference mineral dust particles. Results of the atmospheric samples collected in

February and April are also shown for comparison.
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Figure S-2: the ice nucleation active site (INAS) densities for the reference single component mineral dust samples. These

INAS densities were calculated from the activated fractions (Fig. S-1) and the averaged sphere equivalent surface areas

obtained from the 2D silhouette of each particles in the microscopic image.

5 Description of the background contribution (contamination/impurity) should be included. The authors can assess it by
putting soluble salts (e.g., NaCl) on the silicon wafer and cooling the cold stage down to the homogeneous freezing T.
We are aware of the importance of the background contribution (contamination/impurity). As suggested, we conducted
additional measurements on the atomized NaCl particles and the activated fractions as a function of temperature are shown
in Fig. S-4. At least, the ice nucleation was not observed above -34 °C for both NaCl particles and pure water. Therefore, we
10

believe that there is no significant impact from contamination/impurity both during the water vapor condensation and the

cooling processes affecting the ice nucleation down to -30 °C.

L0 1 1 1
' ":._‘ —e— NaCl_1 (n=101)
‘e -@- NaCl_2 (n=164)
Vi ~@- NaCl_3 (n=101)
0.8+ Vi —e— Water_1 (n=74) [
= . - o - Water_2 (n=62)
-§ ] ' -9 Water_3 (n=54)
§ 0.6 - . Vi B
= -
s e |
S 044 ' ': -
2 ® |
0.2- v . B
0.0 - —
- _____  __rr _  ____°
-40 -30 -20
Temp. ("C)

Figure S-4: Activated fractions of NaCl and pure water droplets. Three set of samples were tested for both NaCl and water.

The number of particles and droplets observed under the microscope is shown as n.

The test NaCl particles were aerosolized by atomizing their solutions (0.005g/ml) and collected on the substrate with an

impactor. the pure water droplets were also collected by spraying directly onto the substrate..

Why the homogeneous freezing occurs over 3.5 K (P7L6-8)? It should be abruptly spontaneous in a narrow range of T, if the
water saturation condition is well-controlled.
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The size of droplets might not be a substantial factor for the observed deviation. Technical validations seem necessary.

We believe there was an obvious lack of explanation. In the same freezing run, all droplets freeze in a much narrower range
and almost spontaneously at the same temperature, like the reviewer points out (Fig.S-4). -36.5 degrees is the highest T, s
(temperature when freezing fraction is 0.5) that was recorded among the multiple freezing experiments, and all the droplets
were frozen before the temperature reached -40 degrees. This explanation is added in the manuscript (Page 7, line 6-8) as
follows:

‘Before evaluating the ice nucleation activity of the standard samples by IDFM, we measured the freezing temperature of
pure water droplets using the same method, which can be regarded as the onset temperature of homogeneous freezing. As a
result, homogeneous ice nucleation was initiated at approximately -36.5 °C or below, and all droplets spontaneously froze in
a narrow temperature range within the same experimental run. All droplets froze before the temperature reached down to -
40 °C in all experimental runs. This homogeneous freezing temperature coincides with those reported by several previous
laboratory experiments (Pruppacher and Klett, 1997; Murray et al., 2010; Murray et al., 2012) and from observations of
deep convective clouds (Rosenfeld and Woodley, 2000).’

Fig 1: What particles are they? Regardless, the immersion freezing active fraction at -30 dC is 1/16. Is it comparable to other
cold stage techniques?

The particles shown in Fig 1 are atmospheric particles collected in April, 2016. The original image shown in Fig. I was for
a small area on the substrate which was enlarged for better visibility. Now Fig. I is modified (as shown above in response to
earlier 9 comment) and the entire observation area is also shown. The actual activated fractions was 5.6E -03 as stated in

the manuscript, which was significantly smaller than 1/16.

The authors may want to test reference samples (K-feldspar, quartz etc.) and estimate their n, for to quantitatively compare to
Atkinson et al. (2013, Nature).
As shown in response to earlier comments, the INAS obtained in this study agreed within an order of magnitude difference

compared to those found in the literature (Fig. S-2).

Fig. 6: Two more pie charts should be added. Show the composition of total aerosols measured before cooling as well as that
of after thawing to eliminate the artifact of cooling-thawing.

It would be better if we can show the additional two pie charts, however, conducting analysis before the cooling-thawing
experiment will be an additional source of artifacts, for example, SEM analysis involves electron irradiation under high
vacuum and can potentially damage the sample and evaporate semi-volatile materials. In addition, it is already quite labor
intensive and very difficult to repeat three multiple individual particle analyses on the same particles. The idea was to

preserve the original particle properties as much as possible until the cooling experiment. We cannot fully rule out the
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possibility of the impact of cooling-thawing on the particle properties, but it is beyond the scope of our current study, and

must be incorporated in the future course of the study.

Sea salts are not ice nucleation inhibitors (P1L23), it is just not as active as other known INPs (e.g., aluminosilicate).

We believe there is also a lack of explanation and overstatement here. The results showed that the particles grouped as
mineral dust were the most abundant ice residues in our study, with no obvious dependence on the elemental composition
(EDX). On the other hand, most of the particles internally mixed with sea salt were not found as ice residues. This internal
mixing counterpart included mineral dust. Therefore, (instead of clearly placing them as an inhibitor) we suggest the

internal mixing of mineral dust with sea salt may reduce the chance of the mineral dust to act as ice nuclei.

P2L.9: Koop, 2000 (Nature) missing

Thank you for pointing out the error. We added it in the reference.

How were reference sample powders dispersed/aerosolized onto silicon wafers?
We added the following line to be more explicit on the preparation of the standard mineral samples:
‘The reference mineral samples were milled to fine grains before being collected on Si wafer substrate by an impactor.

Three set of samples were made for each reference mineral to ensure large enough observation area for the IDFM.’

Some details of single particle techniques (laser intensity of Raman, and its influence on composition detection) are also
missing.

We added following information in the method section:

‘The Raman spectra of individual particles were obtained using a 532 nm excitation laser with the intensity fixed at 4.906
mW. This laser wavelength was used to detect C-H vibrational mode that appears as peaks or a broad peak in the range

2,800 em™ and 3,100 cm™, and the laser intensity was chosen to minimize damage to the sample.’

Describing the experimental uncertainties in temperature measurement, particle size detection/limit etc. would be beneficial
to the reader.

The temperature measured on the surface of a substrate and the Linkam stage internal measurement is calibrated based on
the melting point of materials with known properties as described in Akizawa et al., 2016. The temperature difference
between the substrate surface and the stage, as well as the temperature gradient is less than 0.3 °C based on the observation
of melting pure ice. This explanation is added in the section 2.1 as follows:

‘The sample particles were deposited onto a Si wafer substrate with hydrophobic coating (Glaco, Soft99 Corporation,
Japan). Particles were observed for their position, size, and shape under an optical microscope with x50 magnification

(Olympus, Japan) as shown in Fig. la. Subsequently, the substrate was transferred onto a cold stage in a closed cell
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(THMSG600, Linkam Scientific Instruments, UK). Since the cold stage used in this study is cooled by liquid nitrogen, the
exposed tube through which the liquid nitrogen passes in the cold cell becomes a cold trap which can act as an additional
sink for the water vapor. Therefore, in this study, all cooling parts except the cold stage surface were covered by insulating
material. The temperature measured at the cold stage was calibrated by the substances of known melting points (Akizawa et
al., 2016). Furthermore, we confirmed that the temperature gap between the substrate and the cold stage was consistently
smaller than 0.3 °C by observing the melting of pure ice. During the ice nucleation experiment by atmospheric particles, the
stage temperature and the dew point were recorded every 1 seconds. The temperature measurement and the images were
synchronized with the PC internal clock.’

