Answers to the report by anonymous Referee #1

We thank Referee 1 for reviewing our manuscript and also for useful hints and suggestions. Below,
comments from the referee are given in blue while our answers are given in black, with passages including
new text given in italic. Additionally, the new text is marked yellow in the revised version of the
manuscript.

General Comment:

This manuscript reports the ice nucleating abilities of urban aerosol

particles from Beijing (China) using two different ice nuclei counters (i.e., LINA and

INDA) during “clean” and heavy haze episodes. The authors did not find a major influence

of the air pollution in Beijing on the ice nucleating particle (NP) concentrations

as the INP levels did not correlate neither with PM2.5 nor with black carbon (BC) concentrations.
Additionally, the predicted INP concentrations from the concentration of

aerosol particles larger than 500 nm using DeMott et al. (2010) and DeMott et al.

(2015) parametrizations did not correlate with the measured INP concentrations. The

authors suggest that the INP concentrations in Beijing may have biogenic sources or

non-urban dust and that is why high levels of pollution did not increase the INP concentrations.
This is one of the very few studies that measures the INP concentrations

in an urban location, and it could be useful to help the ice nucleation community to

understand the role that urban aerosol could play in ice cloud formation. However, the

paper requires major corrections before it can be accepted for its publication in ACP.

Major Comments:

1. Given that the “insignificant” influence of air pollution in the

INP concentrations is not clearly supported I suggest to soften the tone of the Title.
How about: “Ice nucleating particle concentrations under urban air pollution in Beijing,
China”

Thank you for your suggestion, but we prefer not to change our title since we do think that our title is well
supported by our results. Combined with the newly added information on meteorology, our laboratory
results and different parameterizations, we show that the number concentration of INP has no correlation
to some vital components of urban aerosol, where clean and heavily polluted days were examined. These
components include, for example, BC concentration, particle number concentration and PM2s mass
concentration. We hope that you can agree to this for the new revised version of the manuscript.

2. The reviewer is surprised the authors completely ignored meteorology in this study.
A detailed analysis of the meteorological variables and air masses is required to explain
ambient observations, even in urban areas.

We added two plots showing trajectories and also wind direction and wind speed, to show the
meteorological condition during the sampling period, together with the following text (line 234-245):

“Additionally, Fig.2 shows 2-day back-trajectories obtained by the NOAA HYSPLIT model, with one
trajectory related to each sampled filter, starting at the median sampling time of each filter. Fig. 3 shows
minutely recorded data for wind-direction and wind—speed collected by (Met One 591) and (Met One 590)
located on the same roof top as the aerosol sampling equipment. Both pictures are colored-coded with
respect to PMzs mass concentrations. The air masses that came from north or north-western directions
were generally coincident with higher wind-speeds. They brought clean air with lower PM.s mass
concentrations. They did cross desert regions, however, Beijing was reported to be affected by desert dust
in mainly only spring (Wu et al., 2009). Typically, the air masses coming from south and south-west of



Beijing moved slowly and spent much more time over industrialized regions, resulting in high particulate
matter mass concentrations. This here observed pattern is typical for Beijing, and these connections

between wind-direction and pollution levels in Beijing have been analyzed in detail previously in Wehner
et al. (2008).”
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Figure 2. The 2-day back-trajectories obtained by the NOAA HYSPLIT model colored-coded with respect to PMz2.s mass
concentration determined by PTEF filter.
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Figure 3. Minutely recorded data for wind-direction and wind-speed colored-coded with respect to PMzs mass
concentration.

3. I am not sure if the comparison of the BC and INP concentration is completely fair
given that the INP concentrations were obtained from particles collected on 8-h filters,
while the BC data was obtained in-situ. Is it possible that the BC particles collected

of the filters may have change their ice nucleating abilities during the 8-h period (i.e.,
aging, coagulation, oxidation, and coating)?

