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Review

Measurement report: Ice nucleating particles active > -15 °C in free tropospheric air over
western Europe by Conen et al.

Summary

The study presented by F. Conen et al. reports INP concentrations at -10 °C and -15 °C at the
High Altitude Research Station Jungfraujoch, a site which is located in the lower free
troposphere. The measurements are based on 24-hour collected filters throughout several
years, and focus on sampling intervals when the site was not impacted by boundary layer
air. By performing heat treatment tests, it is suggested that the majority of INPs in this
temperature regime are microorganisms at Jungfraujoch. While this is an important finding
and good motivation for future studies, | have some concerns about the methods used and
the conclusions drawn from them.

Thank you for having read our manuscript, for your general remarks and for the more
specific comments.

General remarks

- One of the key points in your study is the distinction between free tropospheric conditions
and boundary layer intrusion. However, you use only one method to quantify this, namely
the radon concentration. In the study by Herrmann et al. (2015) it was found that “local
radon emissions as well as the comparatively long radon lifetime blur the distinction
between free tropospheric conditions and boundary layer influence. This further supports
the conclusion that the CO/NOy approach offers the best distinction between free
troposphere conditions and boundary layer influence.” Is there a reason why you did not
consider the ratio between CO and NOy to identify free tropospheric conditions, e.g., in
addition to the Radon concentration?

Right, there are other criteria than radon to draw a line between free tropospheric (FT)
conditions and boundary layer influence. Herrmann et al. (2015) had used radon, CO/NOQy,
and Lagrangian backward simulations to identify the FT particle size distribution at
Jungfraujoch and found: “The fact that the three median FT size distributions are almost
identical indicates that the three criteria chose different subsets of data from the available,
quite similar FT-like size distributions.” Therefore, we do not think that using another tracer
for FT conditions would have resulted in selecting PM1o filters with a different aerosol or INP
population. Yet, a different tracer might well have led to a somewhat different subset of
filters to choose from.



- The identification of Saharan dust impact is solely based on “high PM10 loads” (lines 80 —
81). Is there a study showing that such measures can be used to determine Saharan dust
events at Jungfraujoch? If not, you need to provide more results on this approach, as for
example a comparison to other methods used to determine Saharan dust impact, such as
aerosol particle scattering properties (Collaud Coen et al., 2004), occurrence of larger
particles (e.g., Kammermann et al., 2010) and back trajectory analysis.

In addition to high PM1o loads the SD filters in our study had vivid ochre or brown-yellow
colours, similar to the colours of aerial photographs of the Sahara. Filters sampled at
Jungfraujoch without SD influence are either white or only lightly coloured in grey or
greyish-brown. The ochre or brown-yellow colour is a strong indicator for a substantial SD
influence. Collaud Coen et al. (2004) have taken the brown-yellow colouring of filters to
confirm the validity of the single scattering exponent as indicator of SD influence. The
advantage of the single scattering exponent is that it can detect also weak SD events lasting
only few hours, which is too short to produce the filter colouring. Thus, a high PMio load and
a brown-yellow filter colour together reliable indicate a major SD influence. The coincidence
of backward trajectories reaching the Sahara in such cases has been shown many times
before (e.g. Collaud Coen et al., 2004; Conen et al., 2015). We changed the last sentence of
the first paragraph of section 2.2 accordingly:

In addition, we selected from the filter archive an additional seven samples with high PM1¢
loads and a yellow-brown (ochre) colour resulting from SD intrusions (Collaud Coen et al.,
2004). [page 3, lines 107 and 108]

- As discussed by the authors, the 24-hr filter collection are limited in their use to distinguish
free tropospheric from disturbed free tropospheric conditions. Did the authors consider
performing shorter filter sampling times?

Yes, we have thought about shorter filter sampling times. Apart from filters, also high-
volume impingers allow for short sampling times and a reliable detection of INP active >-15
°C (e.g. Mignani et al., 2021), but require the attention of an operator. Hence, their use is
currently limited to intensive field campaigns. A shorter filter sampling time with the same
setup as used in this study would also demand more labour because filter cassettes would
have to be exchanged more often. More importantly, shorter filter sampling times would
yield filters with smaller numbers of INP on their surface and a poorer detection limit. Every
approach has advantages and trade-offs. The 24 h filter samples were well suited to
characterise the INP composition in FT air masses because these filters contain sufficient INP
for categorisation by heat tests and they are available for many years back in time. This
large pool of available filters compensates for a low fraction (1 in 13) of filters matching the
FT criterion.

- The study comprises only 28 datapoints of INP concentrations, which is not much to draw
general conclusions about seasonal variability.