Experimental limitations related to the particle size is discussed earlier in response to the comment made in relation to the

size dependent analysis.
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Abstract. In order to better characterize ice-nucleating (IN) aerosol particles in the atmosphere, we investigated the chemical
composition, mixing state, and morphology of atmospheric aerosols that nucleate ice under conditions relevant for mixed
phase clouds. Five standard mineral dust samples (quartz, K-feldspar, Na-feldspar, Arizona test dust, and Asian dust source
particles) were compared with actual aerosol particles collected from the west coast of Japan (Kanazawa City) during Asian
dust events in February and April 2016. Following droplet activation by particles deposited on a hydrophobic Si wafer
substrate under supersaturated air, individual IN particles were located using an optical microscope by gradually cooling the
temperature to -30 ‘C. For the aerosol samples, both the IN active particles and non-active particles were analyzed
individually by Atomic Force Microscopy (AFM), micro-Raman spectroscopy, and Scanning Electron Microscopy (SEM)
coupled with Energy Dispersive X-ray spectroscopy (EDX). Heterogeneous ice nucleation in all standard mineral dust

samples tested in this study was observed at consistently higher temperatures (-25.7 °C) than the homogeneous freezing

temperature (-36.5 °C). Mean

. Meanwhile, most of the IN active
atmospheric particles formed ice below -28 °C, i.e. at lower temperatures than the standard mineral dust samples of pure
components. The most abundant IN active particles above -30 °C were predominantly irregular solid particles that showed
clay mineral characteristics (or mixtures of several mineral components). Other than clay, Ca-rich particles internally mixed
with other components, such as sulfate, were also regarded as IN active particle types. Moreover, sea salt particles were
predominantly found in the non-active fraction, and internal mixing with sea salt clearly acted as a significant inhibiting
agent for the ice nucleation activity of mineral dust particles. Also, relatively pure or fresh calcite, Ca(NO;),, and (NHy4),SO4
particles were more often found in the non-active fraction. In this study, we demonstrated the capability of the combined
single droplet freezing method and thorough individual particle analysis to characterize the ice nucleation activity of

atmospheric aerosols. We also found that dramatic changes in the particle mixing states during long-range transport had a
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complex effect on the ice nucleation activity of the host aerosol particles. A case study in the Asian dust outflow region

highlighted the need to consider particle mixing states, which can dramatically influence ice nucleation activity.

1 Introduction

Ice nucleation in clouds substantially affects the climate by significantly impacting the radiation balance and precipitation
processes in the Earth’s atmosphere (Lohmann and Feichter, 2005; Rosenfeld et al., 2008; Flato et al., 2013). Most of the
initial precipitation process in mid-latitude regions involves ice nucleation in mixed phase clouds, where supercooled water
droplets and ice crystals co-exist (Pruppacher and Klett, 1997; Murray et al., 2012). Therefore, an understanding of ice
nucleation is crucial to predicting precipitation and cloud radiative properties.

Pure water droplets generally maintain their liquid state, even in temperatures below 0 °C, and remain as supercooled water
droplets. These pure water droplets spontaneously freeze by cooling to approximately -37 °C and below (homogeneous
nucleation) (e.g. Koop, 2000; Rosenfeld and Woodley, 2000; Murray et al., 2010; Murray et al., 2012). However,
supercooled water droplets in the atmosphere generally form ice crystals at higher temperatures due to the presence of
aerosol particles that can nucleate ice (heterogeneous nucleation). Traditionally, heterogeneous nucleation pathways are
categorized into four freezing modes: deposition, condensation, immersion, and contact freezing modes (Pruppacher and
Klett, 1997; Cantrell and Heymsfield, 2005). The physical and chemical properties of aerosols, which act as ice nuclei, play
an essential role in the formation of ice crystals. However, the response of ice nucleation processes to changes in host
aerosol properties is still poorly understood due to a lack of understanding of the basic aerosol particle interactions leading to
ice crystal formation. Therefore, considerable uncertainty still exists regarding the prediction of ice nucleation that would
lead to climate changes in the atmosphere.

Many previous ice nucleation experiments have been performed under laboratory conditions, providing valuable information

on the ice nucleation properties of pure component particles and artificially generated aerosol mixtures (Pruppacher and

Klett, 1997; Hoose and Moéhler, 2012; Murray et al., 2012). Based-en-theseresultsmineral dust-and-biological particles-are

cone o o o en o N ei (Mo o onnollv—_e 0: Niemand—e 0 shile

hand;—seasalt-and-sulfates—are-often not-considered-as—efficienticenuelei: Based on these results, while mineral dust and

biological particles are generally regarded as efficient ice nuclei (Morris et al., 2004; Connolly et al., 2009; Niemand et al.,
2012), ice nucleation within mixed phase clouds involving soot and organic particles is still not as clearly demonstrated due
to the diverse chemical composition and different experimental conditions (DeMott, 1990; Kireeva et al., 2009). On the
other hand, sea salt and sulfates are often not considered as efficient ice nuclei under mixed phase conditions. However, the
situation is even more complex in the ambient atmosphere, where particles are often present as complex mixtures of different

compounds and minerals. Although recent laboratory experiments have considered the influence of aerosol mixing states
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(Sullivan et al., 2010; Kulkarni et al., 2014; Augustin-Bauditz et al., 2016), the complexity of the atmosphere has not yet
been fully represented.

Over the last decade, several techniques have emerged, such as the counter vertical impactor (CVI), which is capable of
distinguishing ice residue particles from background atmospheric particles (non-active particles) (Klein et al., 2010, Cziczo
et al., 2013). Using these techniques, several field studies have been conducted to directly extract ice crystal residues from
cirrus clouds (i.e. pure ice phase).

mede—efiecenueleiin—eirrus—elouds—This enabled direct and detailed investigation on the particles representative of the

actual deposition mode ice nuclei in cirrus clouds.

The investigation of ice nuclei in mixed phase clouds (i.e. dominated by immersion and condensation freezing modes),
however, requires a different and much more demanding approach to ensure the complete isolation of ice crystals from
numerous supercooled droplets and other interstitial aerosol particles. The accuracy required to ensure complete separation
of ice nuclei is very challenging because the number of ice nuclei is believed to be on the order of only 1 out of 10° - 10°
ambient particles and supercooled droplets in the free troposphere (e. g. Rogers et al., 1998; Prenni et al., 2012; Ardon-
Dryer and Levin, 2014). It is also generally accepted that one single ice crystal grows at the expense of 10° - 10° evaporating
droplets inside mixed phase clouds (the Bergeron-Findeisen or so-called “cold rain” process) (Korolev, 2007).

In order to overcome the issue of ice nuclei extraction from mixed phase clouds, several techniques such as the Ice-CVI or
the Ice Selective Inlet have been proposed (Mertes et al., 2007; Kupizewski et al., 2014), and efforts have been made to
characterize ice nuclei using these instruments (Kamphus et al., 2010; Ebert et al., 2011). Worringen et al. (2015) reported
the size distribution and chemical components of ice residue-residues from mixed phase clouds collected by three different

techniques (Ice-CVI, ISI, and ice nuclei counter combined with CVI), and found that silicates, Ca-rich, carbonaceous, and

metal oxide particles constitute the major groups of ice nuclei. However-they-alsoreported-diserepanciesbetween-theresults

ah nod om ho thyroo AJ aran ECE RN o toch ane aVal I ad honm 0 ntan 2 due to the hova montianoad
Ootd G O S a P o g S ana—a ot G 0—10O a o1d e O ooV O G

artifaets—and-—theseareity—ofiecenuelet: However, they also reported discrepancies between the results obtained from the
three different sampling techniques, and attributed them to potential bias arising from the artifacts such as the possible
generation of particles within the instruments and the inherently scarce number of ice nuclei in the atmosphere. Further, it is
unknowable whether the ice residues were the actual ice nuclei, because, for example, the riming process can potentially mix
cloud condensation nuclei, ice nuclei, and/or interstitial aerosols in the same ice residue.

In addition to these technical difficulties, the number of field studies that have characterized ice residues in mixed phase
cloud remains sparse owing to the limited access to research locations where such clouds are directly and frequently

accessible. Therefore, there is a further need to conduct field measurements in many different locations in order to reflect the

regional variations in IN particles.
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nueleation-by-ambient-aereselpartieles—Internal mixing of aerosols commonly takes place during long-range transport in
the atmosphere (e. g. Zhang et al., 2003, Sullivan et al., 2007; Iwasaka et al., 2009b). The surface properties of the

internally mixed particles following atmospheric processing (reaction, coagulation and aging) can dramatically change
from their original properties (Maring et al., 2003; Trochkine et al., 2003). The internal mixing of particles is an important
factor that contributes to the complexity of atmospheric aerosol particles. Although efforts have been made to address the
effects of internal mixing on the IN activity of aerosols under conditions relevant for the mixed phase cloud formation
(Sullivan et al., 2010; Kulkarni et al., 2014; Augustin-Bauditz et al., 2016), the complexity of the ambient aerosol has not yet
been fully represented by the laboratory generated aerosols. Therefore, detailed investigation based on the individual
particle analysis is necessary to relate the internal mixing state of aerosols in the actual atmosphere and their IN activity.
This study is designed to investigate how the morphology, chemical composition, and mixing state of ambient aerosol
particles influence their ice nucleation activities under conditions relevant to mixed phase clouds. Following the ice
nucleation experiments, comprehensive analysis of the chemical, physical, and mixing properties of individual aerosol
particles collected from the atmosphere was conducted. We further demonstrate the ability to monitor individual IN particles
by continuously controlling the ambient conditions during the ice nucleation experiments.

