Response to Reviewers: Complex plant-derived organic aerosol as ice-nucleating
particles — more than a sum of their parts?

We would like to thank both reviewers for carefully evaluating our manuscript and for providing
valuable feedback. In the following, we want to respond to your overarching comments as well to your
technical points.

Response to Reviewer 1

In our study, we deliberately focus on organic compounds which can be found in plant tissue, but which
are not directly related to microbial activity. Our study should be viewed as a first step towards a better
understanding of complex organic particles from biogenic sources, with organic compounds associated
with primary biological particles being even more diverse and thus also more variable in their ice
nucleation properties. Observed ice nucleation properties of fungi and bacteria vary over roughly six
orders of magnitude (see references in Hoose and Moehler (2012)) and recently there have been results
guestioning the stability of the ice nucleating proteins responsible for the high-temperature ice
nucleation efficiency (Polen et al., 2016). Hence, even though we definitely agree with the potential
impact of microorganisms, especially at temperatures above 263 K, we have chosen in this study to
investigate only a subgroup of the (presumably more stable) organics which play a role in determining
the ice nucleation properties of particles derived from leaf litter and soils. These stable organics can be
viewed as a lower limit for the ice nucleation activity of more complex particles. We have emphasized
the potential role of microbial activity in the Conclusions section (I. 319ff):

“However, the high ice nucleation efficiency of these particles could not be fully explained by the ice
nucleation activity of individual organic compounds commonly found in plant tissue, potentially
indicating a contribution from primary biological particles or organics associated with microbial activity.”

We mention in our manuscript that our estimates rely on ground-level particle concentrations and
therefore we also caution against over-interpreting our results because of “emission fluxes of organic
particles acting as INPs being poorly constrained and more detailed modelling case studies needed” (I.
296f).

To add more detail to the description of INP emissions from agricultural areas we have added the
following paragraph:

“Anthropogenic dust sources contribute roughly 25 % to the global dust burden, with regional variations
ranging from 7 to 75 % (Ginoux et al., 2012). In areas with intense agricultural land use, e.g. in eastern
North America, India, eastern China, and Europe, anthropogenic dust emissions contribute generally
more than 60 % to the total dust burden (Huang et al., 2015). Note, however, that there is a substantial
uncertainty regarding the number and size of particles emitted from agricultural as well as their



transport to cloud altitudes and the resulting atmospheric lifetime. This uncertainty is rooted in a lack of
emission flux data above 5-10 m which is the height at which dust fluxes from agricultural areas are
commonly observed, e.g. in the study by Zobeck and Van Pelt (2006).” (lines 284ff)

Similarly, for the leaf litter aerosol we have added more information about the studies that we are
referencing:

“Sanchez-Ochoa et al (2007) use cellulose found in aerosol particles as a proxy for plant debris
concentrations, relying on observations across 6 European sites for a time span of two years, and with
two of the sites being located on mountains. Hildemann et al. (1996) used higher alkanes (e.g. ocurring
in plant waxes) to fingerprint plant debris in aerosol particles sampled in the greater Los Angeles Area.”
(lines 277ff)

Additionally, in Fig. 3 we have now scaled down the INP concentrations from agricultural dusts by a
factor 100, respectively by a factor 10 for leaf litter to at least partially account for transport losses (see
vertical profiles of dust concentrations in Hoose et al., 2010). The surface area values used to convert
mass concentrations into aerosol surface concentrations are taken from the BET measurements
conducted as part of this study (see Fig. 2) — this has been clarified in the text now, too (lines 292f).

Please see reply to General Comment 1.

Please note that we refer to the potential contribution of primary biological particles in Fig. 2 and the
discussion of these results (l. 226ff). We have re-iterated this point in the Conclusions (. 319ff).

Please see reply to General Comment 2.

We have now added another paragraph to the introduction (I. 54ff):
“Agricultural areas may contribute between 7 and 75 % to the regional dust burden (Ginoux et al., 2012)
due to emissions driven by wind erosion and land management activities such as tilling and harvesting



(Funk et al., 2008). Vegetated areas may be another source for complex organic aerosol particles
associated with leaf detritus (Coz et al., 2010).”

