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Reply to Reviewer #1

Reviewer comments and questions are printed in this font type.

Our replies are printed like this.

Changes to the manuscript text are printed in green.

General comments:

The manuscript by Schmidt et al. presents valuable measurements of single-particle mass
spectra from ice clouds, focusing on the composition of ice residual particles (IPR) in mixed-
phase clouds. The manuscript is well formatted and presents a valuable experiment. Given
the rarity of such measurements and the apparent success of the experiment, which was a
difficult and complex one, the manuscript is appropriate for publication in ACP. This
manuscript is also important for having attempted a direct laboratory confirmation of each
particle class.

Thank you for this positive rating.

Major comments:

1-

The first question that comes to mind while reading this paper is the uncertainty of all
reported values. Some effort was made for Fig. 3 but not for the clustering results. Roth et al.
(2016, by the same group) describe a procedure to estimate uncertainties for these
clustering results, why was this not applied here? If the authors have a good reason for not
adapting the Roth 2016 method, and | realize some adaptation would be necessary, then
they should use some other approach to numerically report their best estimated clustering
uncertainties.

Clustering uncertainties should also be combined (eg in quadrature) with Poisson based
sampling uncertainties to take sampling times into account. With these two sources of
statistical uncertainty addressed, perhaps some of the rarer classes in Figs 2 and 6 may fall
below the method limit of quantification.

Other uncertainties to be discussed include the % of laboratory particles that did not show
the marker peaks and potential cross sensitivity of different marker peaks.

After uncertainties are estimated each stated percentage value % should include an
uncertainty, for example those stated in Section 3.2.2.

We added an error estimation following the method described in Roth et al (2016).

The method is based on a manual inspection of a subset of the data. The assignment of a
certain cluster to a particle type is based on the presence of the reference marker peaks in the
averaged cluster mass spectrum. Upon inspection of all mass spectra in one cluster it may
occur that the marker peaks (or not all of the marker peaks) are not present in an individual
mass spectrum. Such a mass spectrum has nevertheless been correctly (from a mathematical
point of view) assigned to the cluster by the algorithm, because the overall correlation of the



mass spectrum with the cluster average is sufficiently high (r > 0.7). This can especially occur
in cases when many other peaks are similar, as is often observed for organic particles.

For the error estimation, such particle mass spectra were regarded as "uncertain assignments".
The percentage of such uncertainly assigned mass spectra was regarded as the relative error
and was generalized to the whole data set.

Of the out-of-cloud data set we inspected two clusters, one assigned to biological particles
(338 particles) and one that was assigned to biomass burning aerosol (473 particles). It turned
out that 52 of the 338 "biological" mass spectra were uncertain (15%), and 48 of the 473
"biomass burning" mass spectra (10%). Thus, we conservatively estimated the relative error
for the out-of-cloud aerosol to be about 15%.

Of the IPR data set, where the absolute numbers of particles are much lower, it was possible to
do a more detailed inspection of the clusters: We inspected one cluster assigned to biological
particles, where we found that 28 out of 76 were uncertain (37%), and one cluster of the
"PAH/soot" particle type, where 9 out of 23 spectra were uncertain (40%). Those particle
types containing only a small number of particles ("industrial metals", "Na + K", "aged
material") were completely inspected manually, yielding uncertainties for the "industrial
metals" of 14%, of the "Na + K" type of 0% (no uncertain particles), and of the "aged
material" type of 44%.

Thus, we estimated the relative error (from uncertain particle type assignment) of the IPR
population to be 40% with the exception of the industrial metals (14%) and the "Na + K" type.

These error estimates are conservative upper limits for the error range, because the reference
laboratory measurements have shown that, e.g., not all biological particles contain the
characteristic marker peaks. It may therefore well be that mass spectra that are similar to the
cluster average spectrum of a "biological particle" type are really biological particles, even if
they do not contain the marker peaks.

For the total error, this relative error was combined with the Poisson statistic error (by error
propagation) of each particle type. The error ranges were added to Figure 2 (previously Fig. 1)
and Figure 7 (previously Fig. 6) and in the text in all cases where the relative abundance of
particles is mentioned.

The description of the error estimation given above was added to the text of the manuscript
(section 2.2):

The uncertainties reported along with these numbers were estimated by manual inspection of a
subset of the data, as described in Roth et al. (2016). The assignment of a certain cluster to a
particle type is based on the presence of the reference marker peaks in the averaged cluster
mass spectrum. Upon inspection of all mass spectra in one cluster it may occur that the marker
peaks (or not all of the marker peaks) are not present in an individual mass spectrum. Such a
mass spectrum has nevertheless been correctly (from a mathematical point of view) assigned
to the cluster by the algorithm, because the overall correlation of the mass spectrum with the
cluster average is sufficiently high (r > 0.7). This can especially occur in cases when many
other peaks are similar, as is often observed for organic particles.