The individual droplet freezing method (IDFM) is the experimental method used in this study, with which ice crystal
formation on each particle could be monitored under controlled conditions while keeping individual particles distinct. By
drying and evaporating the particles that formed ice crystals and/or droplets, their exact location as ice and/or droplet
residues can be observed. Instead of deploying state-of-the-art, in-situ ice nuclei samplers into extreme field locations (e.g.

low temperature, high altitude, and airborne), this method enables detailed post sampling analysis on both IN active and non-

active particles on an individual particle basis using a fairly simple, conventional sampling method.

temperatures—between—43—C—and—63—C—Several laboratory studies used similar cold stage to test the ice nucleation
activities of various atmospherically relevant standard particles (Fornea et al., 2009; Baustian et al., 2010; Mason et al.,
2015; Whale et al., 2015; Knopf et al., 2014), but not enough studies have been made so far to investigate on the immersion-
mode ice nucleation (mixed phase cloud) by the individual particles in the actual atmosphere. By—employing—simiar
metheds—w—We exposed sample particles to the conditions relevant for mixed phase cloud formation (i.e. immersion and
condensation freezing modes), while monitoring the states of individual particles. The sample particles were collected from
the west coast of mainland Japan in spring, which is frequently subjected to the influence of continental outflow; often
associated with plumes of Asian dust mixed with bioaerosols and other anthropogenic pollutants (Matsuki et al., 2005; Maki

etal., 2010; Tobo et al., 2010).
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2 Method

2.1 Individual droplet freezing method (IDFM)

Akizawa—et-al; 2016 THMS G600, LinkamSetentifie Instruments; BIO9—The sample particles were deposited onto a Si
wafer substrate with a hydrophobic coating (Glaco, Soft99 Corporation, Japan). Particles were observed for their position,
size, and shape under an optical microscope with x50 magnification (Olympus, Japan) as shown in Fig. 1b. Subsequently,
the substrate was transferred onto a cold stage in a closed cell (THMSG600, Linkam Scientific Instruments, UK). Since the
cold stage used in this study is cooled by liquid nitrogen, the tube through which the liquid nitrogen passes in the cold cell
becomes a cold trap which can act as an additional sink for the water vapor. Therefore, in this study, all cooling parts
except the cold stage surface were covered by insulating material. The temperature measured at the cold stage was
calibrated by the substances of known melting points (Akizawa et al., 2016). Furthermore, we confirmed that the
temperature gap between the substrate and the cold stage was consistently smaller than 0.3 °C by observing the melting of
pure ice. During the ice nucleation experiment by atmospheric particles, the stage temperature and the dew point were
recorded every 1 seconds. The temperature measurement and the images were synchronized with the PC internal clock.

The dew point of the air introduced into the cell was controlled by mixing dry air (QD10-50, IAC, Japan) and wet air from a
water filled gas scrubbing bottle. Both air flows were kept particle free and their mixing ratio was controlled by a pair of
mass flow controllers (MQV9005, Azbil Corporation, Japan). The resulting dew point was also monitored by a chilled
mirror type hygrometer (OptiSonde™, General Electric Company, Japan). By adjusting both the dew point of the introduced
air flow (0.5 I/min) in the range -6 °C to -3 °C and the sample temperature on the cold stage in the range -9 °C to -7 °C, the
particles on the substrate were exposed to water super saturation conditions that initiate droplet formation. Thus, increases in
particle sizes could be observed (Eie—Hs)-(Fig. Ic).

After the air supply was stopped, the temperature of the stage was reduced to -30 °C at a rate of -0.5 °C/s. As the temperature
of the stage decreased, the saturated water vapor was expected to keep condensing onto the droplets. Thus, the degree of
water super saturation was assumed to be limited to slightly higher than 100 % in terms of relative humidity. The formation
of ice crystals on individual droplets can be visually identified by their rapidly growing size with irregular shapes (Fig—te)
(Fig. 1d).

After relaxing for 10 seconds once the substrate reached -30 °C, the temperature of the stage was increased up to -10 °C at
0.5 °C/s. After reaching this temperature, dry air flow (0.5 1/min) was introduced into the cell to expose the formed ice
crystals and droplets to the sub-saturation conditions for ice. As a result of evaporation and/or sublimation of water, the
nuclei particles were exposed and left visible on the substrate. Finally, the positions of the dried particles were again located

under the optical microscope Kie—th—(Fig. le).
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were—tdentified-and-regarded—asHN-aetiveparticles: By comparing the optical images before and after the ice nucleation

experiments, the individual particles that formed ice crystals (excluding those coalescing with adjacent droplets or crystals)

were identified and regarded as IN active particles. Most of the particles collected on the substrates were monitored under
an optical microscope with x5 magnification (Fig. 1a). We did see multiple particles freezing in the same field of view.
However, we did not cover all of the collected particles. Therefore we must note that the Non-active particles or IN active

particles outside of our field of view are not included in our counts.

2.2 Preparation of atmospheric aerosol and standard particles

Using the IDFM, we identified IN particles from the ambient aerosol particles and five types of standard samples. We
sampled actual aerosol particles at Kanazawa University campus (36.54 °N, 136.70 “E, 149 m. ASL), Japan (Fig. 2) on 28
February 2016 and 10 April 2016. The particles were collected on the substrate (described above) using an impactor with a
50 % cutoff diameter of 1.1 pm at a flow rate of 1.0 L/min. The sampling period was set to 60 seconds for each substrate.
The ambient temperature, pressure, relative humidity, and particle number concentrations were recorded using a mobile
meteorological sensor (TR-72Ui, T&D Corporation, Japan) and an optical particle sizer (OPS 3330, TSI, USA) during the
sampling periods.

The ambient atmospheric conditions during the ambient aerosol sampling were 16.7 °C, 22.7 % RH, and 1004.25 hPa for the
February sample, and 11.7 °C, 84.0 %, and 994.47 hPa for the April sample. The average concentrations of coarse particles
during the two sampling periods (Dp > 1.117 um) were approximately 1.4E + 02 particles cm™ for February and 4.1E + 02
particles cm™ for April, indicating that the concentration for April was three times higher than for the February sampling
period. No significant difference was observed for the fine particles (Dp < 1.117 um) between the two periods.

The five standard samples include three types of single mineral component samples (quartz, K-feldspar, Na-feldspar) and
two types of soil dust samples (Arizona test dust: ATD, and Asian dust source particles: ADS) that consist of multiple
mineral components. The ADS were sampled from the surface soil of an arid region near Dunhung, China (40.21 °N, 94.68
°E). K-feldspar and Na-feldspar were purchased from the Bureau of Analyzed Samples Ltd. K-feldspar has been reported by
several studies to show higher ice nucleation activity in mineral dust (Atkinson et al., 2013; Harrison et al., 2016). The
quartz sample was purchased from Wako Pure Chemical Industries, Ltd., and it was further crushed with a mortar to
decrease the grain size. Both of the soil dust samples (ATD and ADS) were size selected by the impactor and only particles

coarser than 1.1 pm were used in the ice nucleation experiments.

2.3 Individual particle analyses
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the IN active and non-active particles collected in the atmosphere were analyzed on an individual particle basis using a
series of microscopic techniques. Firstly, an AFM (CombiScopeTM 1000, AIST-NT, Inc., USA) was used to characterize the
three-dimensional morphology, followed by micro-Raman spectroscopy to detect chemical compounds. Furthermore, the
exact same particles were analyzed by a SEM (S-3000N, HITACHI, Japan), coupled with EDX (EMAX-500, HORIBA,
Japan), in order to obtain their elemental compositions. The reason for conducting AFM observations and micro-Raman
analysis prior to SEM-EDX analysis is because the former two methods can be applied under ambient conditions, while the
latter requires a high vacuum. The sequence of the multiple analyses was determined by taking into account the potential
loss of volatile components within individual particles, especially under conditions of high vacuum and electron beam
bombardment. Further, the advantages of AFM over conventional imaging techniques are that it is non-destructive (ambient
conditions, no electron beam bombardment, and minimum physical contact), and directly provides the three-dimensional
structure of individual particles. The technique does not involve any pre-treatment (e.g. shadowing particles by spattering a
Pt/Pd alloy from a certain angle inside the vacuum) or tilting of samples as is conventionally required, especially when
obtaining particle height from the inherently two-dimensional electron micrographs (Adachi et al., 2007; Ueda et al., 2011).

In this study, AFM images were obtained in dynamic mode using a silicon tip (ATEC-NC, NANOSENSORS™,
Switzerland) with a spring constant of 45 N/m. The resolution of the measurement was set to 20 nm for each particle. The tip

was resonated at approximately 335 kHz. In order to avoid sweeping of the particles by physical contact with the tip, the

amplitude of the tip was set to 200 nm, and the rate of scanning speed was set to 0.1 lines per second.

mWe The Raman spectra of individual particles were obtained using a 532 nm excitation laser with the intensity fixed at
4.906 mW. This laser wavelength was used to detect C-H vibrational mode that appears as peaks or a broad peak in the
range 2,800 em™ and 3,100 ecm™, and the laser intensity was chosen to minimize damage to the sample. With the use of a
100x objective lens, the laser spot size (i.e. spatial resolution) approaches the diffraction limit of approximately 1 um in
diameter. The laser was scanned over the Si wafer substrate containing the particle deposits with an automatically controlled
X, Y piezo scanner stage. For each 750 nm step, a Raman spectrum was acquired with an exposure time of 10 s and 5
accumulations.

