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Reply to reviewer #1

Roth and co-authors describe a set of single particle mass spectrometer measurements of
ambient aerosol performed at a mountain site in Germany 2010. Ambient “out of cloud”
particles and cloud residuals were alternately analysed by bypassing or flowing air through a
counterflow virtual impactor, respectively. All data were combined and classified using a
series of approaches. Mass spectra were first clustered using c-means “fuzzy clustering” and
the resulting clusters were merged with similar types using distance metrics to create a more
manangeable set of final particle classes. Differences between out of cloud particles and
cloud residuals were then assessed. Interstitial aerosol was not investigated. The main
findings are that cloud processed patrticles at the site are enriched in sulfate, nitrate and
aminium jons relative to out of cloud particles. Larger, possibly aged, soot particles were also
found to represent a higher fraction of the in-cloud than out of cloud population, because of
internal mixing with hygroscopic inorganics. The manuscript is well written and scientifically
sound, with some nice tweaks on existing single particle mass spectral classification. | have
some minor comments only.

We thank the reviewer for this positive rating of our manuscript.
In the following we answer the specific questions:

The article would benefit from a map of the site and surrounding region/topography to
complement the local wind data. The proximity to local carbonaceous aerosol emission
sources could be included here. Also on this point, Figure 4 would be better represented in 2
panels. Readers will be more used to seeing a windrose like this applied to wind speed and
direction frequency. It is easy to miss that the radial axis is actually the fraction of the mass
spectral population detected. A standard windrose showing windspeed and direction would
be more useful. A second panel could show the dependence of particle hits on wind
direction. This could be normalised by frequency of wind from each sector if suitable.

We added a map of the area to the supplement (Fig S1) and also a table with the population of
the cities in an area of approximately 50 km around the site (Table S1). We added a reference
to that Figure in section 2.1:

"A map of the surroundings of the measurement site along with a table giving the population
number of the cities within a radius of approximately 50 km around the site can be found in
the supplementary material (Figure S1 and Table S1)."

We replaced Figure 4 by three panels: One panel with a standard windrose showing
windspeed and direction frequency and two panels showing the number of analyzed particles
per wind direction, one of them normalized by the measuring time per wind direction.

In that context we also modified the description of Figure 4 in section 3.1.:



"Figure 4 shows the number of detected particles as a function of the local wind direction at
the Schmiicke. Panel a) gives the standard wind rose for the whole time period. The
dominating wind direction was southwest, with about 50% probability for wind directions
between 200 and 270°. This direction corresponds to the requirements for cloud events. The
absolute number of detected particles is given in Panel b), showing that the majority of the
detected particles were measured when the wind came from southwest. However, as shown in
Panel c), per unit of time more particles were detected when the local wind direction was
between 0 and 90°. In these directions lie several larger cities (Erfurt, Weimar, Jena, see Map
in Figure S1) such that in general a higher pollution level may be expected."

An expanded discussion of the merits of fuzzy clustering would be helpful. My understanding
is that the advantage is that each spectrum can “belong” to several clusters to differing
extents. However the classification approach here is exclusive, in that all spectra end up
“belonging” to only one cluster or group. In this case, what is the advantage over traditional
“hard” clustering techniques like neural network algorithms or k-means?

In our case, we did not make a full use of the advantages that fuzzy clustering can give. This
would be a much more extended analysis. We chose the fuzzy means algorithm for two
reasons:

1) In tests that we performed with known data sets, consisting of a certain number of real
mass spectra from two particle types with the typical spectrum-to-spectrum variation,
it had turned out that with the fuzzy approach yielded a better result than the k-means
(Roth, 2014).

2) In our analysis, only those spectra were assigned to a cluster whose correlation
between the mass spectrum and the cluster center (after the termination threshold was
reached) was higher than 0.7. All other mass spectra (which had correlations smaller
than 0.7 with all clusters) were sorted into the "others" cluster. This "others" cluster
was then analyzed further by searching for certain marker peaks, as described in
section 2.4.4. This would not have been possible with the k-means algorithm, because
the k-means assigns all mass spectra to the "best" cluster, i.e. to that with the highest
correlation, even if the absolute correlation coefficient is small.

We added this explanation to section 2.4.1:

"The main reason for choosing the fuzzy c-means algorithm was that in a test with two
distinct particle types from laboratory data the fuzzy c-means yielded the best results (Roth,
2014). Furthermore, the fuzzy c-means accounts for mass spectra that don't fit to any cluster
by creating one additional group of spectra ("others"). These mass spectra can then be treated
separately by searching for certain marker peaks (see sections 2.4.3 and 2.4.4)."

In section 2.4.2 it is not clear how the authors determined a false positive or false negative
assignment of a spectrum to an “incorrect” cluster. How is the incorrect assignment
identified? Hasn't the particle already been objectively assigned mathematically to the
most “correct” cluster using Pearson’s r?

From the mathematical point of view, the algorithm assigns each mass spectrum to the "best"
cluster, i.e. to that having the highest correlation to the mass spectrum in question. But manual
inspection of the mass spectra sometimes suggested that certain spectra belonged to another
particle type because of certain marker peaks. Although we compressed the peak height (by a
power of 0.5) it cannot be ruled out that single large peaks (especially K™ or Na") lead to a
high correlation coefficient to a specific cluster, while smaller peaks, which can by much
more characteristic for a certain particle type, are not sufficiently considered by the
correlation.



After the positive and negative mass spectra were normalised separately, they were
combined and normalised again. Why are they normalised again? Isn’t this redundant? Or is
it simply to express everything as a fraction of 1 rather than 27?