For the error estimation, such particle mass spectra were regarded as "uncertain assignments".
The percentage of such uncertainly assigned mass spectra was regarded as the relative error.
Of the out-of-cloud data set we inspected two clusters, one assigned to biological particles
(338 particles) and one assigned to biomass burning aerosol (473 particles). It turned out that
52 of the 338 inspected "biological" mass spectra (15%), and 48 of the 473 inspected "biomass



2-

burning" mass spectra (10%) had to be considered as uncertain. Thus, we conservatively
estimated the relative error to be about 15% and generalized this error for whole out-of-cloud
data set.

For the IPR data set, where the absolute numbers of particles are much lower, it was possible
to do a more detailed inspection of the clusters: We inspected one cluster assigned to
biological particles, where we found that 28 out of 76 were uncertain (37%), and one cluster of
the "PAH/soot" particle type, where 9 out of 23 spectra were uncertain (40%). Those particle
types containing only a small number of particles ("industrial metals", "Na + K", "aged
material") were completely inspected manually, yielding uncertainties for the "industrial
metals" of 14%, of the "Na + K" type of 0% (no uncertain particles), and of the "aged
material" type of 44%. Thus, we estimated the relative error (from uncertain particle type
assignment) of the IPR population to be 40% with the exception of the industrial metals (14%)
and the "Na + K" type.

These error estimates are conservative upper limits for the error range, because the reference
laboratory measurements have shown that, e.g., not all biological particles contain the
characteristic marker peaks. It may therefore well be that mass spectra that are similar to the
cluster average spectrum of a "biological particle" type are really biological particles, even if
they do not contain the marker peaks. The uncertainty inferred from manual inspection was
combined with the Poisson counting statistics error (by error propagation) for each particle

type.

What makes this paper special compared to other single-particle mass spec papers is the
laboratory study of different particle types. Section 2.3. This must have taken a significant
effort, and is well motivated. Therefore, the laboratory results should be published in full

detail!

Average mass spectra for each particle type, including error bars, could be added.
These could be added in the supplement and also placed next to the identified particle
types in Figure 1.

We decided to add the mass spectra of the reference particle to the supplement. Placing them
in Figure 1 is not ideal, because there is usually more than one cluster for each reference
particle type and we would like to show these different clusters.

Changes to text:

The laboratory reference mass spectra are shown in the supplement (Figures S1 through S20).
It was found that one reference particle type produced several types of spectra which were
separated using the clustering algorithm described above. The supplement lists the main
clusters with the number of spectra in each cluster.

The authors suggest that marker ions may be instrument specific. However, the importance
or unimportance of this variability is unknown until multiple labs publish such data. Moreover,
| do not see why such markers should be instrument specific if all variables (eg laser
wavelength, fluence, and pulse duration) are controlled. LDI mass spectrometry databases
do exist outside of aerosol science.

We agree, if all parameters were controlled and identical, marker ions should not be
instrument specific. However, custom built instruments (like our ALABAMA) have different
geometries and optical components than others, such that even when the same laser type is



3-

used, the energy density at the point of particle ablation may be different. Also the broadening
of the particle beam (different acrodynamic lenses, difference flight path lengths) and thereby
the variation of the ablation point, and also the acceptance region of the mass spectrometer
itself (extraction voltages may be different) are not the same in different instruments. Thus, to
our opinion there are many reasons why these marker ions are instrument specific, and care
should be taken when using our reference mass spectra for other instruments.

In Section 2.3 when discussing the lab spectra it is stated "only those mass spectra that
represented the majority of the different fragmentation patterns were considered". What %
defines majority? Moreover, this % should be used to define a correction factor (with
corresponding uncertainty propagated into the result). If only 60% of particles were
measured for salt but 90% for soot, then the reported IPR numbers should be scaled up by
1/0.6 and 1/0.9 respectively.

4-

In the supplement we show the mass spectra types (clusters) from each reference particle type
along with the percentages.

Correction of the reported IPR numbers can’t be done in this way. First, we might end up with
more particles that were actually measured. Second, it is only possible to assign marker ions of
atmospheric particles to those reference spectra containing these marker ions. Speculating
about spectra not containing the markers would only increase the uncertainty.

Table 1 means nothing to the reader who has not read Roth (2014), since none of the
parameters were defined or explained. Roth (2014) is a PhD thesis in German, and is
therefore not accessible to the general community. | have quickly looked at the other
publication by Roth et al. (2016) and it looks like a great deal of effort was put into the
clustering algorithm, including uncertainty consideration. So it is a pity if the reader of the
present manuscript does not know that.

Could the authors please include uncertainty analysis of the clustering results in this
manuscript. Also a brief description of the conceptual basis of the chosen clustering
algorithm and corresponding uncertainty are missing from Section 2.2 (p4,3).

