Response to reviewer #2

General Comments:

Content

This manuscript describes an approach to determine the ice crystal number concentration (ICNC)
and dust related ice nucleation particle concentration (INPC) from satellite and sun photometer
observations. Both quantities are compared to each other to examine the nucleation pathway

(homogeneous or heterogeneous) of two single cirrus cloud cases in China.
Overall impression and rating

The overall impression of the manuscript is good in general. The manuscript is mostly written in
a clear way and the most important aspects are considered. The presentation quality of the
manuscript is besides small details good. It is well organized and the analysis and results are
clearly structured and communicated. However, in some minor parts I cannot fully follow the
argumentation. Especially, the explanation of the middle cloud part in case 1 where INPC and
ICNC disagree is too short and insufficient. For these reasons, I recommend publication in ACP

after some minor manuscript revisions.

Response: We appreciate the reviewer for the thoughtful review and constructive comments,
which are valuable to improving the quality of the manuscript. All the comments have been
responded point to point as given below and the related modifications have been made in the

revised manuscript.

Specific comments:

Comments 1: Page 2, lines 41-43, You are right that liquid origin clouds form completely
heterogeneously, but at a later stage when reaching higher/colder altitudes additional
homogeneous freezing can occur, if the updraft is fast enough. This can happen in convection
and warm conveyor belts (WCB, see Kraemer et al. 2016). I recommend to add at the end of

!

sentence: "...altitudes where homogeneous freezing can occur under high updraft conditions in

addition to the heterogeneously formed ice crystals.”

Response 1: According to the reviewer’s suggestion, we have added the sentence ‘...where
homogeneous freezing can occur under high updraft conditions in addition to the

heterogeneously formed ice crystals.’ (Please see lines 42-43)



Comments 2: Page 5, lines 137-138, What is actually meant by "interesting cirrus clouds"? Are
this cases where your ICNC-INPC closure worked or how do you select the "interesting cases".

Maybe you can a little bit more specific in the text.

Response 2: For the remote sensing approach, the interaction between dust and cirrus clouds
can be concluded if cirrus clouds are observed to be embedded in dust layers as also can be seen
in figure 14 of Ansmann et al. (2019a). Thus, we have added the following statement at the
beginning of this paragraph ‘The dust-cloud interaction is generally considered to take place
if a cirrus cloud is embedded in a dust layer (Ansmann et al., 2019a; Marinou et al., 2019);
in this case, the dust layer and cloud layer should have a spatial overlap either vertically or
horizontally so that they can be considered as coupled.’ (Please see lines 144-146) For clarity,

we have also removed the word ‘interesting’.
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Figure 14. Continuous cirrus and mixed-phase cloud observations for 30 h over Nicosia on 17-18 March 2015 (also shown in Fig. Se, g,
and i). The air mass from 5 to 10 km height was replaced (starting at great heights) by dust-free, dry air advected from Turkey and southern
Europe between 02:00 and 11:00 UTC on 18 March, leading to the impression of a descending dust and cirrus layer. Several INPC and
ICNC values estimated from the lidar observations are given as numbers determined for the indicated orange (INPC) and blue (ICNC) boxes.
The deposition nucleation U17-1(d) parameterization is used on 17 March (at 9-10 km height for S; = 1.1) and the immersion freezing D15
parameterization is applied in the evening data analysis on 18 March (at 5-6 km height). Dashed white lines show the GDAS1 temperature
isolines with a 3 h resolution.
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Comments 3: Page 5, line 144, I find this sentence confusing. What is meant by "isotherm" in
this context? Cirrus clouds usually occur below -38 °C, but can also as completely frozen mixed-

phase clouds above -38 °C. I recommend to rewrite this sentence to make it clearer.

Response 3: We have rewritten this sentence as ‘The formation of cirrus clouds can be in situ-

origin below -38 °C or liquid-origin from mixed-phase clouds above -38°C; thus, both...’

(Please see lines 155-156)

Comments 4: Page 6, line 168, The date in the headline does not fit to the case you are showing!