This sentence now reads:

“Cloud-level concentrations of potentially very ice-active primary biological aerosol particles (Hoose and
Mohler, 2012) are much lower than background concentrations of mineral dust, with differences of up
to 8 orders of magnitude in some cases (Hummel et al., 2018).“

We eliminated “major”.

We have added some more information regarding this aspect (please also see |. 152 where this had
been mentioned, too).

“Ice crystals are discriminated from droplets by choosing a size threshold which is evaluated individually
for each experiment.” (. 124)

As mentioned in our reply to General Comment 4, we have acknowledged the potential contribution of
primary biological particles, particularly at temperatures above 260 K, in our discussion of Fig. 2.
However, now we are also referring to this interpretation at the end of our Conclusions.

We have now pointed out this caveat explicitly. However, we opted for keeping this observation
because we would like to highlight the different behavior compared to cellulose which has been
investigated in depth. The paragraph in question now read:

“Our data also indicates that the temperature dependence of the polysaccharides investigated in this
study is possibly less pronounced than for cellulose. Note that this finding is based only on a few data
points due to the low observed ice nucleation efficiency above 252 K.” (. 187ff)



We have now updated this paragraph regarding the sources of leaf litter which also included birch
leaves as correctly pointed out by the reviewer. Additionally we have re-phrased this paragraph slightly
to further emphasize that we are only comparing ice nucleation efficiencies at 258 K.

“In contrast, at 258 K, leaf litter from the Arctic consisting of birch and grass leaves (Conen et al., 2016)
has been observed to show relatively low ice nucleation efficiencies compared to leaf litter in our study
based on AIDA results and similar efficiencies when comparing against our droplet freezing assay.”

For the agricultural dust we observed that the suspension contained larger (presumably dust) particles
which appeared to sediment relatively fast even though we tried to keep the suspension as well mixed
as possible. We did not observe this behavior for the other samples. Hence, we believe that
sedimentation might have played a bigger role for the agricultural dust samples.

We did not intend to exclude a contribution from micro-organisms to the observed ice nucleation
efficiency of leaf litter. Based on the reviewer’s suggestion we have now included a reference to the
study by O’Sullivan et al. (2015) which have investigated the ice nucleation abilities of nanofragments
associated with the presence of microbial activity:

“In contrast, the reasons for the steep onset observed for the leaf litter sample are a bit more unclear as
most studies investigating primary biological particles have observed freezing onsets and high ice
nucleation efficiency already at temperatures above 260 K (see references in Hoose and Moehler, 2012).
However, one recent study has found indications for macromolecules associated with microbial activity
being ice-active at about 258 K (O’Sullivan et al., 2015).” (l. 228ff)

In our study, we have refrained from conducting heat tests as in the case of complex particles they may
produce results which are hard to interpret, i.e. leading a reduction in ice nucleation efficiency in some
cases (Suski et al., 2018) but also leading to an increase in the observed ice nucleation efficiency for
certain mineral dusts (Boose et al., 2019).



As elaborated in our reply to General Comment 2, we have now added more detailed explanations
regarding the studies that we used to derive our estimates for ambient plant-related INP
concentrations. We hope that it will be now clearer to the reader that these estimates are meant to give
order-of-magnitude numbers and that they should be considered as upper limits. Also, we have now
added that the assumed surface values come from BET measurements.

Please see previous reply.

We agree that this might be confusing for the reader and have eliminated one paragraph (l. 306ff) which
contains information some of which has now been moved to the introduction.

We are unsure to which lines the reviewer is referring here.