We removed Table 1 and included the information into the text, describing the meaning of
each parameter. Also, we added a general explanation of the clustering and of the chosen
algorithm to section 2.2.:

Basically, a clustering algorithm tries to find the optimum number of clusters (i.e. groups of
mass spectra) that represent the particle population by their average mass spectrum. By nature
of the aerosol particle diversity and the non-uniform ionization in laser ablation ionization, it
can't be expected that all particles contained in a cluster equal the average cluster spectrum
(Hinz et al., 1999). Rather, each spectrum is assigned to that cluster where the distance metric
(in our case one minus Pearson's correlation coefficient r) of the single particle spectrum and
the averaged cluster spectrum reaches a minimum. The fuzzy c-means algorithm differs from
the k-means in that way that it accounts for the possibility that one particle may belong to two
(or more) clusters by using membership coefficients, whereas the k-means assigns each
spectrum strictly to that cluster where correlation with the averaged spectrum is highest.



Here we applied the fuzzy c-means algorithm because sensitivity tests conducted in the
framework of a PhD thesis (Roth, 2014) with laboratory-generated particle of known
composition and number have shown that the fuzzy c-means better separates the particle types
and suffers less from false assignments. Also, various parameters that influence the clustering
result where tested by Roth (2014), resulting in a "best choice" that was applied here as well:
All mass spectra were normalized to reduce the influence of total signal intensity, and all m/z
peaks were taken to the power of 0.5 to reduce the influence of the non-uniform laser ablation
ionization, thereby increasing the influence of smaller peaks and decreasing that of larger
signals. The "fuzzifier", a weighting exponent used for the calculation of the membership
coefficients (Bezdek, 1982; Roth et al., 2016) was set to 1.2. A high number of start clusters
was chosen to assure that also rare spectra types are considered in the data evaluation (for
instance for the out-of-cloud data set from the JFJ campaign 2013 a number of 200 cluster was
chosen; for a known particle composition as sampled during the laboratory studies a number
of 10 to 50 cluster was chosen depending on the number of spectra). The start clusters were
chosen randomly from the total particle population, under the condition that the correlation
coefficient (r) between two randomly picked start spectra is less than (.7. The procedure
leading from the clustering algorithm to a certain number of particle types, as illustrated in
Figure 1, was as follows: After mass calibration, the spectra were clustered using the fuzzy c-
means algorithm, yielding a certain number of clusters. The resulting cluster number can be
lower than the chosen number of start clusters. If this is the case, the number of start clusters
was sufficiently high not to suppress rare spectra types. Each cluster includes a certain number
(= 1) of mass spectra based on the calculated membership and distance. From all mass spectra
in a cluster an average spectrum is calculated which is used for the identification of the
particle type represented by each cluster. All mass spectra which did not fulfill the distance
criterion (1 —r <0.3) compared to any of the clusters were sorted in the cluster "others". The
averaged spectra of each cluster were manually examined with respect to the presence of the
marker peaks derived from the reference mass spectra (Section 3.1) and assigned to a certain
particle type. The "others" cluster was processed again using the fuzzy c-means algorithm, but
with reduced constraints and again the resulting clusters were manually examined and, if
possible, assigned to particle types. At the end all clusters of the same particle type were
merged, whereas clusters that could not be assigned to a certain particle type were added to the
cluster "others".

We added the uncertainty discussion (as already mentioned above) to section 2.2.

Finally, this manuscript used the name "rest cluster" whereas Roth et al. (2016) used the
name "others cluster”. | find the name "rest" confusing because this word has multiple
meanings. "Others" has only one..

We changed the name from “rest” to “others”.

5-
| have several comments about the marker peaks and particle types:

5a- Although the general principle of finding unique marker ions is valid, | cannot see from
the manuscript how the marker ion approach was possible. On p7,2 the text states that Table
3 contains "specific" marker peaks, but since these peaks overlap in almost all cases they



are not specific. A step by step explanation of how these markers were applied is necessary
to understand what was done. A flow chart would be helpful.

The expression "specific" was misleading. We should better have used "characteristic" and we
changed it in the manuscript. The combination of these peaks was found to be characteristic
for the particle class (first column in Table 3). See also reply to comment 5b.

We also added a flow chart (Figure 1), explaining the procedure in more detail.

5b- It would be a great improvement to split the marker peaks in Table 3 into two subtypes,
one containing marker peaks that are truly specific and allowed unambiguous identification of
a particle type, and the other containing marker peaks that provide supporting information.
Please also clarify the meaning of the colors in Table 3. The caption says that red colors are
specific to each type, but this is not true, e.g. minerals and desert dust and volcano dust all
share peak 27. Bacteria and pollen share 71. etc.

Marker peaks that unambiguously identify a certain particle type are very rare. Typically we
find a combination of peaks that is characteristic to a certain particle type or particle class. As
stated above, we replaced "specific" by "characteristic". The combination of the colored peaks
in Table 3 is used to assign a mass spectrum to a certain particle type or particle class.

5c- Cn peaks are present in cigarette smoke, fuel exhaust, soot, desert dust, volcano dust.
So which peaks were used as markers to distinguish these classes? Were the minor
differences in the Cn range really enough to distinguish these types? This is connected to the
previous point.

This is a good example to explain the procedure. First, it has to be emphasized again that the
identification of particle types for the Jungfraujoch can only rely on the cations.