(29 December 2010 and 15 May 2008). So please correct. Please also capitalize after the colon.

Response 4: We are sorry for the mistake. The date in the headline has been modified to 3.1

Case on 15 May 2008: Sole presence of heterogeneous nucleation’. (Please see line 181)

Comments 5: Page 6, line 173, I do not understand the first part of the sentence: "Dust particles

were full of the cloud-free regions"”. Can you please rephrase it!

Response 5: We intend to mean the clouds formed within the dust layer. For clarity, we have

removed this sentence from the manuscript.

Comments 6: Page 6, lines 182-184, How do you determine the average values? Just taking
your bounding box shown in the figures or did you use the feature mask from CAPLISO? Because
of the very irregular shape of the cloud, this can have a large influence on the averaged values.

The same comment applies for page 8 line 238-239.

Response 6: For the first case, we have rechecked the calculation of average values. Now, all
the data points within the altitude range of 9-11 km and latitude range of 33.2-35.0°N have been
taken into calculation in order to be consistent with the calculations in Figures 5, 6, and Table 2.
Although there are a series of irregular cirrus clouds, only identified cirrus clouds in the feature
mask show the valid data for cloud extinction, effective radius, and ice water content (as seen in

Figure 4), which are used in calculating the averaged values. Therefore, there is no significant



influence on the averaged values. These three averaged values have been slightly modified to
0.60 km!, 34.93 nm, and 13.89 mg m™>, respectively. Also, we have added the following
sentence ‘It should be mentioned that only the data points identified as cirrus clouds (with
feature mask) and having valid data were used for calculating these averaging values.’

(Please see lines 196-199)

For the second case, these three averaged values have been slightly modified to “0.47 km!,
45.61 pm, and 14.10 mg m™’, respectively. Here we have taken all the data points within the
altitude range of 5-10 km and latitude range of 33-35°N into the calculation. Only data points
identified as cirrus clouds (in the feature mask) and having valid data were used for calculating
the averaged values. We have added the following sentence ‘Note that only the data points
identified as cirrus clouds (with feature mask) and having valid data were used for

calculating these averaging values.’ (Please see lines 259-262)

Comments 7: Page 8, lines 221-225, The explanation and discussion of the disagreement in the
lower part of the cloud is definitely not sufficient and long enough. You argue with sedimentation
of the heterogeneously formed ice crystals from the cloud top level, which can be an explanation.
But if the heterogeneously formed ice crystals fall from above they also lower the ice
concentration and also the INPC which are consumed by the formation process in the upper part
of the cloud. In addition, new ice crystals in the upper part cannot form heterogeneously
afterwards anymore because of low INPC values. Or you have to explain where new IN particles
should come from. I also do not understand the argument with homogeneous freezing in the lower
part of the cloud. Homogenous freezing would need higher vertical updrafts to maintain high
supersaturations. Where should the higher vertical updrafts come from and why one could not
find them in the top part of the cloud? I also think that homogeneous freezing can still not be
ruled out completely also for the upper part of the cloud especially with the argument of ice

crystal sedimentation. I think this point should be discussed in more detail in this Section of the
paper.

Response 7: Thanks for pointing out the inappropriate discussions on the large ICNC below and
the small ICNC above in this case. Indeed, it is rather hard to provide a process-level description
of the cirrus clouds solely with space-borne snapshot observation. We can only speculate on
the possible process underlying based on the information on cloud geometric shape, in-cloud