Both methods (i.e. AIDA and INSEKT) definitely each have their own value in better understanding ice
nucleation, in particular as they allow to investigate different temperature ranges. There are two main
aspects which contribute to differences in the observed INAS density values when comparing AIDA
experiments against INSEKT droplet freezing studies. First, the method of particle dispersion is different
(suspension vs. dry dispersion) and also the surface area used for normalization is different. However, it
is not a priori clear how large the differences between the two methods are which is the reason why a
direct comparison is still informative to the reader. Secondly, even if we don’t look at absolute values
when comparing the two methods, INSEKT delivers complimentary information, e.g. by capturing the
steep onset at 260 K. In conclusion, both methods are trustworthy, and they deliver individual
perspectives on the ice nucleation properties of different samples.



Please see reply to General Comment 2 — we have now given more detail regarding the underlying
assumptions.

In this study, we have focused our investigation on organic components in plants as a first step. We
hope that our study can be a starting point for investigating organic constituents of other complex
particles in the future, e.g. macromolecules associated with the microbial degradation of plant material
as suggested by the reviewer.

We would like to emphasize that we have not inferred from our measurements that plant-related
aerosols are the most dominant source of INPs. In our study we only wanted to highlight that INPs from
vegetation and agricultural areas might be a significant contributor in certain contexts, i.e. certain
seasons or regions: “...aerosolized particles from leaf litter and agricultural areas are potentially
important contributors to atmospheric INPs.” (I. 317)

This inconsistency has been corrected.

Unnecessary line numbers have been removed.

Captions have been updated accordingly.



Response to Reviewer 2

We do agree that a more thorough comparison between various methods to investigate the ice
nucleation properties of relevant aerosol species is needed, building on recent intercomparison studies,
e.g. forillite and cellulose. For this study, we would like to maintain our focus on plant-related organics,
even though we agree that primary biological particles could play an important role for ambient aerosol
particles. As discussed later on in this reply, we try to investigate the properties of very “simple” systems
as a first step, inviting more complexity in future studies. Also, we would like to highlight that we do
compare against the ice nucleation ability of bacteria in Fig. 2.

Lipoglycoproteins seem like a new promising avenue for future studies. However, in this study we
wanted to investigate organic compounds which are major constituents of plant tissue, deliberately not
taking into account the impact from microbial degradation processes, in order to be able to investigate
very simple systems which we can then contrast with “real” particles. The organic compounds that we
investigated in our study are chosen according to the main components of organic matter found in plant
tissue (except for cellulose which has been investigated in great depth already).

It is certainly true that industrial extraction processes will also cause structural changes in the organic
compounds. However, we preferred the commercial products because we were not sure how
reproducible the extraction process would be and using commercial products allowed us to have larger
sample amounts to be available, potentially allowing for follow-up studies and more detailed
intercomparisons in the future. The samples investigated in our samples should be considered as
analogues but the variability, e.g. across different sources of lignin, remains to be investigated.



We have now separated the sentence in question:

“We used commercially available organic compounds as analogues for plant-derived organics. Note that
many of the extraction methods for organic matter may cause significant changes in the
physicochemical properties of the extracted organic compounds (Kégel-Knabner, 2002).”

The issue with the carnauba wax was that is consisted mainly of larger particles which was less
problematic for dry dispersion (rotating brush generator and cyclone impactors) than for the creation of
suspensions where we would have needed to grind the particles, resulting in a substantially different
particle distribution and potential surface effects from the grinding procedure.

The last sentence of the abstract now reads:

“In contrast, complex biological particles may exhibit ice nucleation activities which are up to two orders
of magnitude higher than observed for cellulose, making ambient plant-derived particles a potentially
important contributor to the population of ice-nucleating particles in the troposphere, even though
major uncertainties regarding their transport to cloud altitude remain.”

We have also adjusted the atmospheric INP concentrations represented in Fig. 2 by applying a scaling
factor of 10 for leaf litter emissions and a factor of 100 for the agricultural dust emissions, in order to
account for transport losses (see vertical profiles for dust in Hoose et al., 2010). Due to the probably
episodic character of these emissions, our estimates still need to be considered as upper limits.