It is right that particles on the filters might age. But both BC measurements, in-situ and from filters, can be
expected to yield the same results, as those properties of BC that would be detected from a filter
measurement will not change with aging on the filters. So in general, the concern here would not be the
comparison of 12-h-filter samples to averages of much more highly resolved aerosol data, but aging of BC
such that a possible ice activity of the BC might be destroyed in general. Aging could happen due to loss
of semi-volatile materials, such as ammonium nitrate, or through oxidation. A loss of semi-volatile
material from BC is not to be expected. Concerning oxidation, during wintertime, atmospheric oxidants
such as OH radicals and ozone typically have low concentrations. Ozone measurements done in parallel to
our sampling showed that during nighttime, concentrations of ozone, one of the most important oxidants,
was close to zero. During daytime, the ozone concentration was below 20 ppbv, indicating the oxidation
capacity was very weak during our sampling in general. For coating, we assume you aim at the formation
of SOA from the gas phase. These would be substances that would dissolve during INDA measurements
when the sampled filters get in contact with the water, or when washing off the Teflon filters for LINA
measurements. In general, during INDA measurements, water can be expected to surround all available
surfaces, so particles being located close to each should not noticeably reduce the results, either.



Summarizing, we expect that the aging of BC particles collected on filters or other sampling artifacts
concerning BC can be ignored for our study for INDA measurements. Concerning LINA (i.e., washing off
the filters), see our answer to your minor comment 8.

4. It is mentions that secondary particle formation did not contribute to the INP concentrations.
However, it is complete unclear how secondary particles were measured or identified in this study.

According to the chemical composition analysis in Figure 1, there was a notable increase in sulfate, nitrate
and ammonium during times with high pollution. These substances are typically present in increased
concentrations during secondary formation of particulate matter as shown in many studies, e.g., Zheng et
al. (2016) and Guo et al. (2010). This formation of sulfate, nitrate and ammonium (SNA in short) is what
we refer to as secondary formation of particulate matter (see the previous version of the manuscript, line
209). This and other related mentions might have been misleadingly formulated in the first version of our
manuscript. We did the following changes:

formerly line 212, now line 221: We added “as it has previously been described in Guo et al. (2010) and
Zheng et al. (2016). In this study, when we refer to secondarily formed particulate matter, this will always
stand mainly for SNA and secondary organic substances.”

formerly line 211, now line 220: We replaced “secondary transformation could be” by “generation of
secondary particulate mass is”

formerly line 220, now line 231: We replaced “secondary and primary organic aerosols” by “secondarily
and primarily formed organic particulate matter”

formerly line 292, now line 340: We replaced “secondary formation” by “formation of secondary
particulate matter”

formerly line 316, now line 370: We replaced “secondary processes” by “formation of secondary
particulate matter”

At the end of section 3.3, we explicitly state: “Additionally, also no correlation was found between any of
the water-soluble constituents that were analyzed with ion chromatography and INP concentrations.” This
means that also none of the components that formed secondary particulate mass contributed to INP.

5. The ice nucleation activation scans from the INDA and LINA are directly compared.
However, given that the operational principle from both instruments is different, I am
wondering if this is a fair comparison. Did the PTFE and quartz filters collect the same
particles mass? Would it be necessary to normalize the INPs concentrations?

The samplers sampling filters for INDA and LINA were installed behind the same air inlet on a roof top,
and the sampling length (12 hours) and times for filter changes on both samplers were the same. Therefore,
it can be safely assumed that they sampled the same air mass. Please check what was already written in
the manuscript (line 114 to 116 in the previous version, line 121 now): “Particles with an aerodynamic
diameter less than or equal to 2.5 micro-meters (PM2.5) were collected on quartz fiber (Whatman, 1851-
865) and PTFE filters (Whatman,7592-104) using a 4-channel sampler with 2.5um impactors ...”

If we would compare the measured frozen fractions obtained from INDA and LINA directly, indeed, the
results could not be compared directly. However, by applying equation (2) (line 195 in the previously



submitted version, now line 204), a normalization is done with respect to the amount of air sampled per
examined droplet. Therefore, the parameter we compare is the number of INP per volume of collected air
for each of the methods. This makes data from the different methods directly comparable. Nothing
changed.

6. There are not uncertainties reported in this study at all. The correlations performed
in this study do not present any statistical analysis.

Thank you for this hint. We prefer to not add error bars to the figures in the main text as this will make
them unnecessarily messy and it would be difficult to see anything. Instead, we added a figure and text to
the appendix and we also added error bars to the time series of Ny that is now shown in Fig. 7 (see our
comment to your minor comment 2). Additionally we added data on the statistical analysis you were
asking for.