Desert dust and soil dust contain Fe" (m/z 56), the combustion related particles don't. By this,
we can separate the mineral particles from the combustion particles.

Cigarette smoke, fuel exhaust, and soot are indeed very similar. But soot particles have a large
C, chain (as shown in Table 3: up to Cy). This was not observed in cigarette smoke and fuel
exhaust. Both particle types showed much lower C, chains. Soot and biomass burning can be
separated by the presence of K' (m/z 39). Engine exhaust particle showed a peak at m/z 40
(most likely calcium, as also reported by Shields et al. (2007) and Trimborn et al. (2002).
Cigarette smoke particles show the markers similar to PAH particles (m/z 50, 51, 63, 77), but
additionally the C, chain which is not contained in the PAH reference spectra.

A particle type "cigarette smoke" was not found at the Jungfraujoch, but the types PAH and
soot. Both were merged to one particle type in Figure 3.

Changes to text:

The particle types that were assigned to the type "engine exhaust" also show C,-fragmentation
(C;"=Cs", m/z 12 ... 60) but can be distinguished by the peak at m/z 40 (Ca") which was
observed in the reference mass spectra but also previously by other researchers (Trimborn et
al., 2002; Vogt et al., 2003; Shields et al., 2007).

PAH containing particle were identified through the corresponding reference spectra and
marker peaks from the laboratory studies, namely 50/51 (C4Hy/5"), 63 (CsHs"), 77 (C¢Hs ), and
91 (C;H;"). Even though cigarette particles (before inhalation) contain these markers as well,
our reference spectra indicate that these two particle types can be distinguished because
cigarette smoke additionally contains a C,, pattern (m/z 12 — 36).



5d- Please add proposed/suggested elemental formulas to each ion in Table 3. Currently
only Cn peaks are identified.

This is a good suggestion. We added the elemental formulas to the table (now Table 2).

5e- p8,1-3 discusses that "biological particles" showed marker peaks related to aminelike or
oxidized organic structures. How have these particles been identified as biological and not
simply amine-like? If the particle type cannot be unambiguously identified as biological, it
should be called "biological/amine" or similar, as was done for sea salt/cooking. | don'’t see
how these particles were recognized as biological.

We found two particle types that we assigned to biological particles (Figure 2):
Type 1 shows peaks at m/z 18, 30, 39, 58, and 59.
Type 2 shows peaks at m/z 23, 27, 40, 47.

The marker peaks found from the reference spectra (Table 2) show that ground maple leaves
show exact the marker peaks 18, 30, 39, 58, while pollen show 39, 58, 59. This is the reason to
assign "type 1" to biological particles. We used "amine-like" to explain the occurrence of m/z
59, which may be (CH;);N", a marker for trimethylamine (e.g., Healy et al., 2014). Also m/z
18, 30, and 58 can be explained by nitrogen-containing ions (NH,', CH,N", and C3HgN"). The
identification of "type 2" as biological relies mainly on m/z 47 (PO5"), observed in pollen and
in bacteria.

We changed the name of this particle type in Figures 3, 4 and 7 to "biological/amine".

5f- The ambiguity between sea salt and cooking emissions is a significant issue. Were there
no complementary measurements, eg AMS or molecular markers, performed during this field
study which could help to udnerstand the nature of these particles? Moreover, | don’t
understand why there is any ambiguity since | can see more than one unique peak for sea
salt in Table 3. e.g. 135 and 158. Or could peak heights be used?

It is explained in the manuscript (page 4 lines 1-2) that only cations were available from the
Jungfraujoch field data. Thus, the anion marker peaks at 135 and 158 could not be used. The
cation markers (23, 46, 81, 83, 139) occur both in sea salt and in cooking emissions (most
likely from salt contained in the spicing of the meat), so from cations alone these two particle
types can't be distinguished, as was explained on page 8 in lines 7-9.

There are reasons to believe that these particle are more likely from cooking that from sea salt,
because Frohlich et al. (2015) report from Jungfraujoch the observation of local POA that
resembles organic aerosol from cooking (COA), but our data base (we only observed 39
particles of this type in the IPR population and none in the out-of-cloud aerosol) is too small to
draw further conclusions.

5g- how has the PAH cluster been identified? | do not see any PAHSs listed in the
laboratory samples and | missed a discussion in the text. It looks like some aromatic
related peaks are present but are they polyaromatic?

Both Table 1 and Table 2 of our manuscript list PAH. We used benzo|ghi]perylene,
dibenzo(a,h)anthracene and triphenylene. We will specify this in Table 1. Table 2 and the



mass spectra now added to the supplement show that the marker peaks like 50, 51, 63, 77, 91
are well suited to identify this particle type. Cigarette smoke (before inhalation) shows these
markers as well, but that's not surprising because cigarette smoke contains PAHs. However,

we did not study other aromatics up to now.

5h- Since reference spectra of pure composition were used, the manuscript should
discuss the possibility of matrix effects when internally mixed atmospheric particles
were measured.

We added a discussion on this important point (section 3.1). It is also desirable to investigate
these matrix effects with mixture of the reference particle types presented here, but this has to
be a subject of future work.