The compounds and minerals contained in the particles were identified by the main Raman-shift peaks in the spectral range -
100 cm™ to 4,000 cm™. The peaks were assigned to specific compounds and minerals by comparing with reported values
from the literature (Tang and Fung, 1989; Ivleva et al., 2007; Freeman et al., 2008; Baustian et al., 2012; Laskina et al.,
2013) and Raman databases. The peak positions were also verified by measuring standard pure chemical compounds using
the current Raman system. The Raman-shift peak positions used for the identification of compounds and minerals are
summarized in Table 1. The identification of organic components was defined by detection of the C-H vibrational mode that
appears as peaks or a broad peak in the range 2,800 cm™ and 3,100 cm™ (Baustian et al., 2012; Ault et al., 2013; Laskina et
al., 2013). The strong broad peak obtained from atmospheric particles in the range 1,200 em™ and 1,700 cm™, such as that

shown in Fig. 3a and c, is typically due to the presence of complex organic matter with conjugate double bounds, biological
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material, diesel soot, black and brown carbon, or humic-like substances (Escribano et al., 2001; Sadezky et al., 2005; Ivleva
et al., 2007). Therefore, we refer to this broad peak as black or brown carbon (BBC) (Hiranuma et al., 2011). Other than
peaks assigned to the specific components mentioned here, spectra showing strong fluorescence in the measured range, as
shown in Fig. 3a, were further classified as “fluorescent particles”.

Following the measurements under atmospheric pressure by AFM and micro-Raman, the particles on the Si wafer substrate
were coated by Au approximately 30 nm thick. The coated particles were located under SEM-EDX. The X-ray spectra were
collected at 20 kV acceleration voltage and 15 mm working distance. The relative atomic fractions (%) of the detected
elements were determined by the ratios of the characteristic X-ray peak areas. Due to the limitations of the method, related to
the quantification of lighter elements and elements contained in the coating and substrate, C, N, O, Au, and Si were excluded

from the semi-quantitative analysis.

3 Results

3.1 Observation of ice nucleation by IDFM

Before evaluating the ice nucleation activity of the standard samples by IDFM, we measured the freezing temperature of

pure water droplets using the same method, which can be regarded as the onset temperature of homogeneous freezing. As a
result, homogeneous ice nucleation was initiated at approximately -36.5 °C or below, and all droplets spontaneously froze in
a narrow temperature range within the same experimental run. All droplets froze before the temperature reached down to -
40 °C in all experimental runs (Fig.S-1). This homogeneous freezing temperature coincides with those reported by several
previous laboratory experiments (Pruppacher and Klett, 1997; Murray et al., 2010; Murray et al., 2012) and from
observations of deep convective clouds (Rosenfeld and Woodley, 2000).
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Heterogeneous ice nucleation observed in all standard mineral samples tested in this study (K-feldspar, Na-feldspar, quartz,
kaolinite) consistently occurred at higher temperatures than the homogeneous freezing temperature. The reference mineral
samples were milled to fine grains before being collected on Si wafer substrate by an impactor. Three set of samples were
made for each reference mineral to ensure large enough observation area for the IDFM. The total number of the particles
monitored during the ice nucleation experiment by IDFM was 4,509, 2,271, 4,759, and 1,435 particles, respectively. In this
study, the freezing onset temperature of the sample was defined as the temperature at which the IN active fraction of the
total observed particles reached 0.01. As a result, the freezing onset temperatures for K-feldspar, Na-feldspar, quartz, and
kaolinite ranged between -22.2 to -24.2 °C, -24.7 to -25.7°C, -24.8 to -26.8 °C and -27.2 to -29.2 °C, respectively (Fig. S-2).
Therefore, the ice nucleation activity of K-feldspar was the highest and that of kaolinite was the lowest. The order and the
range of observed onset temperatures for these minerals were consistent with the results found in the literature (Atkinson et
al., 2013; Murray et al., 2011). For comparison, we also showed the IN activities of the reference samples in terms of ice
nucleating active site (INAS) densities (Fig. S-3, S-4), calculated based on the IN active fraction curve shown in Fig. S-2,
and the averaged sphere equivalent surface areas obtained from the 2D silhouette of individual particles in the microscopic

image.

The fact that the observed freezing temperatures were similar to those reported in previous studies clearly demonstrates the
validity of the IDFM for representing immersion and condensation mode ice nucleation. Fer—eomparison,—the—freezing
temperatures-of ATD-and ADS-were—22.5—C-and—26-6—C;respeetively: For comparison, the freezing onset temperatures of
the ATD and ADS were -22.1 to -23.7 °C and -25.2 to -27.2 °C, for 2,019 and 1,354 monitored particles, respectively (Fig. S-
2, corresponding INAS densities estimated for ATD and ADS are shown in Fig. S-4)

samples;respeetively: For ambient samples, we first determined the total number of target particles by analyzing the optical
images recorded with x50 magnification. As a result, ice nucleation activity of 10,188 and 24,145 particles were monitored
by the IDFM for the February and April samples, respectively. To avoid too many particles in contact or in proximity to
each other in the same field of view, multiple samples were collected during the sampling period on separate silicon wafer
substrates to gain a good total number of particles. Among those, the number of IN active particles was 37 for the February
samples and 122 for the April samples. Therefore, the ice nucleation active fraction for D, > 1.1 pm particles was 5.6E -03
for the April samples. This value is 1.5 times higher than that for the February samples (3.6E -03). While most of the IN
active particles formed ice below -28 °C, the highest onset temperature recorded for these ambient particles was -25 °C.
Particles with such a relatively high onset temperature tended to grow faster and larger, therefore coalescing with adjacent
particles, complicating identification of individual particles following the ice nucleation experiment. As a result, individual
analysis of such rapidly growing particles was not performed.

The advantage of IDFM is that we can keep track and be sure which of the collected single particle was actually nucleating

ice. Thus the IN active particles identified by IDFM can be studied in detail by various particle analysis techniques.
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Comparing IDFM with the other methods such as FRIDGE used primarily to measure ice nuclei concentration (Ardon-
Dryer and Levin, 2014; Schrod at al., 2016; Schrod at al., 2017), we have to compromise the accuracy and quantitative
evaluation of IN activity since the evaporation of droplets around frozen particles by the Bergeron-Findeisen effect can
affect the activated fraction. Therefore, by selecting the higher cooling rate and -30 °C as the end cooling temperature, we
minimized the evaporation and the scavenging of the droplets around the rapidly growing ice crystals in the experiments of
atmospheric particles. By this way, most of the atmospheric particle (excluding those very close to the ice crystals) were not
dried and remained as droplets until temperature reached -30 °C. Note however, that the selected cooling rate is
considerably faster when compared with the typical cooling rate found in the convective cloud updraft. Also, we cannot fully
rule out the possibility that droplets very close to an ice crystal may had been fully evaporated.

With respect to the particle size detection/limit, the impactor already size segregates particles and limit the test particles in
the super-micron range. The diameter of the collected atmospheric particles whose ice crystal formation could be monitored
ranged between 1.16 and 547 um through the identification by the optical microscope. Meanwhile, the laser spot size (i.e.
spatial resolution) of micro Raman spectroscopy approaches the diffraction limit of approximately 1 um in diameter. All in

all, the size of IN active particles that can be analyzed by this method is limited to super micron particles.

3.2 Observation of individual IN active particles by AFM

Owing to the inherently small number of IN particles in the atmosphere, three different analytical methods were employed to
gather as many physical and chemical characteristics as possible from individual IN active particles.

Firstly, the 3D morphological images and the maximum height (h) based on the cross-sectional shape of 22 IN active
particles and 67 non-active particles were obtained by AFM (note that the counts are shown as the sum of February and
April samples due to the small number of IN active particles). We further determined the surface equivalent diameter (Ds),
which is defined as the arithmetic average of the longest axis and its orthogonal axis in the 2D particle silhouette. As a result,
the IN active particles were found to fall within the 1.12 - 14.60 um range for Dg and in the 0.32 - 3.28 um range for h, while
the non-active particles had Dg values of 0.60 - 12.04 pm and h values of 0.07 - 1.98 pm.

In terms of particle shape, we determined the Dg/h ratio, which can be closely linked to the physical state, whereby semi-
ellipsoidal particles with high Dg/h ratios tend to be in a liquid or semi-liquid state, while irregular shaped particles with low
ratios are most likely in a dry solid phase (Sobanska et al., 2014). As shown in Fig. 4a, while the IN active particles tended to
concentrate in low Dg/h ratios, the non-active particles showed a wider range, including relatively high Dg/h ratios. This
suggests that the IN active particles were predominantly irregular solid particles.