In detail:

Uncertainties were added for measured frozen fractions in a new plot that appears in the appendix,
together with descriptive text and the figure caption:

“The highest and lowest freezing curved detected with INDA are shown exemplarily in Fig. A3 together
with the measurement uncertainty. The derivation of the uncertainty was based on the fact that at each
temperature, all INP that are ice active at that or any higher temperature are Poission distributed to the
examined droplets. It followed a method described in Harrison et al. (2016). For LINA, no uncertainties
are given, as we know that washing off from the filters was incomplete, and the fraction of particles that
was retained on the filters cannot be determined. The largest deviation that we allowed between LINA and
INDA, i.e., a factor of 4.4 (see Sec. 3.2), is the base for the maximum uncertainty for fic. detected with
LINA. For both, INDA and LINA, the temperature uncertainty is 0.5K.”
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Fig. A3. The highest and lowest freezing curved detected with INDA together with the measurement uncertainty.

As far as a statistical analysis is concerned, we added the following table, giving R? and p values for the 6
scatter-plots presented in what was Fig. 4 (now Fig. 6) and we added the respective lines to the figure (see



below), together with some text. It can clearly be seen by the values given in the newly added table, that
there is no correlation.

The following text was added:
“Linear fits are included in all panels of Fig. 6, and values for R? and p for these fits are shown in Table
1.” (line 305)

“Also the R? and p values given in Table 1 clearly show that there was no correlation between N_INP and
any of the examined parameters.” (line 309)

Table 1: Coefficient of determination (R2) and a measure for the statistical significance of the assumption of a linear
correlation (p) for the comparison of Nine at -16 <C with the different parameters shown in Fig.6.

parameter R? p
(a) BC concentration 0.003 0.79
(b) PM25 concentration 0.006 0.71
(€) Niotal 0.005 0.73
(d) N>sponmat -16<C 0.008 0.67
(e) Nine at -16<C, based on | 0.005 0.73
DeMott et al. (2010)
() Nine at -16<C, based on | 0.007 0.67
DeMott et al. (2015)
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Figure 6. Ninp at -16<C as function of mass concentrations of BC (a) and PM2s (b), and of 12h-average values of Niotal (C).
Furthermore, we show N>soonm (d), and Ninp at -16 <C derived based on (DeMott et al., 2010) (e) and DeMott et al. (2015) (f)
for daytime (red circles) and nighttime (black squares) samples.

7. 1 am not sure why the results from this study were compared with the Petters and
Wright (2015) precipitation data. | would rather compare the present data with the
results from Knopf et al. (2010) and Corbin et al. (2012) that were obtained in urban
ambient air instead of precipitation samples.

In the study of Petters and Wright (2015), INP concentrations obtained per volume of precipitation are
converted to INP concentrations per volume of air, i.e., to the same parameter we derive from our samples.
Petters and Wright (2015) explain the uncertainties in their assumptions due to this conversion at great
length, and we feel it is justified to use these data for the kind of comparison we are doing here. Also,
Petters and Wright (2015) offer one of the largest compilations on atmospheric INP concentrations that we
are aware off.

Concerning the publications from Knopf et al. (2010) and Corbin et al. (2012), as we already said in the
introduction of the previously submitted version, their results were obtained for water sub-saturated
conditions (see also a more detailed comment on Knopf et al., 2010 below, at your minor comment 5), i.e.,
no immersion freezing was examined, which impedes a direct comparison. Also, measurements in Corbin
et al. (2012) were only done at -34<C, i.e., at a lower temperature than the range we examined in our study,
while Knopf et al. (2010) only reports temperatures for ice nucleation onsets and no concentrations of INP,
i.e., a comparison is not possible. This was added to the manuscript in the summarizing sentence given
below (line 390 ff), while, for the here given multitude of reasons, nothing else was changed in our
manuscript concerning this remark.



“A comparison with Corbin et al. (2012) and Knopf et al. (2010), who both also examined INP in urban
air in Toronto and Mexico City, respectively, is not possible due to different examined ice nucleation
modes, and also because they only measured at -34<C (Corbin et al., 2012), i.e., outside of the
temperature range examined in this study, or only reported ice onset temperatures (Knopf et al., 2010). ”

8. The authors claim that the measured INPs are non-urban and they suggest that the
sources of the INPs could be dust or bioparticles which are non-urban. Do the authors
think that is it not possible to have urban dust and urban bioparticles?