ICNC, and dust-related INPC in the vicinity. Nevertheless, these remote sensing observations



and values obtained by advanced aerosol/cloud retrievals provide unique information to interpret
cloud processes and promote our understanding of aerosol-cloud interactions at a global scale.
To make readers bear this disadvantage in mind, we have rephrased these sentences as follows
‘These large ICNCs are possibly attributed to the occurrence of homogeneous nucleation.
Consequently, both heterogeneous and homogeneous nucleation might take place in this
case. Without airborne in-situ observations, the process-level evolution of these cirrus
clouds cannot be well described since space-borne active observations only provide
snapshot information of clouds. As seen from the geometric shape (small horizontal
coverage and large vertical extent) of cirrus clouds, they were likely to form via
homogeneous nucleation first accompanied by a fast updraft condition at lower altitudes,
causing the large ICNCs at below. In this type of cirrus cloud, sedimentation of ice crystals
is considered not to play an important role. Then, along with the updraft, water vapor was
consumed gradually and the in-cloud RHi would quickly reduce to close to saturation; thus,
heterogeneous nucleation would take charge predominantly at higher altitudes (as
discussed for the lower part of cirrus clouds in the last paragraph) (Kramer et al., 2016,

2020).’ (Please see lines 236-245)

Also, we have added some sentences to discuss the potential benefits of involving the ground-
based observations in the last paragraph of manuscript. ‘CALIOP level-2 data product with
the 5-km horizontal resolution cannot satisfy the accurate identification of dust layer and
cirrus cloud on a small scale (Vaillant de Guélis et al. 2022), causing a potential to
overestimate dust-related INPC, which can be solved by ground-based lidar observations
with higher spatio-temporal resolution. With ground-based observations, the involved
measurements of the Doppler velocity of ice crystals and the vertical velocity of airflows
will be more beneficial to determine the accurate ICNC and the process-level
characterization of cirrus formation (Biihl et al., 2015, 2016, 2019; Radenz et al., 2018,
2021). In addition, the future launch of the EarthCARE satellite can promote our
understanding of cloud processes (Illingworth et al., 2015), since its 94.05-GHz cloud
profiling radar can possess the capability of Doppler detection so that the in-cloud ICNC
will be determined more accurately under the better constraint of the ice-particle size

spectrum.’ (Please see lines 361-369)
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Comments 8: Page 9, lines 277-279, I cannot follow your conclusion that "heterogeneous
nucleation would gradually be dominant" in a competition situation. When you uplift an air
parcel you will increase relative humidity until a cloud is forming. Of course, you would form a
cloud heterogeneously first, but with further vertical updraft and thus cooling, relative humidity
can increase again reaching homogeneous nucleation threshold even if you are consuming
humidity by particle growth of heterogeneously formed ice crystals. Thus, forming
heterogeneously and homogeneously exactly at the same time is not possible, but of course one
after the other. And then I would identify the dominance of formation mechanism by the ICNC.
Given the high ICNC values in the upper part of the cloud, I would argue that you have a large
dominance of homogeneous frozen ice crystals in the cirrus cloud. I suggest to rethink your

conclusions and discussion in this point.

Response 8: We are grateful for pointing out this issue. We have rephrased the discussion of this
part as follows ‘Therefore, we can conclude that both heterogeneous and homogeneous
nucleation had taken place during the formation of this cirrus cloud. (...) Since the
observation of vertical velocity was lacking, it is hard to determine the exact process of
cirrus formation. In this case, it is likely that the cirrus cloud first formed via heterogeneous
nucleation under a slow updraft condition and further switched to a ‘second stage’ in which
homogeneous nucleation began to be dominant owing to the persistence of cooling/uplifting
(Kramer et al., 2016, 2020). Kramer et al., (2016) mentioned that this type of cirrus usually
has a large geographic coverage, which can also be seen in this case. Considering the large
ICNC, homogeneous nucleation should be the dominant type of ice nucleation.’ (Please see
lines 304-314)

Reference:

Kramer, M., Rolf, C., Luebke, A., Afchine, A., Spelten, N., Costa, A., Meyer, J., Zoger, M., Smith,
J., Herman, R. L., Buchholz, B., Ebert, V., Baumgardner, D., Borrmann, S., Klingebiel, M.,

and Avallone, L.: A microphysics guide to cirrus clouds — Part 1: Cirrus types, Atmos. Chem.



Phys., 16, 3463-3483, doi.org/10.5194/acp-16-3463-2016, 2016.