Aspect ratio was also determined for each particle using the ratio between the major and minor axis of the best fit ellipse of
the 2D particle silhouette. Although the number of measured particles was small, the aspect ratio of the IN active particles
was not close to 1 (Fig. 4b). In other words, the IN active particles were predominantly irregularly shaped particles (as

shown in Fig. 3a), consistent with the results of Dg/h ratio distribution (Fig. 4a). Conversely, the particles shown in Fig. 3b
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and ¢ were more representative of non-active particles. It is noteworthy, however, that the analyzed morphology of particles
may not necessarily correspond to that in the actual atmosphere, since particles can be flattened upon impaction and particle

shape can also be altered following ice nucleation experiments involving ice and/or droplet activation.

3.3 Analysis of individual IN active particles by micro-Raman spectroscopy

Chemical species contained in the 42 IN active particles and 131 non-active particles were identified by Raman spectra
mapping (counts include the February and April samples combined). The detection frequencies of the Raman-active
molecular compounds among individual particles are summarized in Fig. 5.

It was found that more than 70 % of both IN active particles and non-active particles contained organic matter. Additionally,
nitrate and/or sulfate peaks were detected in 50 % and 99 % of the IN active and non-active particles, respectively. These
results show that most of the ambient aerosol particles (Dp > 1.1 pm) collected in this study were internally mixed with
organic and/or inorganic (sulfates and nitrates) materials.

The fraction of particles containing sulfates, such as (NH4),SO,4 and/or CaSOy,, was 40 % and 34 % for IN active and non-
active particles, respectively. Moreover, a significantly larger fraction (76 %) of the IN active particles showed fluorescence
in the Raman spectra. Fluorescence from a particle is typically attributed to a certain group of organics of biological origin,
or the intercalated impurities of humic or humic-like substances in clay minerals and amorphous alumino-silicates (Sobanska
et al., 2012; Jung et al., 2014). In addition to the fraction of fluorescent particles, BBC, CaSQ,, and quartz were detected in
the IN active particles with significantly higher frequencies than in non-active particles. In contrast, the particles indicating
broad OH peaks and nitrate peaks were more abundant in non-active particles. In terms of the detection frequency of organic
matter and (NHy4),SO,, we did not find any clear differences between IN active and non-active particles.

We also performed micro-Raman analysis on ADS for comparison. As shown in Fig. 5, all ADS showed fluorescence in the
Raman spectra. Organic matter and quartz components were identified in 61 % and 16 % of individual ADS, respectively.
Meanwhile, peaks indicating sulfates or nitrates were not detected in any ADS particles. This is consistent with the findings
that Asian dust aerosols near the source region are fresher and hence contain less sulfur than in the downwind regions
(Trochkine et al., 2003). This result clearly indicates that many mineral dust particles are originally internally mixed with
organic matter to some extent, but that the Asian dust source does not contain sulfates or nitrates (Kawamura et al., 2004).
Additionally, the presence of feldspar in the individual particles was tested by comparing spectra with that of the standard
mineral samples. However, there were almost no particles showing typical spectra indicating the presence of feldspar in the
ambient samples. The possibility remains that the feldspar content was so small that it was below detection limits, or that the
feldspar contained impurities or had defects in the crystal structures that may have caused interference in the form of strong
fluorescence in the Raman spectrum. Nonetheless, we did not observe any particles predominantly composed of pure

feldspar, such as the standard feldspar sample, that indicated characteristic peaks in the Raman spectra.
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3.4 Analysis of individual IN active particles by SEM-EDX

Elemental compositions of 37 IN active and 114 non-active particles were analyzed using SEM-EDX (counts include the
February and April samples combined). The presence of mineral dust particles can be identified by the dominant X-ray
peaks corresponding to Al, Mg, and Fe. Due to interference by the Si wafer substrate, Si was not determined in this study.
The particles predominantly composed of Na and Cl were classified as fresh sea salt with a Cl/Na ratio in the 0.8 - 1.2 range.
Due to the Cl liberation reaction during transport (Zhang et al., 2003), those particles with lower CI/Na ratio can be
considered as aged sea salt particles. Particles enriched in Ca or S were classified as Ca-rich particles or sulfate particles,
respectively. When a particle contained more than 35 % of elements other than the predominant components, we defined it
as an internal mixture, which is designated by (+ inclusion) in Fig. 6.

As shown in Fig. 6, the relative abundance of particle groups clearly differed between IN active and non-active particles.
The mineral dust particle groups (mineral dust and mineral dust + inclusions) accounted for 55 % of IN active particles and
were the most dominant type, while sea salt particles were rarely found (3 %). Conversely, the majority (62 %) of non-active
particles was dominated by fresh and aged sea salt particles, suggesting it was internally mixed with other components, such
as S. The mineral dust particle group, in turn, comprised a relatively minor fraction (12 %). Note however, that elements C,
N, O, and Si were not taken into account in the EDX semi-quantitative analysis. Therefore, we cannot rule out the possibility
that organic dominant particles may be overlooked by EDX analysis alone.

The Ca-rich and sulfate groups were found in both IN active and non-active particles. However, the pure Ca-rich and sulfate
component groups were relatively minor compared to internal mixtures, which contain the latter components plus other
matter (+ inclusion), for IN active particles. They were found in similar fractions for non-active particles.

Particles enriched in Pb were reported to be involved in the formation of ice crystals at Jungfraujoch (Cziczo et al., 2009).
However, such particles enriched in Pb were neither found in IN active particles nor in non-active particles.

The semi-quantitative comparison of particle composition obtained by micro-Raman spectroscopy and SEM-EDX analyses
is hampered by the different principles employed in the two techniques. Particle—elassification—-with-SEM-EDX—reles—on

o-Raman—sp a4 vpreaty—rep atrve-of-a-coatingand/orcompo S ated-on—thepa urface;t-e:

the-analytical-velumeis—meoresurfietal thanfer EDX—Particle classification with SEM-EDX relies on characteristic X-ray

signals, which are used to estimate the major elemental composition of a particle. This information can be considered to
reflect the bulk elemental distribution within a particle and has been commonly used for particle classification in many

previous studies. In contrast, micro-Raman spectroscopy detects slight shifts of wavelength in the scattered light that reflect
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the vibrations of molecular bonds specific to the compounds contained in a sample. Therefore the Raman spectrum was used

rather to complement the bulk particle type classification by the EDX analysis, and to detect the internally mixed compounds.

4 Discussion
4.1 Mineral dust particles

The SEM-EDX analysis indicated that mineral dust particles accounted for 55 % of the IN active particles (Fig. 6).

Fluorescent particles identified by micro-Raman spectroscopy were also common (76 %) in IN active particles (Fig. 5).

formation- Subsequent SEM-EDX analysis showed that most of the fluorescent particles (87 %) contained elements that
indicate a mineral composition. The fluorescence is also often taken as an indication for the presence of biological aerosols
(Twohy et al., 2016), but considering the fact that all the ADS also showed similar fluorescence, and the relatively small
abundance of biological particles as compared to mineral dust in general (Huffman et al., 2012), these fluorescence signals
are mostly associated with mineral dust (especially those enriched in clay minerals) rather than pure biological particles.
Possibility remains however, that a fraction of the fluorescence signal results from biological matters attached to the clay
minerals. In any case, both the SEM-EDX and micro-Raman analyses indicated that mineral dust particles act as efficient
ice nuclei under conditions relevant for mixed phase cloud formation.

This finding is in good agreement with the findings of previous work. For example, several laboratory studies showed that
mineral dust particles are capable of nucleating ice crystals at relatively high temperatures, and may be important ice nuclei,
especially at temperatures below approximately -15 ‘C (Murray et al., 2012). Additionally, several in-situ field studies
performed within a mixed phase cloud at Jungfraujoch, a high elevation site in the Swiss alpine region, reported that mineral
dust was the most abundant component, comprising 40 - 70 % of the ice residue particles by number (Worringen et al., 2015;
Ebert et al., 2011; Kamphus et al., 2010).

Nonetheless, questions remain concerning the factors controlling the IN properties of mineral dust. These particles exist as
internal mixtures of several minerals. Strictly speaking, therefore, the mineralogical composition of mineral dust is unique to
each particle. Recently, several studies have pointed out that the feldspar group, especially K-feldspar, is an important
mineral component for ice nucleation within mixed phase clouds at higher temperatures (Atkinson et al., 2013; Harrison et
al., 2016; Boose et al., 2016). Also, quartz has been proposed to contribute to the relatively strong ice nucleation activity of
natural desert dusts (Boose et al., 2016), whose stronger ice nucleation activity in immersion mode than that of clay minerals

is thought to be related to defects present on the surface of quartz particles (Zolles et al., 2015).
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In this study, standard K-feldspar (-20.3 °C) and quartz (-25.7 °C) samples were indeed more efficient ice nuclei than ADS (-
26.6 °C). However, most of the collected atmospheric particles formed ice crystals at temperatures below -25 “C. These ice
nucleation onset temperatures are similar to those reported for several natural dust samples from different regions around the
world (Boose et al., 2016; Kaufmann et al., 2016).