It has to be noted that matrix effects may complicate the identification of particle types by
markers peaks. Here we have only analyzed pure substances (with exception of the source
sampling types and the natural dust samples). But in laser ablation mass spectrometry, the
ionization efficiency can be a function of the particle matrix (e.g., Gross et al., 2000) such that
marker peaks of certain particle types might be less abundant in internal particle mixtures.
Future studies will therefore also include reference mass spectra from various types of mixed
particles.

6-

p6,20 What is the probability of a small particle passing through the CVI? | can imagine
that the ratio N(ice) / N(total) is similar to the ratio prob(small) / prob(large), so that small
particle leakage could be a significant source of error.

Although we do not really agree that the ratio N(ice) / N(total) is similar to the ratio
prob(small) / prob(large), we are aware that there might be a chance that particles below the
CVI cut-size might overcome the counterflow. This was shown for the rather new concept of a
pumped CVI (PCVI) by Pekour and Cziczo (2011). According to their work, the transmission
of small particles should be caused by collisions, coagulation or riding the wake of particles
with diameters larger than the CVI lower cut-off size, but could also be due to the different
design, which creates flow imperfections in contrast to the “classical” CVI. Up to now this
issue of small particle leakage was never investigated but also never observed for the CVI
design used in this study. Nevertheless, we applied the simulation results for the PCVI to
estimate the contribution of small particle leakage. Pekour and Cziczo (2011) provide values
for the ratio n,./(n;;xN,) for different sizes and as a function of the PCVI counterflow, where
Ny Nin, and Ny denote the concentration of small transmitted (smaller than the CVI cut-off
size), small initial, and large transmitted (larger than the CVI cut-off size) particles. Their
results show that for the used counterflows this ratio is on the order of 10™ cm™. So, the ratio
of leaked small particles (ny,) to correctly sampled large particles (Noy) is

Nou/Now = 107 em™ x nj,.

This means that only for high background aerosol number concentrations (10° — 10* cm™), the
fraction of small leaked particles could be 1 — 10 % of the correctly sampled residual particles,
but most of the time it should be below 1 % at the conditions at the Jungfraujoch where
particle concentrations in winter and spring are typically below 1000 cm™ (Herrmann et al.,
2015).



7-

p11,9-14 | am not convinced by the argument that Kdominated particles were biomass
burning simply because they were smaller, although it is an interesting hypothesis.
Perhaps the authors could use their laboratory data to investigate this hypothesis.

We agree, this conclusion is not valid. The size distribution of the K-dominated (Fig. 4)
particles looks different than that of biological and biomass burning particles. Thus, it is
unlikely that the source of these K-dominated particles is biological or biomass burning.
We modified the text accordingly:

The out-of-cloud aerosol shows an increased number fraction of biological particles between
200 and 400 nm and larger than 1000 nm. The number of potassium-dominated particles is
decreasing with particle size while the highest number of biomass burning particles is found in
the size range from 300 nm up to 1000 nm. Thus, it is unlikely that the potassium-dominated
particles originate mainly from biological particles or from biomass burning.

8-
The larger average size of IPR is interpreted as indicative that larger particles are better INP.
Has the alternative hypothesis that larger particles pass more easily through the sampling
apparatus and CVI been excluded?

The transmission of the ALABAMA and the OPC themselves would cancel out, but the
sampling line transmissions might play a role, because the sampling line from the CVI was
shorter (126 cm) than that from the total inlet (261 cm). We calculated the transmission (as
already stated in the manuscript), and divided the transmission curves. The ratio
transmissioncy; to transmission, does not deviate significantly from unity between 100 nm
(ratio = 1.005) and 1500 nm (ratio = 1.04). Thus, we can rule out that sampling losses are an
issue here.

9-

p12,15-21. Here the authors argue that relatively more PAH/soot particles were measured
during one episode because the air mass rose higher and preferentially lost other better CCN
particles to wet removal. Comparing absolute instead of relative numbers would better test
this hypothesis. The speculation of picking up additional local emissions after rising higher is
not justified since the air mass did not fall especially low after rising higher. Either a complete
and detailed analysis is needed to test this hypothesis, or the speculation should be omitted.

We agree with the reviewer that this assumption is too speculative and we skip this suggestion,
because a detailed analysis of the air mass history would be beyond the scope of this paper.

10-

on p12,8, "these findings agree with the general statement that natural primary aerosol such
as biological particles, soil dust or minerals serve as typical ice nucleators" does not come
across as a scientific. Why is this general statement being proposed? If because of recent
publications, then the citations are missing. If | am not mistaken, what the current manuscript
provides is a valuable demonstration of the presence of such IPR in the field (if the statistical
analysis indicates that these conclusions are robust and if proper consideration to amine or
other interpretations of "biological" are given). A better phrasing of this statement would be
something like, "This case study illustrates the potentially significant contribution of biological,
soil dust, minerals, and sea salt/cooking emissions on INP concentrations in mixed phase
clouds, as has been identified in the laboratory (citations)".



