
We thank both referees for taking the time to read the manuscript. Their comments will help
us improve it. The reviewer’s points are in black, our replies are in blue, and new text in the
revised manuscript is in red.

General comment from the authors:

Due to a bug in data processing routines, the Nice and Rice data of the ATTREX and POSIDON
campaigns were not correct. This affected Figure 8, Table 3 and Figure A3 of the manuscript,
which were replaced in the revised manuscript by the corrected versions. However, the state-
ments in the manuscript do not change.

Responses to Reviewer#2

The manuscript titled ”A Microphysics Guide to Cirrus – Part 3: Occurrence patterns of cloud
particles” presents an analysis of cloud particle size distributions (PSDs) derived from 270
hours of measurements, encompassing approximately 975,000 PSDs. The study focuses on cir-
rus clouds and provides heat maps illustrating PSDs across a range of temperatures and cloud
thicknesses. Key findings include the identification of three characteristic ice crystal size ranges:

- Nucleation/Evaporation Size Interval (∼3-20 µm): Predominantly observed in the coldest and
thinnest in situ-origin cirrus clouds.

- Overlap Size Interval (20–230 µm): Characterized by the coexistence of both in situ-origin
and liquid-origin cirrus crystals.

- Uplift/Sedimentation Size Interval (>230 µm): Consists mainly of liquid-origin ice crystals.

General comments

The use of a large data set (270 hours of measurements and 975,000 PSDs) is a significant
strength of the study and the volume of data contributes to the robustness and reliability of the
findings. The study’s focus on cloud particle size distributions (PSDs) in cirrus clouds is highly
relevant for advancing the understanding of cloud microphysics, particularly in terms of how
PSDs evolve with temperature and cloud thickness.
Reply G1: Thank you very much for this positive assessment.

The model based identification of the three main ice crystal size intervals is independent from
observations which is definitely a weakness of the study.
Reply G2: We do not quite understand the referee’s reasoning here. We have assigned the main
ice crystal size intervals from the combined evaluation of simulations and observations, so the
identification is not independent of the observations.

Nevertheless, the study provides first limited insights into the processes governing the forma-
tion and transformation of cloud particles under different environmental conditions. However,
the major weakness of the study is the lack of quantification of in-situ and liquid-origin crystal
number and mass fractions, which might have been an objective of the study, but this has not
been pursued any further. The effort of investigating quantitatively number and mass fractions
of in-situ cirrus and liquid origin cirrus, derived from in situ and liquid origin crystal size dis-



tributions would give much more practical use (parametrizations) of these data to the modelling
community.
Without this effort the authors cannot claim percentages of in situ and liquid origin crystal num-
ber percentages, as is presented in the text.
The additional work will be useful for climate modellers, as the detailed analysis of cirrus cloud
microphysics could improve the representation of these clouds in global models. Also it is the
third part of a series of papers, thus the authors should insist being more quantitative.
Reply G3: We would have been pleased to provide a quantification of the number and mass
fraction of crystals in situ- and of liquid-origin.
Unfortunately, this is not possible based on the available data. To determine the number and
mass fractions of in-situ cirrus and liquid origin cirrus, one would need size-resolved informa-
tion about the ice particle origin - which we do not have. And I don’t see a way to determine the
crystal origin across the entire PSD from the measurements. The only reasonably reliable quan-
tification we can make regarding the origin is the fraction of liquid origin ice particles shown in
Figure 7:
the blue numbers below the bottom panels are an estimate of the portion of ice particles larger
than the maximum size of the crystals formed in situ, that means that they are most certainly
of liquid-origin (see also Reply C3-b and C4). Unfortunately, this was not clearly explained in
Figure 7 and in the text. We revised Figure 7 and Section 5.1:
‘ ... The ice crystal larger than the in situ Dmax

ice ice are almost certainly of liquid-origin. ... ’
... As mentioned above, these data points are almost certainly of liquid origin. Their fraction
of these data points increase with increasing updraft to 15% and 30%. For ice crystals smaller
than Dmax

ice , the origin cannot be clearly determined, as ice particles of in situ and liquid origin
may overlap.