The mineral dust particles can be further separated into K-feldspar and Na/Ca-feldspar groups using an-Ad-k—Ca+Naj) a Na-
Ca-K ternary plot (Fig. 7). Mineral particles composed mainly of other clay minerals and mica should appear near the center
of the Al-K-(CatNa) ternary plot (Fig. S-5). However, K-feldspar dominated particles were rarely observed in the
atmospheric mineral dust particles analyzed in this study, although Na/Ca-feldspar (plagioclase feldspar), mica, and clay
minerals were present. Also, peaks of feldspar (2 %) or quartz (19 %) were rarely identified in the Raman spectra of the
analyzed mineral dust particles, further suggesting the absence of K-feldspar enriched particles. Even where feldspar and
quartz peaks were observed, they also contained other mixtures such as fluorescent material, organic matter, or sulfates,
which were not particularly IN active. Therefore, highly IN active dust particles composed of single component minerals,
such as feldspar or quartz, were very rare or non-existent in the ambient aerosols collected in this study. Although we may
have miscounted some IN active particles due to the aforementioned coalescence with adjacent particles during ice crystal
growth, even the most rapidly growing crystals initiated ice nucleation below - 25 °C. Thus, it would have been noticed if
particles as active as the standard K-feldspar were nucleating at higher temperatures as-high-as—20-3—C.
Previeus—studies-have A previous study has reported that clay and mica account for 51 % of the Asian dust particles over
Japan, while quartz (10 %) and feldspar (5 %) are minor mineral components, based on similar identification criteria to that
employed in this study (Iwasaka et al., 2009). Simulated Asian mineral dust has also been investigated, and the detection
frequency of K-feldspar was significantly lower (2 %) than that of Na/Ca-feldspar (12 %) (Yabuki et al., 2002). The results
of onset temperature and related particle mineralogy (both in terms of SEM-EDX and micro-Raman spectroscopy),

suggested that IN mineral dust particles as efficient as pure component K-feldspar or quartz are extremely rare in the

atmosphere (at least in East Asia, which is affected by Asian dust). Furthermereit-was-demenstrated-that-moestHN-partieles

o
na d n a o a a o ha mina o ng of ath mMino
a t a ay d W W t

erystal-strueture(Gaft-et-al5 2005 Junget-al 2044+ Sevanska—et-al;20d4)—Furthermore, we even found that all the fresh

ADS particles (believed to be dominated largely by clay minerals) showed the fluorescence. This fluorescence is likely

derived from the defects and/or impurities (e.g. humic organics) in their crystal structure (Gaft et al., 2005; Jung et al.,
2014; Sovanska et al., 2014). Therefore, the fluorescent particles associated with elements of crustal origin (by EDX
analysis) were regarded as clay minerals. It was also demonstrated that the most IN particles active above -30 °C were
dominated by such fluorescence mineral dust particles.

More recently, Kaufmann et al. (2016) found no significant differences between the freezing temperatures of dust samples
collected from ground soil of various arid dust source regions. Mineral components with extremely high ice nucleation

activity, such as the alkali feldspar microcline, were found only as minor components. Their results further suggested that
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dust mixing in the natural environment reduces high ice nucleation efficiency (Kaufmann et al., 2016). Additionally,
minerals in the natural environment are decomposed by reactions with water (chemical weathering processes), thus forming
Al-rich clay minerals. Our results are consistent with these findings, such that the distribution of freezing temperatures of the
studied natural dusts is much more compact and falls within a narrower temperature range than that reported for a variety of
reference minerals. It is worth noting that our results are based on actual atmospheric aerosol samples rather than sieved
surface soil, and that the freezing experiment and characterization were made on a single particle basis by the coupling of
IDFM, micro-Raman spectroscopy, and SEM-EDX. Therefore, our results should be representative of the ice nucleation

activity expected within mixed phase clouds.

4.2 Sea salt particles

While mineral dust particles were found with the highest frequency among the particles that nucleate ice crystals, sea salt
particles were the most dominant particle type in non-active particles (Fig. 6).

Although sea salt particles were assigned based on the largest atomic concentration of Na and CI by EDX analysis, many
particles had a combined Na and Cl concentration of less than 65 % with low C1/Na ratios. Note however, that this elemental
fraction of sea salt components is based on SEM-EDX and does not reflect potential contribution from organics and
therefore must be regarded as the upper limit. This is an indication that many sea salt particles were aged and mixed with
other components. In EDX analysis, in particular, most of these sea salt mixtures were characterized by a large S fraction,
indicating that they were internally mixed with sulfates. Moreover, those particles showed peaks of organic matter, sulfates,
or nitrates (in particular MgNQO;), in the Raman spectra. Therefore, these particles can be considered as aged sea salt
particles that were internally mixed with nitrates, sulfates, or organics. The freezing experiments clearly demonstrated that
these aged sea salt particles are not efficient ice nuclei in mixed phase cloud formation.

Ice nucleation by sea salt particles has been suggested by previous field studies but under conditions relevant for cirrus cloud
formation instead (Cziczo et al., 2013). Meanwhile, ice nucleation by sea salt particles under mixed phase cloud conditions
has not been fully confirmed by previous field studies, due to the geographical limitation of research facilities and technical
difficulties related to the direct collection of ice residue particles (Worringen et al., 2015). Laboratory studies have reported
ice nucleation by crystalline sea salt at much lower temperatures (Wise et al., 2012). Recently, Wilson et al. (2015) reported

that sea spray organic aerosols derived from the sea surface microlayer nucleate ice under conditions relevant for mixed

phase clouds and ice cloud formation at high-altitudes, but the sea water itself did not contribute markedly to ice nucleation.

organte—partieles—in—the—-atmesphere—Based on the results of this study, we suggest that large and aged sea salt particles

internally mixed with sulfates, nitrates, or organics are less likely to nucleate ice, although the possibility remains for ice

nucleation by sea spray organic particles in the atmosphere. The lower freezing temperature of NaCl solution relative to
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pure water droplets (Fig. S-4) and the degree of dilution (Table S-1) involved in the experiment suggest that the weak IN
activity of sea salt particles could be explained by the molar depression of freezing point by the soluble salt.

A ternary diagram of Na-(Al+Mg+Fe)-(Ca+S) showing the compositions of all analyzed particles is shown in Fig. 8.
Interestingly, the diagram clearly indicates that particles with Na greater than 35 % were dominant amongst non-active
particles. This indicates that internal mixing with sea salt may act as an important inhibiting factor for ice nucleation within
mixed phase clouds. For example, particles containing mineral dust components (often found among IN active particles),
showing clear mixing with sea salt, were rarely found among IN active particles, but were rather common in the non-active

particle group.

4.3 Ca-rich and sulfate particles

As shown in Fig. 6, both relatively pure Ca-rich particles and sulfate particles (without inclusions) were detected with
similar frequencies among the IN active and non-active particles. The particles enriched in Ca can be related to mineral dusts
such as calcite (CaCQO;), dolomite (CaMg(CO3),), and gypsum (CaSQ,). Calcite or dolomite dominated particles can be
inferred by the elemental ratio of Mg/Ca (calcite: Mg/Ca < 0.5, dolomite: Mg/Ca > 0.5). The presence of pure gypsum can
be inferred from the S/Ca ratio of 1 in the Ca-rich particle group (Trochkine et al., 2003), but a S/Ca ratio of < 1 is expected
because gypsum is typically regarded as occurring in a mixture with calcite (Iwasaka et al., 2009). The dolomite dominated
particles with high Mg contents were rare among the Ca-rich particles. Most of the Ca-rich particles were classified as
calcite or gypsum with Mg as a minor component.

There seems to be no marked difference between the IN active and non-active Ca-rich particles in terms of their mixing
states with other mineral components (e.g. Al, Mg, Fe) from the SEM-EDX analysis (Fig. 9). Interestingly, however, Ca-rich
particles with small S content (S/Ca < 0.2), which can be regarded as predominantly calcite, were more common in non-
active particles (i.e. bottom right corner in Fig. 9). Of the non-active Ca-rich particles, 50 % were detected with a carbonate
peak in the Raman spectra, confirming the presence of calcite. In contrast, carbonate peaks were hardly detected in Ca-rich
particles in the IN active group. In terms of compounds identified by micro-Raman analysis, the detection frequencies of
fluorescence, sulfates, or organic matter among Ca-rich particles were difficult to compare as no obvious differences were
found between the IN active and non-active particles. Meanwhile, nitrate peaks, in particular the Ca(NOs), peak, were more
frequently detected in non-active particles than in IN active Ca-rich particles. In other words, we suggest that Ca-rich
particles mixed with nitrates are less likely to form ice muehJtess—eastly-than Ca-rich particles mixed with organics and
sulfates.