You are right, it is only done to express everything as a fraction of 1 for convenience.
In section 2.4.3, last line, what are the counting statistics that the authors refer to?

Counting statistics in this case refers to the counted number of particles of a certain type and
the assumption that the occurrence of these particles can be described by Poisson statistics.
Thus, the error bar for those particle types identified by the marker peak search is the square
root of the counted number of particles. We added this information to section 2.4.3.

Section 3.2.4 contains only two sentences, but to me this is one of the most interesting
findings in the article. The possibility of catalytic oxidation of SO2 (and other species like
DMS) in by iron and vanadium has impacts for the atmospheric lifetime and climate impacts
of thee particles. This is briefly referred towards the end of section 3.4 but the authors have
good evidence here and should expand the discussion to consider their results in the context
of other single particle studies that have focused on this topic, eqg (Gaston et al., 2010; Ault et
al., 2010).

Thank you for point this out. We added the following discussion on that issue to section 3.2:

"The presence of metals in cloud droplets has important implications for the oxidation of
sulphur containing species in the aqueous phase. Catalytic oxidation of SO, to sulphate by
transition metals as Fe and Mn (Calvert et al., 1985), but also Ti (Harris et al., 2013) and V
(Ault et al., 2010) is a process that has long been recognized (Calvert et al., 1985; Bradbury et
al., 1999), but data obtained during HCCT2010 have shown that this process is of higher
importance than previously thought (Harris et al., 2013). In marine environments, dimethy]
sulphide can be catalytically oxidized by vanadium to methanesulphonic acid (Gaston et al.,
2010). Enrichment of these transition metals in cloud droplets may be explained by cloud
processing: Transition metal-catalysed sulphate production in the cloud droplets leads to a
higher sulphate content of the metal-containing aerosol particles remaining after cloud
evaporation and thereby to a better activation of these particles in the next cloud formation
process."

Section 3.2.3 The difference in hygroscopic behaviour for smaller soot particles with little
inorganic content and larger soot particles with higher inorganic content has been predicted
in Western Europe using single particle mass spectrometry previously and found to agree
well with HTDMA measurements (Healy et al., 2014).

We included a reference to the findings of Healy et al. (2014) in section 3.2.3:

"Similar findings have been reported for growth factors of coated black carbon particles
measured in Paris using a hygroscopic tandem differential mobility analyser and a single
particle mass spectrometer (Healy et al., 2014)."

Page 24420, line 2: replace “have been” with “were”
Changed

24421, line 20: replace “during” with “within”



We removed "during individual clouds" because it is not necessary here
24422, lines19-21: Rephrase, unclear

We changed the sentence to: "SO, oxidation in these clouds was inhibited by a lack of H,O,
and by the low pH-values, such that the observed sulphate in the cloud water derived most
likely from pre-existing aerosol."

24423, line 16: replace “in southwesterly direction” with “facing southwest”

Changed

References:

Ault, A. P., Gaston, C. J., Wang, Y., Dominguez, G., Thiemens, M. H., and Prather, K. A.:
Characterization of the Single Particle Mixing State of Individual Ship Plume Events Measured
at the Port of Los Angeles, Environ. Sci. Technol., 44, 1954-1961, 10.1021/es902985h, 2010.

Bradbury, C., Bower, K. N., Choularton, T. W., Swietlicki, E., Birmili, W., Wiedensohler, A., Yuskiewicz,
B., Berner, A., Dusek, U., Dore, C., and McFadyen, G. G.: Modelling of aerosol modification
resulting from passage through a hill cap cloud, Atmos. Res., 50, 185-204,
http://dx.doi.org/10.1016/50169-8095(98)00104-5, 1999.

Calvert, J. G, Lazrus, A., Kok, G. L., Heikes, B. G., Walega, J. G., Lind, J., and Cantrell, C. A.: Chemical
mechanisms of acid generation in the troposphere, Nature, 317, 27-35, 10.1038/317027a0,
1985.

Gaston, C. J,, Pratt, K. A,, Qin, X., and Prather, K. A.: Real-Time Detection and Mixing State of
Methanesulfonate in Single Particles at an Inland Urban Location during a Phytoplankton
Bloom, Environ. Sci. Technol., 44, 1566-1572, 10.1021/es902069d, 2010.

Harris, E., Sinha, B., van Pinxteren, D., Tilgner, A., Fomba, K. W., Schneider, J., Roth, A., Gnauk, T.,
Fahlbusch, B., Mertes, S., Lee, T., Collett, J., Foley, S., Borrmann, S., Hoppe, P., and Herrmann,
H.: Enhanced Role of Transition Metal lon Catalysis During In-Cloud Oxidation of SO2,
Science, 340, 727-730, 10.1126/science.1230911, 2013.

Healy, R. M., Evans, G. J., Murphy, M., Juranyi, Z., Tritscher, T., Laborde, M., Weingartner, E., Gysel,
M., Poulain, L., Kamilli, K. A., Wiedensohler, A., O'Connor, I. P., McGillicuddy, E., Sodeau, J. R.,
and Wenger, J. C.: Predicting hygroscopic growth using single particle chemical composition
estimates, Journal of Geophysical Research: Atmospheres, 119, 9567-9577,
10.1002/2014JD021888, 2014

Roth, A.: Untersuchungen von Aerosolpartikeln und Wolkenresidualpartikeln mittels Einzelpartikel-
Massenspektrometrie und optischen Methoden, PhD Thesis (in German), University Mainz,
178 pp., http://d-nb.info/1053202164/34, 2014