We agree. Also in response to a similar comment by Reviewer #1 we have changed the
contentious beginning of the paragraph:

A surprising feature of INP-10 in FT samples is their narrow distribution (1.0to 5.6 m?)
throughout the year (Fig. 3), which is in contrast to what we had found earlier at
Jungfraujoch in filters not selected for FT conditions that covered a range of three orders of
magnitude (Conen et al., 2015). [page 5, lines 185 to 188]

- You do not present the freezing spectra but only INP concentrations at specific
temperatures. It might be interesting to the reader to see those spectra, e.g., in the
appendix.

We added median values for all types of spectra (FT, SD, heat sensitivity) in the Appendix
(Table A3).

[additional Table on page 18]
Abstract

Lines 7 — 8: The statement “... typically starting a few km above ground” is not correct. Ice
formation in mixed-phase clouds can occur at ground level; e.g., Jungfraujoch is per
definition a ground-based station and primary ice formation frequently occurs there (e.g.,
Mertes et al., 2007), which is also true for other locations in mountains. Thus, ice formation
in clouds is rather a question of temperature, supersaturation, and presence of INPs, not of
altitude above ground.

Sorry for the imprecision of this statement. It should have been more explicit: “..typically
starting in western Europe at a few km above ground.” (sentence changed accordingly in
revised version; page 1, lines 7 and 8). Although Jungfraujoch is a ground station and often
shrouded in mixed-phase clouds, it is not a “typical” location in western Europe. Most of
western Europe is located only a few hundred metres above sea level and rarely experiences
temperatures below 0 °C. For such a location (Leipzig, Germany) Kanitz et al. (2011, Figure 2
therein) have provided direct evidence in support of this statement (see reply to comment
regarding sentence in Introduction Line 27 below).

Lines 16 - 18: | am struggling with this last statement. Jungfraujoch is a site which can be
impacted by boundary layer intrusions, which can occur on short time scales. How certain
are you, that you excluded such potential boundary layer intrusions from your 24 hr filters
(see also my comment above)? In addition, Jungfraujoch is impacted by touristic activities
(e.g., smoking), and your 24-hour filters are impacted by this. Has one filter been sampled
without any impact from touristic activities, e.g., during a lockdown in 2020 due to the
COVID pandemic? Generally, to make such a strong statement, more of such measurements
should be conducted with shorter filter collection times (to better avoid boundary layer
intrusions or emissions from touristic activities), and at other free-tropospheric sites over
central/Western Europe to confirm this. Your study is a good motivation for such future
research.



We can never be certain to have completely excluded boundary layer intrusions ina 24 h
sampling period. Still, we can have some confidence that it is the case when radon-derived
FT “...conditions applied to every hour of a full 24-hour PM1o sampling period.” (amended
statement in revised version; page 3, line 102). Even if boundary layer influence may have
happened on a time scale < 1 h, its overall influence on the sampled INP population must
have been very minor because the difference we found in INP.15 concentration between FT
and boundary layer influenced SD was only a factor of two. Regarding local aerosol sources,
such as cigarette smoke we can say that soot is not ice-nucleation active at temperatures
>-38 °C (Gao et al., 2021) and also other anthropogenic pollution does not contribute INP
active at warmer temperatures (Chen et al., 2018). Therefore, the exclusion of periods with
touristic activity is not critical for INP observations at nucleation temperatures >-15 °C at
Jungfraujoch.

| recommend to specify the time period during which you collected your samples (months,
years).

We completed the sentence accordingly:

Here, we analysed INP active at -10 °C (INP.10) and -15 °C (INP-1s) collected during FT
conditions at the high-altitude observatory Jungfraujoch between January 2019 and March
2021. [page 1, lines 9 and 10]

Introduction

Lines 22 — 24: Please check the grammatic of this sentence. | am unsure if | understand the
sentence correctly. Do you mean that this community of airborne microorganisms have
their emission sources within several tens of kilometers (local/regional scale)?

That is correct. The sentence has been changed accordingly:

A community of airborne microorganisms, for example, is in the PBL mainly composed of
organisms emitted from sources within a distance of several tens of kilometers around an
observation point (Tignat-Perrier et al., 2019). [page 1, lines 22 to 24]

Line 27: The statement regarding altitude for mixed-phase cloud occurrence is not correct,
see my comment before.

In line with our reply to your comment before we have changed the sentence:

Ice formation in clouds above lowlands in western Europe starts at a few kilometers altitude
at around -5 °C (Kanitz et al., 2011). [page 1, lines 27 and 28]

Line 28: Please add more citations to this very important statement. E.g., many airborne INP
measurements are conducted in the free troposphere, and there are more free-
tropospheric measurements sites where INP studies were conducted.