Indeed, there may be urban dust and also urban bioparticles. But these are no major contributor to the
increase in PM2.5 mass concentrations during winter times — rather, it is well known that this increase is
related to anthropogenic pollution. On the other hand, considering biogenic and dust particles, these
particles emitted from urban areas will only contribute little to the overall atmospheric dust and biogenic
particle load, as the non-urban sources are much more dominant for these types of particles. Therefore
explicitly mentioning that dust and biogenic particles might also be emitted from urban sources does not
really make sense. If there is, however, a specific passage in the text that you feel is miss-formulated,
please tell us where this is exactly and why precisely you think this is wrong. For the time being, nothing
was changed.

9. The conclusions are not well supported by the shown data. They are mainly qualitative,
in comes cases speculative, given the lack of meteorological analysis, and the
non-detection of secondary organic particles, dust, and bioparticles.

We do not agree with this rather simplified statement of the reviewer. We show that INP concentrations
did neither correlate to concentrations of PMzs, BC, Nt OF N>soonm (and related to the latter also not to
INP concentrations derived from parameterizations based on Nssoonm taken from literature). It is correct
that we do not know the nature of the INP we detect, but given their small total number (and hence mass),
a chemical analysis to detect what they are is currently, and will be for quite some time, rather impossible,
not only for us but for the community in general. Hence an indirect method as we show in the current
work already adds a lot of understanding to connections between INP and different aerosol sources.
Pollution in Beijing, at least for our data-set, did not add INP to the atmospheric aerosol.

We hope that by adding the trajectories and statistics on the correlations to the manuscript will help to
convince the reviewer to step back from the statement he made here. As all respective changes were
already discussed above, no additional changes were made.

Minor Comments:
1. It is unclear how BC was calculated/determined for the PM. s reported in Figure 1.

The BC was measured by a multi-angle absorption photometer (5012, MAAP, Thermo Fisher Scientific,
Waltham, MA, USA) which got the sampled air through an inlet with a 2.5um cut-off. This had been
included in the previous version of the manuscript. The instrument measures the absorption of particles
collected on a filter with a time resolution of 5 min and automatically derives BC mass concentration from
the measurement while accounting for multiple scattering occurring on the filter. The MAAP is a well
known and often used instrument for the measurement of absorption coefficients and BC mass
concentrations.



The respective retrieval of BC values is how added in line 143 ff:“The instrument measures the absorption
of particles collected on a filter with a time resolution of 5 min and automatically derives BC mass
concentration from the measurement while accounting for multiple scattering occurring on the filter.”

2. Why the measured INP concentration time series is not included in Figure 2?

We showed what was previously Figure 2 in a similar manner as we show Figure 1, i.e., to describe the
general situation concerning the atmospheric aerosol. In this part of the text, derived INP number
concentrations have not been shown, yet, and showing them here would twist the line of thought followed
in the text. To be able to include the measured INP concentrations in the lower panel of the figure you
refer to, here, we made that lower panel an extra figure (see below) which now appears as Figure 7.
Related necessary changes were made in the text.
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Figure 7. The time series of measured Ninp and Ninp parameterized according to DeMott et al. (2010, 2015) at -16<€.

3. There are several sentences and paragraphs that require a citation (e.g., Lines 34,
44, 250, 252, 264, 275, 280, and 352).

We were somewhat astounded by the list given to us here, as one of these lines concerns a description we
make in the text: “we decided to use a subset of the therewith obtained data. For our analysis, ten LINA
measurements from different days were selected,” (line 251-253 in the previously submitted manuscript).
Another one already was a citation: “..., whereas some described BC particles as possible INPs (Cozic et
al., 2008; Cozic et al., 2007).” (line 264 in the previously submitted manuscript). Where possible, we
added citations where they were asked for:



34: We added the review by DeMott et al. (2010) here to support this statement: “This results in a
significant impact on the cloud extent, lifetime, formation of precipitation, and radiative properties of
clouds (DeMoitt et al., 2010).”

44: We added the review by Kanji et al. (2017) here to support this statement: “However, it has become
obvious that many fundamental questions in this field are still unsolved (Kanji et al., 2017).”