Frequent detection of Ca(NOs), has several important implications related to the physical state of the Ca-rich particles in the
atmosphere. It is reported that originally solid Ca-rich (CaCOs3) particles readily deliquesce and are converted into aqueous
droplets following the atmospheric reaction with gaseous HNOj to form Ca(NO;), (Laskin et al., 2005; Matsuki et al., 2005).
Indeed, we found that the aspect ratios of non-active Ca-rich particles measured by AFM tended to show smaller values

closer to 1. Furthermore, AFM topographic images of such particles typically showed thin coatings around the core (core-
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shell structure) as shown in Fig. 10b, very much resembling the morphological features of the Ca-rich aqueous droplets
described in the literature. Note also that the core of the particle showed a peak for Al in the EDX spectra, suggesting the
presence of alumino-silicate (e.g. clay) particle in the center. Such Ca-rich spherical particles were exclusively found among
non-active particles rather than the IN active Ca-rich particles (Fig. 10a), suggesting that nitrate containing Ca-rich spherical
particles are less likely to act as ice nuclei in the mixed phase clouds. It is worth pointing out that, Ca(NOs), is an extremely
soluble salt with a solubility of 121.2 g/100g H,O at 20 °C. Therefore, the liquefied Ca(NOs3), coating is expected to show
strong molar depression of freezing point, which could explain their weak IN ability (Table S-1). Fherefore+tThese Ca-rich
spherical particles mixed with nitrates were found to be less IN active than Ca-rich particles mixed with organics or sulfates,
regardless of the composition of their core particles (e.g. with or without clay mineral particles). Tobo et al. (2010) reported
similar liquefied particles can be formed through reaction with gaseous HCI to form CaCl,. Such chloride particles are also
expected to behave similarly to the Ca-rich particles having Ca(NO3),.

There is still a slight discrepancy among previous studies concerning the ice nucleation activity of carbonates. For example,
several laboratory studies regarded calcite as an inefficient ice aueletnucleus (Murray et al., 2012; Atkinson et al., 2013),
while one laboratory experiment and field study reported that Ca-rich particles act as ice nuclei (Zimmermann et al., 2008;
Worringen et al., 2015). Although the number of analyzed particles is rather small, our result suggests that pure calcite (i.e.
fresh) particles or their mixture with nitrate are less likely to nucleate ice under mixed phase cloud conditions.

Particles with S/Ca > 0.8 were grouped into sulfate particles. In terms of elemental composition determined by SEM-EDX
analysis, there were no differences between the sulfate dominated particles that were IN active and non-active. However,
from the micro-Raman analysis, 43 % of non-active sulfate particles showed a peak of (NHy4),SO,, while none of the IN
active sulfate particles showed this peak. Particles identified as CaSOy, or those with fluorescent peaks, showed a relatively
higher abundance among IN active particles.

Sulfate particles are generally believed to nucleate ice crystals only under cirrus forming conditions (Abbatt et al., 2006).
However, field studies have reported the presence of sulfate particles in ice residues, although potential bias from sampling
artifacts cannot be entirely excluded (Prenni et al., 2009; Worringen et al., 2015; Ebert et al. 2011).

With regard to the Ca-rich and sulfate particles studied here, in summary, our results suggest that (NH,4),SO,, intact calcite,
or Ca-rich spherical particles mixed with nitrates in the atmosphere are less likely to nucleate ice. Meanwhile, Ca-rich
particles with internally mixed sulfate (e.g. CaSO,), or sulfate dominated particles internally mixed with clay minerals, may

have a higher chance of nucleating ice under mixed phase cloud formation conditions.

4.4 Organic matter

Various organic matter are believed to be involved in ice nucleation. For example, some primary biological particles such as
bacteria and pollen can act as efficient ice nuclei (Mdhler et al., 2008a; Pummer et al., 2012; Hara et al., 2016). Soot
particles and humic-like substances also act as ice nuclei in immersion mode, although with variable freezing temperatures

(Diehl and Mitra, 1998; DeMott et al., 1999; Brooks et al., 2014; O’Sullivan et al., 2014). Based on Raman spectroscopy,
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70 % of particles showed the broad peak indicating the presence of organic matter in both the IN active and non-active
particles analyzed in this study. The frequent detection of organic matter in this study is in agreement with other field
measurements on atmospheric particles (Baustian et al., 2012).

Particles detected with and without organic matter showed no significant difference in terms of the particle groups and their
fractions identified by SEM-EDX for both IN active and non-active particles. This implies that the organics detected in this
study had a secondary effect on ice nucleation above -30 °C, or simply that the current definition of organic matter (based on
the C-H stretching band alone) is not capable of resolving IN active and non-active compounds.

In the Raman analysis, 98 % of particles detected with a broad peak arising from the intermolecular hydroxyl groups (3,200-
3,650 cm’') were associated with particles containing the organic matter peak (C-H). It is worth noting that a similar
association of hydroxyl groups with organic matter was reported for IN particles under cirrus cloud conditions (Baustian et
al., 2012). The detected OH broad peaks associated with organic matter are not as strong as the Raman intensities from water
typically observed with particle deliquescence and, therefore, clearly distinguishable. As shown in Fig. 5, non-active
particles (53 %) showed a higher detection frequency of organic particles with OH broad peaks than IN active particles
(39 %).

Past laboratory studies reported that biomass burning particles, organic acid, and secondary organic particles have the
potential to nucleate ice in the conditions relevant for cirrus cloud formation (Petters et al., 2009; Prenni et al., 2009b; Hoose
and Mahler, 2012). Mohler et al. (2008b) suggested that thick coatings of organic matter can inhibit the depositional freezing
of mineral dust. Moreover, the ice nucleation activity of mineral dust particles is enhanced due to mixing with heat sensitive
organic substances supposedly of biological origin (Conen et al., 2011; Tobo et al., 2014). The ice nucleation activity of
oxidized organic matter has also been reported from several laboratory experiments and field studies, but for conditions of
cirrus cloud formation (Knopf et al., 2010; Baustian et al., 2012). In this respect, the effects of mixing with either oxidized or
non-oxidized organic matter on ice nucleation in mixed phase clouds have not been fully confirmed, either by laboratory or
field experiments.

Nonetheless, the impact of major particle components other than the organic matter (e.g. mineral dust and sea salt) were
more apparent in terms of the different ice nucleation activity observed under simulated mixed phase cloud conditions.
Therefore, we suggest that observed ice nucleation activity above -30 °C cannot be linked directly to the oxidative state of
the organic matter on the surface of the particles. Instead, ice nucleation activity may be controlled more strongly by the
major components governing their particle types. Furthermore, the IN active and non-active fractions showed different
frequencies in terms of particles containing oxidized and less oxidized organic matter. Also, IN active particles were more
often associated with BBC peaks, which are suggestive of the presence of complex organic matter. The possibility remains,
therefore, that less oxidized organic matter and BBC may partly be responsible for, or even enhance, the ice nucleation

activity of the host particles.

59



10

15

20

25

30

4.4 Sampling conditions: influence of aged Asian dust particles

2009 The study area, Kanazawa City, is located along the west coast of mainland Japan. Further upstream of the westerly

continental outflow are the vast arid regions of inland China and Mongolia. Every spring, frequent dust outbreaks are
observed, transporting a massive amount of mineral dust aerosols (Asian dust) across the region and beyond (Iwasaka et al.,
2009a).

Backward trajectories suggested that the air mass at 3,000 m altitude over the sampling location during the two sampling
dates in February and April 2016, had traveled over Chinese and Mongolian regions (Fig. 11; redrawn from

http://ready.arl.noaa.gov/HY SPLIT.php; Stein et al., 2015; Rolph, 2017). The range of coarse particle (D > 1.0 pm) and

number concentrations monitored by an optical particle counter (OPC KC-01E, RION, Japan) at the NOTO Ground-based
Research Observatory (INOTOGRO; 3745 NA3736°E)-(NOTOGRO; 3745°N, 137 36°E; 116km north east of the sampling
location) (Iwamoto et al., 2016) during the sampling periods was significantly higher than the background concentrations

(0.31 = 0.12 particles/cm’) during the 2016 spring season. A

medest-Astan-dustevent: The average concentration observed during Asian dust events in February 2016 was 3.27 + 1.80
particles/cm’, so the concentrations observed during February sampling period were not as high as that expected during
major Asian dust events. The April sampling date is reported as an Asian dust event day by the Japanese Meteorological

Agency (http://www.data.jma.go.jp/gmd/env/kosahp/kosa_table 2016.html). Indeed, the coarse particle concentration in

April (2.45 + 0.09 particles/cm’) was three times as high as that in the February (0.85 =+ 0.08 particles/cm’) sampling period
at the sampling location, and five times higher (2.38 + 0.07 particles/cm’) than that in February (0.49 = 0.04 particles/cm”) at
NOTOGRO.