For the leaf litter sample, there is an overlap at around 257 K. For the plant protein, there is no overlap
but the trajectories are reasonably close, so that we can assume that these trajectories can be virtually
extrapolated by 1 K. Also, Fig. 2 intends to highlight that agreements and differences between two ways
of inferring INAS densities are strongly dependent on aerosol types.

Yes, droplet freezing measurements can be conducted in a way that they are more sensitive at warmer
temperatures (i.e. by choosing the weight percentage of suspended particles) and are therefore a great
complement to AIDA experiments. For samples like agricultural dust, it can be difficult to reach particle
concentrations which allow for ice crystal concentrations above background to be observed during AIDA
experiments at very small supercoolings. One of the reasons can be the availability of fine material as we
use cyclone impactors to eliminate larger particles and typically the sample amount is limited. For Fig. 3,
we only applied the parameterization that we derived from AIDA experiments to prescribed ambient
aerosol concentrations. The background limits therefore don’t need to be considered.

There are differences between the two methods which are challenging to resolve, e.g. the role of
soluble material which might lead to differences between wet and dry dispersion. Nevertheless, we
want to consent to the point that the reviewer made based on the findings in Hiranuma et al. (2019),
calling for more comprehensive studies to better understand differences between methods are
dependent on the aerosol type being investigated. We consider our study as a first step highlighting
differences between organic components and calling for more detailed studies of this subject.

The word “ambient” was chosen to clearly distinguish these samples from the individual components
and thus refers to samples from the outside environment. We have tried to be a bit more mindful with
our choice of words and have therefore adjusted the text by either adding the word “bulk”, eliminating



the word “ambient” or by replacing “ambient” with “from vegetated and agricultural sources” where
appropriate.

Spelling has been corrected.

For the AIDA experiments, there are two factors contributing to the error bars as displayed in Figs. 1 and
2: the uncertainty of the observed ice crystal concentration Anice/nice = 0.2 and the uncertainty of the
aerosol surface area concentration AA.er/Azer= 0.35 (see line 152ff). We have now added one more
sentence in the Methods section to make it clearer that the aerosol surface area used to derive the AIDA
based INAS density values relies on a geometric surface area estimate:

“The combined aerosol size distributions are used to estimate the available aerosol surface based on
volume-equivalent sphere diameters which then results in an estimate of the geometric surface area.”
(line 117ff)

For the INSEKT measurements, the error bars are determined by the statistical uncertainty of the
number of frozen droplets (which translates to INP concentrations) and the uncertainty in measuring the
BET surface area. However, in most cases the uncertainty of the BET measurements is less than 10 %
which is smaller than the statistical uncertainty. We have now slightly updated this paragraph (I. 157ff):
“For our INAS density uncertainty analysis, we considered only the uncertainty of the cumulative INP
concentrations which is based on statistics. Confidence intervals (at 95 %) have been estimated
according to the improved Wald interval which implicitly assumes a normal approximation for
binomially distributed measurement errors (Agresti and Coull, 1998). Hence, in our INAS density
analysis, we neglected the uncertainties of the BET surface measurements which are in most cases
considerably smaller (i.e. AAger/Acer < 0.1) than the previously described statistical uncertainties of the
cumulative INP concentrations (Hiranuma et al., 2015a).”

We have also added one more aspect regarding the sources of differences between INSEKT and AIDA
derived INAS densities (l. 167):

“Additionally, suspending particles in water may lead to the desorption and potential redistribution of
soluble material. This change in soluble material could also lead differences in the observed ice
nucleation properties when comparing cloud chamber experiments with droplet freezing studies.”

We did not want to overload Fig. 2 — in order to make it more obvious to the reader, we have now
added a note saying the data from Ullrich et al. (2017) is not displayed in Fig. 2.

Another publication explaining these details is in preparation — pure water droplets commonly start
freezing at temperatures below 249 K.



Line 110, 148: could these aerosol size and surface area distributions be shown in the Supplementary
Material? This is potentially useful information for other studies that might seek to explore similar
science questions with other techniques.

We have now added size distributions for lignin and leaf litter to the Supplementary Material.
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