Many of these studies have recently been summarised by He et al. (2021), i.e. in the study
we refer to. We have made this more explicit by revising the statement and adding another
reference:



However, FT air masses have been little explored in terms of the INP they carry, let alone INP
active > -15 °C. For recent summaries of INP studies in the FT see Lacher et al. (2018) and He
etal. (2021). [page 1, lines 28 to 30]

Lines 32 - 34: The cited percentages refer to ice particle residuals, not to the INP
concentration measurements at -31°C.

Thank you for pointing out this mistake. Reading the cited references again more carefully
and also the papers recommended in your next comment, we have gained additional
insights and changed the introduction (see response to next comment).

Lines 35 —36: | recommend to also include citations from ice particle residual analysis
performed at Jungfraujoch (e.g., Mertes et al., 2007; Kupiszewski et al., 2015; Schmidt et al.,
2017; Lacher et al., 2021).

Thank you for drawing attention to the ice residual analyses performed at Jungfraujoch.
They have prompted us to expand the Introduction:

Yet, in the PBL and at more moderate supercooling (here: > -15 °C), biological particles seem
to constitute the majority of the INP population as revealed by heat tests (Hill et al., 2016).
Heat deactivates biological INP but leaves mineral INP largely unaffected (Hill et al., 2016).
Chen et al. (2021) found during dust events sampled in Beijing that 70% of INP active at > -15
°C (INP.15) were heat-sensitive. Observed heat-sensitive fractions of INP-;5 in the PBL of
agricultural areas in the USA (Suski et al., 2018) and in Argentina (Testa et al., 2021) were
even larger (> 90%). These findings contrast with a small biological fraction detected among
ice particle residuals collected at Jungfraujoch from mixed-phase clouds and classified by
physico-chemical analyses (Mertes et al., 2007) or by laser ablation mass-spectrometry
(Schmidt et al., 2017; Lacher et al., 2021). Not every ice particle residual has initiated as INP
the formation of the ice particle it was recovered from, in particular not when it was
recovered from a secondary ice particle. An ice particle residual recovered from a primary ice
particle and classified by mass spectrometry as mineral dust may have been activated at
moderate supercooling by a minor, ice-nucleation active biological component sticking to its
surface (Augustin-Bauditz et al., 2016). A heat test, which specifically targets the ice-
nucleation active component, would have classified the same assembly as biological INP.
[page 1, line 37 to page 2, line 49]

The recommended paper by Kupiszewski et al. (2016) is concerned with black carbon as a
potential INP and would not fit well into the discussion about the fraction of biological INP.

Material and methods

| recommend to specify the time period during which you collected your samples (months,
years) and to refer to the respective table in the appendix.

Done.

Line 52: What is the error associated to a counting by eye?



With good light conditions in the laboratory and an experienced, concentrated observer the
error is negligible. Both was the case in our study. Some time ago we have done tests with
two observers analysing the same filter independently and found no statistically significant
differences between the results.

Lines 71: | recommend to also cite Herrmann et al. (2015) here.
Done.

Lines 80 — 81: Please provide more information about the method used to identify impact
from Saharan dust event. Which threshold has been used? Has such a method been
established in previous work, resp., has it been validated against other measurements or
back trajectory calculations (see also my comment above)?

We hope to have satisfied this demand with our response to your similar comment above.

Line 82: It is not clear to me why you analyzed the median radon concentration here, while
before (line 76) the mean radon concentration was used to identify free tropospheric
conditions.

In line 82 we compare the log-normal distributions of hourly radon concentrations as shown
in Figure 1. The issue in line 76 are individual hourly measurements of radon concentration.
On time scales shorter than one hour, radon may equally be log-normally distributed.
However, our detector integrates counts over 30 min. A shorter integration time would
make little sense because of the low number of counts observed especially during FT
conditions. Therefore, we can only provide an hourly mean, which probably is not that far
from what an hourly median based on a shorter integration time would be.

Results and discussion

Lines 128 — 135: Your discussion is based on the assumption that during Saharan dust events
all aerosol particles are dust particles. With the methods used here you cannot quantify the
fraction of dust particles in the overall particle population.

The PM1o mass was 19 times larger on SD filters as compared to FT filters. If we assume that
the FT aerosol background is always present and SD mixes with it, then 18/19%" of the
aerosol particles (by mass) during SD events are likely dust particles. As shown by
Schwikowski et al. (1995), SD predominantly adds to the coarse end (optical diameter > 0.5
um) of the particle volume size distribution, which is the relevant size range for INP (DeMott
et al., 2010). During background conditions this end of the distribution is quite flat.