250: See our answer to your minor comment 8.

275: We added: “While mineral dust and biological particles are generally assumed to be the most
abundant INP in the atmosphere (Murray et al., 2012, Kanji et al., 2017), the role of particles from
combustion, i.e., of soot and ash particles, as INP is still controversial (Kanji et al., 2017).”

280: We edited it and it now is: “In the atmosphere of Beijing, the aging timescale is much shorter than in
cleaner urban environments, which was shown in Peng et al. (2016). For example, to achieve a complete
morphology modification for BC particles in Beijing, the aging timescale was estimated to be 2.3 h
compared to 9 h in Houston (Peng et al., 2016).”

352: The sentence referred to You et al. (2002) which was already given in Table 1 and is explicitly
mentioned in the text now as well.

4. The introduction is quite disorganized. It jumps between bioparticles, dust, bioparticles,
ash, soot, urban, soot and ash. | suggest to re-organize it and to focus on urban

particles only. When introducing literature studies, make sure the ice nucleation modes
are clearly stated.

Focussing only on urban particles makes no sense, as we show in this work that urban pollution particles
do not contribute to INP. Indeed, as you remarked elsewhere, the urban environment can add mineral dust
and bioparticles. But the fact that our derived INP concentrations are well within those reported in Petters
& Wright (2015), where the latter were derived from non-urban environments, suggests that we are
measuring a typical mid-latitude continental background, where non-urban sources might be the largest
contributors. Hence it makes sense to at least mention all these possible types of INP particles.

We have reorganized the introduction, now shown at line 31 ff. Please see the revised version of the
manuscript. New text is marked in yellow, but parts of the text that were simply shifted to improve the
flow of the text are not marked particularly.

5. Lines 85-87: Knopf et al. (2010) also performed immersion freezing experiments
relevant to mixed-phase clouds.

We are a bit confused by your statement, as Fig. 1 in Knopf et al. (2010), which presents all the data
obtained for ice nucleation in that study, shows that data was not obtained at water saturation, besides for
mainly the background measurements (called “H20 uptake substrate”) and a tiny fraction of one bar
representing some data that barely touches the water saturation line. Indeed, there is data in there that is
called “immersion mode”, however, as these data were generally obtained at relative humidities well
below saturation (wrt. liquid water), this is not really immersion freezing. As one of us showed in a
previous publication (Wex et al., 2014), for the type of freezing called “immersion freezing” in Knopf et
al. (2010) an additional freezing point depression would have to be considered. Also, results on INP in
Knopf et al. (2010) are only presented in terms of temperatures for the onset for ice nucleation, and the



text only mention cirrus clouds. The relevance of this paper for mixed-phase clouds eludes us. Nothing
changed.

6. Was the PM2.5 time series obtained from the particles collected on the PTFE or
quartz filters?

We point you towards the previously submitted manuscript where we already said: “Two PTEF filters
were always sampled in parallel, and while one was used for INP analysis, the other was selected for the
total mass and water-soluble ion analysis.” (Previously line 139-140, now line 149-150.)

7. Were the freezing experiments performed with the LINA recorded with pictures taken
every 6 seconds? My experience is that droplets freeze very quick and if pictures are
taken every 6 seconds very important information can be missed.

Yes, pictures were taken every 6 seconds. And yes, droplets freeze very quickly. But we do not have to
detect the exact second at which a droplet freezes, and once it is frozen, it stays frozen during the
experiment. For a cooling rate of 1 K/min, data-points can “only” be given for a temperature resolution of
0.1 K, which, however, is still a high temperature resolution. Each time a picture is taken, the cumulated
number concentration of INP that are ice active at the respective temperature (that is currently effectively
valid) or above can be derived (by counting all frozen droplets).

This is a procedure that has been used in the past and currently has seen a revival, as described e.g. in the
literature by Budke & Koop (2015) and Conen et al. (2012), on which our set-ups and methods are based,
as we describe in the manuscript.

8. It was said that particle removal by washing the filters was frequently incomplete.
Can the authors indicate by how much? What percentage of the particles was not
possible to be removed from the filters? This calculation is very important for the direct
comparison of the LINA and INDA data.