As discussed above, the mineral dust particles were the dominant group of IN active particles. The higher ice nucleation
active fraction observed for the April sample (5.6E -03) compared to the February sample (3.6E -03) can be related to the
stronger influence of Asian dust particles.

Based on the result of individual particles analysis, the dust particles collected at the sampling location were internally mixed
with sulfates, nitrates, sea salt, and organics. On the other hand, the ADS did not show signs of mixing with sulfates or
nitrates, although they did contain either organic matter or BBC. This finding is in agreement with previous reports on Asian
dusts collected at the desert surface, which are reported to contain organics originating from biomass burning and
unsaturated fatty acid derived from plants (Kawamura and Gagosian, 1987; Kawamura et al., 2004). Therefore, our ice

nucleation experiment is representative of the Asian dust plume, originally emitted from Chinese and Mongolian deserts,
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experiencing aging during long-range transport across the urban areas of China and/or the Sea of Japan, where particles
became internally mixed with sulfates, nitrates, or sea salt (Zhang et al., 2003).

The results of this study revealed that the influences of dust aging and associated mixing during transport on ice nucleation
activity is very complex because, in certain cases, the aging process may act to both promote or inhibit ice nucleation in
mixed phase clouds. For example, while the mixing of sulfates and nitrates with clay minerals may not significantly affect
the original ice nucleation activity, mixing with sea salt was shown to inhibit the IN activity of the mineral dust particles.
Moreover, relatively pure calcite and sulfate particles such as (NH4),SO4 may nucleate ice following mixing with other
components (except for the mixing of calcite with nitrate). These results suggest that, in addition to the original composition
and related ice nucleation activities, the aging process in the atmosphere must also be considered when precisely predicting

the ice nucleation activity of ambient aerosols.

5 Conclusions

Ice nucleation experiments on both standard mineral samples and ambient aerosol particles were performed on an individual
particle basis by the individual droplet freezing method, simulating conditions relevant for mixed phase cloud formation. In
addition, the morphology and chemical composition of both IN active and non-active particles were directly measured by
three individual particle analysis methods.

Standard feldspar and quartz particles were shown to be more ice nucleation active than atmospheric particles. Among the
ambient aerosol particles, alumino-silicate mineral dust and internally mixed Ca-rich and sulfate particles were identified as

IN active particle types. Other IN active particles were identified as internal mixtures including sulfates, nitrates, and

organics, but commonly contained mineral dust as a major component. Fhese-mineral-dust-inelasions—were-suggested-to-be

o Q o ayza mino oamponen N ding dofo nd 1 Q N $ Q h mMino J he

than-single-mineral-speetes—These mineral dust particles were suggested to be mixtures of several clay mineral components
rather than single mineral species, having defects in their crystal structure and contain impurities.

Dust particles consisting of pure mineral components, associated with high ice nucleation activity (e.g. K-feldspar) in
previous laboratory experiments, were extremely rare or non-existent in the atmosphere, even under the influence of Asian
dust transport. Therefore, the majority of immersion and condensation modes IN particles in the atmosphere were identified
as clay mineral particles on an individual particle basis. Our result suggests that the freezing temperatures of individual ice
nuclei in the atmosphere do not show large variation, and fall in a relatively narrow range that can be represented by the ice
nucleation activity of clay minerals. This claim is consistent with those inferred from bulk analysis (Kaufmann et al., 2016).
Moreover, aged sea salt, pure calcite, mixtures of Ca-rich spherical particles with nitrates, and pure sulfate particles were
found to be less active as ice nuclei. In particular, internal mixing with sea salt particles during transport over the ocean was
shown to be an important factor inhibiting the ice nucleation activity of mixed counterparts. Cloud processing has been

proposed as an efficient mechanism for mixing mineral dust and sea salt particles (Niimura et al., 1998), and such depression
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in the ice nucleation activity has important implications for subsequent condensation and immersion freezing pathways.

Although relatively pure calcite and sulfate particles such as (NH,),SO, were identified as an inert particle group,

interestingly, these particles may nucleate ice following mixing by themselves (i.e. sulfate + Ca-rich), or with other
components (except for the mixing of calcite with nitrate). This also suggests that atmospheric aging (including cloud
processing) could potentially enhance the originally inert ice nucleation activity of calcite and sulfate particles. These results
suggest that, the influences of dust aging and associated mixing during transport on ice nucleation activity is very complex,
because in certain cases, the aging process may act to both promote or inhibit ice nucleation in mixed phase clouds.
Therefore, in addition to the original composition and related ice nucleation activities, the aging process in the atmosphere
must also be considered when precisely predicting the ice nucleation activity of ambient aerosols.

The mineral dust particles were found to contain organic matter already at the emission source. Mixing with organics was
found to show only a secondary effect on the ice nucleation activity of the host particles. The possibility remains, however,
that the oxidation state of the organics and the presence of BBC on the particle surface may be partly involved in ice
nucleation. Therefore, there is a further need to characterize the surface and coating state of atmospheric particles to better
understand the specific factors responsible for ice nucleation in mixed phase clouds. This is because ice nucleation is
probably most sensitive to the particle surface or the first few layers below the surface, as ice germs are believed to grow
from cracks, crevices, or pores.

In conclusion, this study successfully related immersion and condensation mode ice nucleation activity of actual atmospheric
particles to their morphology, chemical composition, and mixing states on an individual particle basis. This was made
possible by the direct and comprehensive particle analysis of individual IN particles. We believe that this method can be
used to verify previously proposed aerosol ice nucleation theories that are mostly based on experiments using single

components and/or bulk samples.
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Figure 1: Optical images of sample particles deposited on Si wafer substrate before the freezing experiment (a, b), after
exposure to water super saturation conditions at -9 °C (c), after cooling to -30 °C (d), and after sublimation and
evaporation by dry air (e). The inset graph shows the stage temperature and the dew point of the wet air introduced into

the cell before exposing the stage to water super saturation.
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Figure 3: AFM topographic images of representative IN active particle (a) and non-active particle (b, c) groups, and their
corresponding Raman and EDX spectra. The AFM images were obtained in probe amplitude mode. The inset in the AFM
image shows the scanned height along the white transect of each particle. The red and black curves indicate the spectra

of the particles and the substrate background, respectively.
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Figure 5: Summary of the detection frequencies of the assigned components in non-active and IN active particles by

micro-Raman analysis. Data from Asian dust source (ADS) particles are shown for comparison.
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Figure 7: Relative abundance of the particle groups identified by SEM-EDX for non-active and IN active particles.

5 April and February samples are combined.
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Figure 7: Ternary diagram of Na-Ca-K components, showing the compositions of mineral dust particles identified by
SEM-EDX analysis. Data presented in relative atomic proportions. The circle symbols indicate non-active particles (red)

and IN active particles (blue). Particles of Na-feldspar (black) and K-feldspar (white) are also shown for comparison.
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Figure 9: Ternary diagram of Na-(Ca+S)-(Al+Mg+Fe) components, showing the compositions of all particles
analyzed by SEM-EDX analysis. Data presented in relative atomic proportions. The circle symbols indicate the non-

5 active (red) and IN active particles (blue).
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Figure 10: Ternary diagram of (Al+Mg+Fe)-S-Ca for Ca-rich and sulfate particles analyzed by SEM-EDX analysis.
Data presented in relative atomic proportions. The circle symbols indicate the non-active (red) and IN active particles

5 (blue).
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Figure 10: AFM topographic images of representative Ca-rich particles in IN active (a) and non-active (b) groups, and
their corresponding Raman and EDX spectra. The AFM images were obtained in probe amplitude mode. The inset in the

AFM image shows the scanned height along the white transect of each particle. The red and black curves indicate the

S spectra of the particle and the substrate background, respectively
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Figure 11: Backward trajectories of air masses that arrived at 3,000 m, 1,500 m, and 500 m over the sampling

location during the sampling periods on the 28 February and 10 April, 2016.
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Table 1: Peak assignments for Raman spectra obtained in this study.

Raman peak assignments

Raman Shift (cm™)

Literature

Feldspar

Quartz

CaCoO;,

Na,CO,
(NH,),S0O,
CaSO,

Na,SO,

NaNO;,
Mg(NO;), * 6H,0
Ca(NO,), * 4H,0
C-H vibration (Organics)
Black and brown carbon
Bonded OH stretch

Fluorescent

485
465
1089
1080
975
1005
990
1069
1059
1050
2800 - 3100
1200 - 1700
3200 - 3650
- 4000

Freeman et al., 2008
Laskina et al., 2013
Laskina et al., 2013
Hiranuma et al., 2011
Tang and Fung, 1989
Hiranuma et al., 2011
Tang and Fung, 1989
Tang and Fung, 1989
Tang and Fung, 1989
Tang and Fung, 1989
Baustian et al., 2012
Ivleva et al., 2007
Baustian et al., 2012
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