Lines 151 — 153: During Saharan dust events, the total number concentration of aerosol
particles does not necessarily increase; more important here would be to quantify the
concentration of dust particles and compare it to an increase in INP concentration.

Yes, the total aerosol number concentration may not increase during SD events. However,
as mentioned above, the particle volume size distribution increases greatly in the particle
size range that is most closely related to INP number concentrations. We have expanded the
relevant part of the section accordingly:



This assumption is based on the finding that a large fraction of particle volume (i.e. mass)
during a SD event at Jungfraujoch falls into the size range of particles > 0.5 um in optical
diameter (Schwikowski et al., 1995), which is a good predictor of atmospheric INP.15 (DeMott
et al., 2010; Mignani et al., 2021). [page 5, line 159 to line 161]

Technical

Line 27: 1 assume you mean “-5 °C”.

Yes, thanks.

Line 30: It should read “-31 °C”".

Corrected.

Line 45: | assume it should read “At the site,...”?
Yes, thanks.

Line 60: “Sample” instead of “Samples”?
Corrected.

References

Collaud Coen, M., Weingartner, E., Schaub, D., Hueglin, C., Corrigan, C., Henning, S.,
Schwikowski, M., and Baltensperger, U.: Saharan dust events at the Jungfraujoch: detection
by wavelength dependence of the single scattering albedo and first climatology analysis,
Atmos. Chem. Phys., 4, 2465-2480, 10.5194/acp-4-2465-2004, 2004.

Kammermann, L., Gysel, M., Weingartner, E., and Baltensperger, U.: 13 month climatology
of the aerosol hygroscopicity at the free tropospheric site Jungfraujoch (3580 m a.s.l.),
Atmos. Chem. 95 Phys., 10, 10717-10732, https://doi.org/10.5194/acp-10-10717-2010,
2010.

Kupiszewski, P., Zanatta, M., Mertes, S., Vochezer, P., Lloyd, G., Schneider, J., Schenk, L.,
Schnaiter, M., Baltensperger, U., Weingartner, E., and Gysel, M.: Ice residual properties in
mixed-phase clouds at the high-alpine Jungfraujoch site, J. Geophys. Res.-Atmos., 121,
12343-12362, https://doi.org/10.1002/2016JD024894, 2016.

Lacher, L., Clemen, H.-C., Shen, X., Mertes, S., Gysel-Beer, M., Moallemi, A., Steinbacher, M.,
Henne, S., Saathoff, H., Mohler, O., Hohler, K., Schiebel, T., Weber, D., Schrod, J., Schneider,
J., and Kaniji, Z. A.: Sources and nature of ice-nucleating particles in the free troposphere at
Jungfraujoch in winter 2017, Atmos. Chem. Phys., 21, 16925-16953,
https://doi.org/10.5194/acp-21-16925-2021, 2021.

Mertes, S., Verheggen, B., Walter, S., Connolly, P., Ebert, M., Schneider, J., Bower, K. N.,
Cozic, J., Weinbruch, S., Baltensperger, U., and Weingartner, E.: Counterflow Virtual
Impactor Based Collection of Small Ice Particles in Mixed-Phase Clouds for the Physico-
Chemical Characterization of Tropospheric Ice Nuclei: Sampler Description and First Case
Study, Aerosol Sci. Tech., 41, 848864, https://doi.org/10.1080/02786820701501881, 2007.



Schmidt, S., Schneider, J., Klimach, T., Mertes, S., Schenk, L. P., Kupiszewski, P., Curtius, J.,
and Borrmann, S.: Online single particle analysis of ice particle residuals from mountain-top
mixed-phase clouds using laboratory derived particle type assignment, Atmos. Chem. Phys.,
17, 575-594, https://doi.org/10.5194/acp-17-575-2017, 2017.

Additional references in response

Augustin-Bauditz, S., Wex, H., Denjean, C., Hartmann, S., Schneider, J., Schmidt, S., Ebert,
M., and Stratmann, F.: Laboratory-generated mixtures of mineral dust particles with
biological substances: characterization of the particle mixing state and immersion freezing
behavior, Atmos. Chem. Phys., 16, 5531-5543, https://doi.org/10.5194/acp-16-5531-2016,
2016.

Chen, J., Wu, Z., Augustin-Bauditz, S., Grawe, S., Hartmann, M., Pei, X., Liu, Z., Ji, D., and
Wex, H.: Ice-nucleating particle concentrations unaffected by urban air pollution in Beijing,
China, Atmos. Chem. Phys., 18, 3523-3539, https://doi.org/10.5194/acp-18-3523-2018,
2018.