As we said in the previously submitted version of our manuscript, of the 30 examined filter sets, for ten of
the filters for which washing off was done the deviation factor between INP concentrations from INDA
and LINA were between 1.3 and 4.4 (INDA was always higher), and only results from the analysis with
LINA for these ten filters are shown in the manuscript. This had been said in lines 252 to 254 in the
previous version.

We edited the respective paragraph and added some additional information, so this whole passage now is
as follows (with new text in italic) (see line 270 ff):

“Washing particles off from the PTFE filters was more complete for some filters than for others. This
showed in differently large deviations in Nive from INDA and LINA measurements in the overlapping
temperature range, where results determined from INDA were always similar to or higher than those from
LINA, as particle removal by washing the filters was frequently incomplete. It is mentioned in Conen et al.
(2012), that a quantitative extraction of particles from quartz fiber filters was not possible without also
extracting large amounts of quartz fibers. We tried to overcome this issue by using PTFE filters, as
degradation of the PTFE filter during washing does not occur due to the hydrophobic properties of the
filter material. But we observed that not all particles were released into the water during the washing
procedure (likely those collected deep within the filter), as filters frequently still looked greyish after
washing, independent from the washing procedure (we experimented with different washing times up to 4
hours and with the use of an ultrasonic bath). For our INDA measurements, punches of quartz filters were



measured after they were immersed in water, representing the ice nucleating properties of all collected
particles (Conen et al., 2012). However, as already mentioned above, Ninp derived from LINA
measurements were lower than those from INDA, due to particles that did not come off during washing.
Based on our observations, we cannot recommend the use of sampling on PTFE filters followed by
particle extraction in water. But we still decided to select those data from LINA measurements that
showed the lowest deviation to the respective INDA results in the overlapping temperature range for use
in this study. After calculating the deviation between INDA and LINA results, represented as the factor
(Nine Of INDA / Nine of LINA), ten LINA measurements from different days were selected to be used. For
these measurements, the factor representing the deviation was in a range from 1.3 to 4.4.”

9. Be consistent with the references format (lines 495, 505, 517, 553, 574, 604, 626,
629, 635, 642, 666, and 669).

Thank you for your careful reading, we corrected these citations.

10. Table 1. (Now Table 2!) How is it possible to perform deposition ice nucleation at water saturation?
Given that S_i is higher than S_w, how is it possible to obtain conditions with S_i=
S w?

It is difficult to convey all the information from the literature cited here in a simple table. This caused the
information on S_i and S_w to be somewhat messy. We decided to delete this information, as it does not
add any additional value on top of the freezing mode that was examined in the different cited papers and
that is given in the table, anyway.

11. Figure 2. (Now Figure 4) Are the INP concentrations in std L-1? Add here the measured INPs with
their corresponding uncertainty.

Yes, the volume we used was already given as standard volume. This is explicitly mentioned in the text
now.

As mentioned above at our answer to your minor comment 2, the data was added, but for the flow of the
text, the lower panel to which the data was added is now an extra figure which now appears as Figure 7.
(See our answer to your minor comment 2, above.)

As mentioned above at our answer to your major comment 6, a new figure and related text was added in
the appendix.

12. Figure 3. (Now Figure 5) Add all four panels to one single figure. | mean, one figure with 4 panels in

one page.

This is a topic for setting the final version of the manuscript. Nothing changed.

13. Figure 4. (Now Figure 6) Axis and symbols are too small. Add r2 and p-values.

The figure was edited, script has been enlarged, and a table with R2 and p values has been added. See our
answer to your major comment 6.



14. Figure 5. (Now Figure 8) I don’t see the purpose of this figure given that Petters and Wrifgt (2015)
study focused on precipitation samples.

As we already argued in our comment to your major comment 7, in the study of Petters and Wright (2015),
INP concentrations obtained per volume of precipitation are converted to INP concentrations per volume
of air, i.e., to the same parameter we derive from our samples. Petters and Wright (2015) explain the
uncertainties in their assumptions due to this conversion at great length, and we feel it is justified to use
these data for the kind of comparison we are doing here. Also, Petters and Wright (2015) offer one of the
largest compilations on atmospheric INP concentrations that we are aware off. We feel that it is an
important information that INP number concentrations in such a strongly polluted location as Beijing city
in November and December did not exceed the respective concentrations measured in more rural
environments.
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