This is a misunderstanding. This section discusses the case study where we compared IPR and
out-of-cloud aerosol for two time periods with very similar air mass origin and meteorological
conditions. This sentence was meant to compare the case study (Fig 7) with the whole data set
(Fig 3). We have rephrased the sentence:

This case study shows that the observed differences between IPR and out-of-cloud aerosol
particles that were observed when looking at the whole data set (Fig 3) cannot be explained by
differences in meteorological conditions and air mass origin. The finding that natural primary
aerosol particles such as biological particles, soil dust and minerals are enhanced in the IPR
population is valid for both data sets.

11-

The only category for organic aerosol in this study was "aged material" which contributed
30% of the total out of cloud particle number.

It is my opinion that the chemical composition measured by ALABAMA is highly skewed
relative to the chemical composition measured by quantitative techniques (e.g. AMS OA,
sulfate, nitrate, and ammonium, combined with dust and EC). Presumably the ALABAMA
instrument therefore has significant biases towards or against certain species. A detailed and
quantitative discussion of instrument sensitivity towards different species must be included in
this manuscript, if the reported pie charts are to be interpreted quantitatively.

It has to be understood that particle type and mass concentration are two completely different
ways of looking at aerosol particle population. For example, consider a uniform monodisperse
particle population, where each particle contains 30% NH;NO;, 30% (NH,),SO,, and 40%
organic matter, the ALABAMA (ATOFMS, PALMS, SPLAT, LAAPTOF, LAMPAS...)-
technique can only yield one particle type, while AMS will report the 4 quantities. Both of
them are correct, though.

Organic aerosol reported from AMS measurement is frequently further resolved by PMF
analysis, and the resulting factors are typically HOA, COA, BBOA, OOA (sometimes divided
into LV-OOA and SV-OOA). In the ALABAMA data we detected similar particle types:
engine exhaust (similar to HOA), biomass burning particles (BBOA), and even cooking
emissions (although we have the interference with sea salt in this special case). The OOA
(oxygenated organic aerosol) component is typically interpreted as aged organic aerosol by the
AMS user community (to which we also belong). Thus, OOA-dominated particles will fall
into the "aged material" type in the single particle analysis. As no anions were available during
the Jungfraujoch measurements, nitrate and sulfate could not directly be detected. NH;" (m/z
18), however, is an indicator for ammonium nitrate or ammonium sulfate. The particle
assigned to the particle type "aged material" contain both the organic marked fragments and
the NH4 markers, such that we assume internal mixture of secondary inorganic and organic
particles.

We also have to note here that single particle laser ablation mass spectrometry is not a new
technique. There have been numerous publications since about 1998 that use automatic
clustering algorithms and marker peak search for the assignment of particle spectra to certain
particle types and report the results as pie charts (or other form of graphic visualization). We
therefore think that a detailed and quantitative discussion of instrument sensitivity towards
different species is beyond the scope of this manuscript. We use the same ablation laser at the
ATOFMS instrument or the SPASS instrument (a 266 nm Nd:YAG), so we can refer the
reader to earlier publications of the Prather group (e.g. Pratt and Prather, 2010; Pratt et al.,



2009; .), other ATOFMS users (e.g., Sierau et al., 2014; Kamphus et al., 2010), and SPASS
users (Erdmann et al., 2005; Hinz et al., 2006).

We added a short paragraph to section 2.2:

Typically, the assignment of mass spectra to a certain particle type relies on the most abundant
marker peaks. Therefore, smaller species that are abundant on many or even all particle types
might go unnoticed. Thus is most likely the case for secondary inorganics (sulfate, nitrate) and
secondary, oxygenated organics, which may add a coating to mineral dust particles, but the
particle signal is still dominated by the mineral dust signatures. Thus it has to be kept in mind
that a particle type called "mineral" should be read as "mineral-dominated". The only
exception we made here is the particle type "lead-containing" where we explicitly state that
lead does not represent the whole particle composition. Such a classification of particles is
very common in the single particle mass spectrometry literature. The ALABAMA uses a 266
nm ND:YAG laser for particle ablation and ionization, thus we expect the assignment of mass
spectra to be similar to other instruments using the same laser wavelength (ATOFMS, SPASS)
of which many results on the abundance of particle types similar to our classification have
been reported (Pastor et al., 2003; Erdmann et al., 2005; Hinz et al., 2006; Pratt et al., 2009;
Kamphus et al., 2010; Pratt and Prather, 2010; Sierau et al., 2014).

12-

As the authors note, the present data do not allow ice nucleation rates for different particle
types to be determined. Therefore please change "particles have good ice nucleating ability"
to "particles were observed within ice crystal residuals” on p12,26 and please change "The
high ice nucleation ability of etc etc could be confirmed" to "The presence of INP from etc etc
was observed". This avoids overstating the results, which are nonetheless valuable and
interesting.

The authors may also improve their manuscript by comparing the relative fractions of each
particle type they have observed to previous studies of IPR or IN composition. That is, by
comparing to the Cziczo citation given later in this review and the various citations already
present in the manuscript. Although ice nucleation rates cannot be determined, a quantitative
comparison in another dimension can nevertheless be added.