Kriamer, M. Rolf, C., Spelten, N., Afchine, A., Fahey, D., Jensen, E., Khaykin, S., Kuhn, T.,
Lawson, P., Lykov, A., Pan, L., Riese, M., Rollins, A., Stroh, F., Thornberry, T., Wolf, V.,
Woods, S., Spichtinger, P., Quaas, J., and Sourdeval, O.: A microphysics guide to cirrus—

part 2: climatologies of clouds and humidity from observations, Atmos. Chem. Phys. 20,

12569-12608, doi.org/10.5194/acp-20-12569-2020, 2020.

Comments 9: Figure 12: In part (a) of the figure you write T<-38°C, while you write <0°C in
the caption. In this case your argumentation about thin clouds (few large crystals) is only valid
for in-situ cirrus clouds, I suggest to change the caption to T<-38°C as in the Figure. In part (b)
the RHi values stated in the figure are not correct. In a competition case heterogeneous freezing
still happens at RHi values 100-140%. Thus, I suggest to change the values in the Figure and
Caption to 100-170%.

Response 9: In the caption, ‘temperature of < 0°C’ is a mistake. Thanks for pointing out this
mistake. We have modified ‘<0°C’ to ‘<-38°C’. As for figure 12b, we intend to limit the RH;
values to ‘140-170%’ for the situations in which both homogeneous and heterogeneous freezing
occur. Therefore, although heterogeneous freezing still occurs at RH; values of 100-140%, we

consider that, if possible, it would be reasonable to retain the ‘140-170%’.

Technical comments:

Comments 1: Page 1, line 27: Better write "~5km up to the tropopause”.

Response 1: ‘from ~5 km to up to the tropopause’ has been modified to ‘~5 km up to the

tropopause’.

Comments 2: Page 2, line 32: Use the plural form "general circulation models".

Response 2: ‘model’ has been replaced by ‘models’.

Comments 3: Page 3, line 84: I recommend to include Kraemer et al 2020 as reference in

addition to Marinou et al. 2019. The authors also perform a comparison between in-situ and



satellite ICNC.

Response 3: Kraemer et al., 2020 has been added as a reference here.

Comments 4: Page 6, line 175: Please change "can be considered dust-related cirrus clouds"

to "can be considered as dust-related cirrus clouds".

Response 4: ‘as’ has been added.

Comments 5: Page 7, line 199: "above -35 °C isotherm". I guess you mean colder than -35 °C?

So please correct the wording.

Response 5: ‘above -35 °C isotherm’ has been modified to ‘At temperatures colder than -35 °C’.

Comments 6: Page 7, lines 200-204, Table 2: Please explain what is meant by the parameter Si,

because it is not mentioned in the text before or afterwards.

Response 6: Thank you for pointing out this. S; denotes the ice saturation ratio. We have added
its definition in the context here as well as in the captions of Tables 1 and 2 and Figures 6 and

11.

Comments 7: Page 8, line 221: "ice crystals falling": Better use the common term "ice crystal

sedimentation”.

Response 7: ‘falling’ has been replaced by ‘sedimentation’.

Comments 8: Page 8, line 226: Please capitalize after the colon.

Response 8: ‘competition’ has been modified to ‘Competition’.

Comments 9: Figure 2/3/4: I would recommend to zoom a little bit closer to your selected cirrus

case by showing only date between e.g. 45-25° latitude. Then all features are better visible.

Response 9: We are grateful for the reviewer’s suggestion. The latitude range of 25-45° is shown



in updated Figures 2-4. The features are now better visible.

Comments 10: Figure 3/4: Please use the same latitudinal projection as in Figure 2 to make the

figures better comparable.

Response 10: The latitudinal projections are uniform for revised Figures 2-4.

Comments 11: Figure 8/9: Same comment for Figure 3/4 above.

Response 11: Similar to Figures 2-4, the latitude range of 25-45° is shown in updated Figures

7-9. Besides, the latitudinal projections are uniform for revised Figures 7-9.