Conen, F., Rodriguez, S., Hiiglin, C., Henne, S., Herrmann, E., Bukowiecki, N., and Alewell, C.:
Atmospheric ice nuclei at the high-altitude observatory Jungfraujoch, Switzerland, Tellus B,
67, 25014, https://doi.org/10.3402/tellusb.v67.25014, 2015.

DeMott, P. J., Prenni, A. J., Liu, X., Kreidenweis, S. M., Petters, M. D., Twohy, C. H.,
Richardson, M. S., Eidhammer, T., and Rogers, D. C.: Predicting global atmospheric ice nuclei
distributions and their impacts on climate, P. Natl. Acad. Sci. USA, 107, 11217-11222,
https://doi.org/10.1073/pnas.0910818107, 2010.

Gao, K., Friebel, F., Zhou, C.-W., and Kanji, Z. A.: Enhanced soot particle ice nucleation ability
induced by aggregate compaction and densification, Atmos. Chem. Phys. Discuss. [preprint],
https://doi.org/10.5194/acp-2021-883, in review, 2021.

Kanitz, T., Seifert, P., Ansmann, A., Engelmann, R., Althausen, D., Casiccia, C., and Rohwer, E.
G.: Contrasting the impact of aerosols at northern and southern midlatitudes on
heterogeneous ice formation, Geophys. Res. Lett., 38, L17802, d0i:10.1029/2011GL048532,
2011.

Hill, T. C. J., DeMott, P. J., Tobo, Y., Frohlich Nowoisky, J., Moffett, B. F., Franc, G. D., and
Kreidenweis, S. M.: Sources of ice nucleating particles in soils, Atmos. Chem. Phys., 16,
7195-7211, https://doi.org/10.5194/acp-16-7195-2016, 2016.

He, C., Yin, Y., Wang, W., Chen, K., Mai, R., Jiang, H., Zhang, X., and Fang, C.: Aircraft
observations of ice nucleating particles over the Northern China Plain: Two cases studies,
Atmos. Res., 248, 105242, https://doi.org/10.1016/j.atmosres.2020.105242, 2021.

Herrmann, E., Weingartner, E., Henne, S., Vuilleumier, L., Bukowiecki, N., Steinbacher, M.,
Conen, F., Coen, M. C., Hammer, E., Jurdnyi, Z., Baltensperger, U., and Gysel, M.: Analysis of
long-term aerosol size distribution data from Jungfraujoch with emphasis on free



tropospheric conditions, cloud influence, and air mass transport, J. Geophys. Res., 120,
9459-9480, https://doi.org/10.1002/2015)D023660, 2015.

Kanitz, T., Seifert, P., Ansmann, A., Engelmann, R., Althausen, D., Casiccia, C., and Rohwer, E.
G.: Contrasting the impact of aerosols at northern and southern midlatitudes on
heterogeneous ice formation, Geophys. Res. Lett., 38, L17802, d0i:10.1029/2011GL048532,
2011.

Lacher, L., DeMott, P. J., Levin, E. J. T., Suski, K. J., Boose, Y., Zipori, A., Herrmann, E.,
Bukowiecki, N., Steinbacher, M., Gute, E., Abbatt, J. P., Lohmann, U., and Kanji, Z. A.:
Background free-tropospheric ice nucleating particle concentrations at mixed-phase cloud
conditions, Journal of Geophysical Research: Atmospheres, 123, 10,506—-10,525,
https://doi.org/10.1029/2018)D028338, 2018.

Mignani, C., Wieder, J., Sprenger, M. A., Kanji, Z. A., Henneberger, J., Alewell, C., and Conen,
F.: Towards parameterising atmospheric concentrations of ice-nucleating particles active at
moderate supercooling, Atmos. Chem. Phys., 21, 657-664, https://doi.org/10.5194/acp-21-
657-2021, 2021.

Schwikowski, M., Seibert, P., Baltensperger, U., and Gaggeler, H.W.: A study of an
outstanding Saharan dust event at the high-alpine site Jungfraujoch, Switzerland, Atmos.
Environ., 29, 1829-1842, https://doi.org/10.1016/1352-2310(95)00060-C, 1995.

Tignat-Perrier, R., Dommergue, A., Thollot, A., Keuschnig, C., Magand, O., Vogel, T. M., and
Larose, C.: Global airborne microbial communities controlled by landscapes and wind
condition, Sci. Rep., 9, 14441, https://doi.org/10.1038/s41598-019-51073-4, 2019.