We changed the text as suggested.

We included a more detailed comparison of our observed particle type in IPR with those
reported by Kamphus et al from the same site and also by Cziczo et al., 2013. However, it has
to emphasized that Cziczo 2103 discussed cirrus clouds, where the formation processes,
especially temperatures, are very different to mixed phase clouds.

Added text:

The general trend of this finding agrees with the only result so far in the literature on single
particle mass spectrometric analysis of [PR from mixed phase clouds (Kamphus et al., 2010):
Using two single particle mass spectrometers, they report from one instrument (SPLAT) that
57% of all IPR were mineral particles or mixtures of minerals with sulfate, organics, and
nitrate. The other instrument (ATOFMS) reported that these two particles types represent a
much higher fraction (78%) of all IPR, plus additionally 8% metallic particles. However, these
data sets are based on smaller numbers of particle than our study (ATOFMS 152 particles,
SPLAT 355 particles), such that here variations of air mass origin and meteorological
conditions can be the main reason for such differences and none of these data sets can be
regarded as representative for mixed phase clouds at the Jungfraujoch in general. A recent
paper by Cziczo et al. (2013) summarized their analyses of ice crystals on various field



studies. Although formation of cirrus clouds occurs under different conditions that ice
formation in mixed phases clouds, it is interesting to compare these results as well. These data
clearly show that mineral dust is the most dominant heterogeneous ice nucleus in all cirrus
encounters, but that under homogeneous freezing conditions the upper tropospheric
background aerosol particles (sulfate/organic/nitrate) as well as biomass burning particles are
detected in the cirrus [PR.

Minor:

- Percentages of particle types are frequently reported, but it is not always clear what the
reference is (% of all IPR vs % relative to all of that particle type?). Please give a universal
definition in Section 2. Please also add uncertainties to each reported %.

We added the definition of the percentage to section 2

"We report the absolute number of particles of the particle type in a certain time period and the
percentage of these particles to the total particle population (i.e, the sum of all particle types)
measured during the same time period."

We added uncertainties (as explained above) to all values.

Section 3.2.1. Some particle types are given no discussion at all (engine and PAH) while
others are given extensive discussion (industrial and lead). If there is some reason why
engine and PAH particles were not further discussed, please make a brief note for the
reader.

As already mentioned above, we added a discussion on engine exhaust particles and PAH-
containing particles on in section 3.2.1:

The particle types that were assigned to the type "engine exhaust" also show C,-fragmentation
(C;"=Cs", m/z 12 ... 60) but can be distinguished by the peak at m/z 40 (Ca") which was
observed in the reference mass spectra but also previously by other researchers (Trimborn et
al., 2002; Vogt et al., 2003; Shields et al., 2007).

PAH containing particle were identified through the corresponding reference spectra and
marker peaks from the laboratory studies, namely 50/51 (C4H,/5M), 63 (CsH3"), 77 (CeHs"), and
91 (C;H;"). Even though cigarette particles (before inhalation) contain these markers as well,
our reference spectra indicate that these two particle types can be distinguished because
cigarette smoke additionally contains a C,, pattern (m/z 12 — 36).

- p3,21 This description of LDI (laser desorption/ionization) incorrectly implies two-step
vaporization and ionization. The laser does not "vaporize a fraction of created gas molecules"
since ionization can occur during desorption. Better would be "the pulsed laser fires and
vaporizes/ionizes the particle partly or completely."

Agreed. We changed the text accordingly.

- p3,25 what refractive index was assumed for particle sizing?

The Grimm 1.129 is calibrated with PSL particles, refractive index = 1.60. We added this
information in section 2.1.



- p4,33 cooking is not combustion, so change "directly produced by combustion" to
"directly sampled from the source"

Changed.

- p4,33 | believe "supernatant” is the scientific term for "washing water"

Agreed, we used the scientific term but kept "washing water" in parentheses since it was used
in previous publications (Augustin et al., 2013; Augustin-Bauditz et al., 2016).

p5,3 when using the word majority, please give a number

The number of spectra representing the majority differs between particle types. The
supplement now shows the spectra from the laboratory measurement. It was found that one
reference particle type produced several types of spectra which were separated using the
clustering algorithm described above. The supplement lists the main clusters with the number
of spectra in each cluster.

p5,29 does the manual switching mean that there is some bias in the results? Was
there always a cloud free period measured at the end of the in cloud periods? Please
clarify.

"Manual switching" means that no automated valve was used that would be controlled by a
cloud droplet sensor. When a cloud was present, we sampled though the ice-CVI, when no
cloud was present, we sampled through the aerosol inlet. Sampling though the CVI under non-
cloud condition corresponds to a zero measurements because no particles enter the CVI.

We changed the text to: "Under cloud conditions the ALABAMA sampled through the Ice-
CVI, whereas under cloud-free condition it was switched manually to the total aerosol inlet."

p6,14, what is meant by "ambient temperatures below 0 C"? Either ambient, or below
0C.

We rephrased this sentence to make it more clear:

The impaction plates of the pre-impactor are not actively cooled but adopt ambient
temperature which must be below 0°C to allow for mixed phase clouds to exist.

p7,18 please define "PAH fragmentation" including citations. Can "PAH" be recognized
separately from "aromatic"?

The fragmentation pattern of PAHs was measured during our laboratory studies. We included
the mass spectra in the supplement.

We rephrased the sentence: "The particles from smoke after inhalation do not show the
characteristic marker peaks that were observed for PAH particles in the laboratory study."

Unfortunately no other aromatics were measured in the laboratory, thus we cannot make a
statement on this issue.

p7,20 please give the physical reason why only sodium or potassium would be observed.



This is due to the non-uniform laser ablation and ionization process. Sodium and potassium
are present in pollen and biomass burning particles. Apparently (as the laboratory data show) it
occurs that only these two ions are produced upon laser ablation/ionization.

We reformulated the sentence:

"It was observed that some rare fragmentation patterns from pollen and biomass burning
particles show similarities within the cation spectra (only one sodium (m/z 23) and potassium
(m/z 39) peak). This is most likely due to the non-uniform laser ablation and ionization
process, leading to production of only those two ions."

p9,30 please cite a paper for this point

This statement was a tentative explanation of the finding that sometimes only a single
potassium peak is observed in the cation mass spectrum. While there are references
confirming that laser ablation is very sensitive to potassium (Gross et al., 2000; Silva and
Prather, 2000), we can't find a reference for the speculation that other ions are suppressed.
Thus, we rephrased the sentence:

[t must be taken into account that the detection of potassium in laser ablation mass
spectrometry is very efficient due to its low ionization efficiency (Gross et al., 2000; Silver
and Prather, 2000), such that only a small amount of potassium in a particle results in a large
ion signal.

p9,34 | don’t understand the motivation behind this sentence. The message seems to be that
a similar number fraction of biomass burning particles in the aerosol and in the IPR is an
unexpected result. Why would it be unexpected?

We reformulated the whole paragraph, as it was indeed hard to understand. It reads now:

The IPR ensemble contains particles assigned to engine exhaust but no particles assigned to
biomass burning. This finding is surprising because both particle types have been detected in
[PR before: biomass burning by Kamphus et al. (2010), Twohy et al. (2010), Pratt et al. (2011)
and Prenni et al. (2012), and engine exhaust by Kamphus et al. (2010) and Corbin et al.
(2012). Both engine exhaust and biomass burning particle contain organic material and the
mass spectra show partly similar peaks, thus it is unclear which specific property of these
particle types enables their ice nucleation ability. The third particle type associated with
combustion (PAH/soot) is found in both populations in the same percentage (12%). The
source of these particles can also be biomass burning or engine exhaust (as well as other
combustion processes), but the finding that the percentage in both populations is equal
suggests that the PAH/soot components are not significantly influencing the ice nucleation
capability.

Fig 2 and 6. Please add uncertainties for all values. Please sort the table by either
out-of-cloud or IPR values. Please add a column to the table "%IPR / %out-of-cloud"
to estimate the relevance enhancement of each category, including uncertainties.

We added the uncertainties that were estimated as explained above, and also added the
suggested column giving the enhancement. However, we prefer to keep both pie charts and the



table in the order as it is now. The particle types are ordered from biological/natural to
anthropogenic/industrial, followed by the unassigned, descriptive types "K dominated" and
"Na + F" and "others".

-The following articles should be cited in this manuscript: Jaenicke, Abundance of Cellular
Material and Proteins in the Atmosphere, Science, 308, 5718, pp 73, 2005. Cziczo

et al., Clarifying the Dominant Sources and Mechanisms of Cirrus Cloud Formation,
Science, 340, 6138, pp 1320-1324.

We included citations to these articles.

Very minor comments:

p1,20, unclear wording. try, "the outcome of these laboratory studies was particle type
specific marker peaks for each investigated particle type."

Changed to: "The outcome of these laboratory studies was characteristic marker peaks for
each investigated particle type. These marker peaks were applied to the field data."

p2,5 starting from "therefore" is a repetition of the previous statement which takes some
thinking to realize.

We deleted the second part of the sentence.

p2,22 please also discuss Cziczo et al., Science 2013.

We have included a reference to Cziczo et al., 2013.
p2,28 "first results” to me is synonymous with "preliminary results". Perhaps better is
"Inspection of the data set showed"

Changed
p10,35-37. "does not represent the real distribution" is more clearly phrased as "is not
corrected for sampling and detection efficiency"

Changed to:

"It must be emphasized here that the ALABAMA size distribution is not corrected for
sampling and detection efficiency, the latter being optimal around 400 nm."

p11,27 with temperature and relative humidity, the wet-bulb temperature is already
given?

Yes, but not straightforward (Stull, 2011), thus we preferred to look at the wet-bulb
temperature directly as it was supplied by MeteoSwiss.
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