Criticism

It would be helpful to provide more detailed descriptions of the measurement methods used
during the 270 hours of observation. Specifically, the instruments employed and any potential
sources of error should be clearly discussed and quantified.
Reply C1: Thank you for pointing this out - we described the instruments, their measurement
methods, and the uncertainties are described in the first two parts of the study (Krämer et al.,
2016; Krämer et al., 2020), information missing there can be found the basic article of Baum-
gardner et al. (2017). We should have mentioned this, but we think that a repetition would make
this manuscript too long.
We added to the first paragraph of Section 3.1:
’The instruments, their measurement methods, and the uncertainties are described in the first
two parts of the study (Krämer et al., 2016; Krämer et al., 2020) and in Baumgardner et al.
(2017); we therefore refer to these papers for more detailed information.’

1. Line 65: how you differentiate liquid from ice and from mixed phase clouds in the obser-
vations?
Reply C2-1: We distinguish the clouds according to temperature, T > 273K are liquid
clouds, T < 235 K are cirrus ice clouds and in between are the mixed phase clouds (see
Figure 6).



2. How do you correct CDP / FCDP data for ice crystals? If not, what’s the error and con-
sequences on PSD and subsequent interpretation?
Reply C2-2: We did not process the CDP/FCDP measurements ourselves, but received
them from the PIs of the measurement respective campaigns. The corresponding publi-
cations on the data are listed in Krämer et al. (2016); Krämer et al. (2020).
We trust the quality of the processing of the data, which has already been peer-reviewed
and published in several studies. We also do not believe it is useful or necessary to reit-
erate the fundamental processing algorithms and instrument uncertainties in each paper,
given that they have already been peer-reviewed for specific instruments and campaigns.

3. Have 2DC images been reprocessed for under-sampling in flight direction due to smaller
acquisition speed compared to TAS? How is this done? What’s the pixel resolution of
the 2DC probe? Do you really believe in 60µm crystal concentration data from old 2DC?
What would be the uncertainty in size and concentration.
Reply C2-3: See answer to point 2, which also applies to 2DC. In addition, as mentioned
in the text (Section 3.2, second paragraph; see also Figure 5 and Figure A.1, Appendix
A.), the transition between the PSDs of the instrument pairs is always smooth. This indi-
cates that there is no systematic error in the individual measurements (see also Reply S9).

4. Also 2DS has considerable uncertainties below 100, if not 150µm. You really believe in
25 µm concentration data from those probes? Uncertainties have to be quantified here to
judge on interpretation of subsequent results.
Reply C2-3: See answer to point 2 and 3, which also applies to 2DS.

Likewise for the model: How realistic is the model as compared to other modelling efforts
quantifying in situ versus liquid origin cirrus? What is the estimated error in your model with
respect to calculated size thresholds? An answer to this question is necessary to make this study
not just a qualitative one.
Reply C3-a: We only simulated in situ-origin cirrus with the model, liquid-origin cirrus are not
included and I am not aware of publications of other such detailed microphysical model studies
that include both cloud types.
An error estimate is not made in the model and we do not think that it is necessary considering
the method used: the ice crystal maximum sizes are determined for the three temperature inter-
vals from all model runs covering updrafts between 1 to 300 cm/s, INP concentrations between
0.001 and 1 cm−3and either low (∼110-120%) or high (130-150%) freezing humidity thresh-
olds (See first paragraph of Section 2.3.2).
From the Dmax

ice of all scenarios of a temperature interval, the largest Dmax
ice value achieved was

rounded upwards and taken as the upper size threshold of this temperature range. The span of
maximum sizes in the scenarios is quite large for each temperature range: for example, for the
coldest cirrus (180-200 K) it is between 6 and 56 µm (Table 1). Here we have defined Dmax

ice to
be 60 µm.
We explained the procedure in the manuscript an stated at the end of Section 2.3.3:
‘Overall, a conservative estimate from the simulations is that in the three temperature ranges
∼190, 210, and 230 K, ice crystals formed in situ do not grow larger than 60, 120, and 230 µm,
respectively.’



We think this is sufficient to establish the calculated maximum size thresholds.

As presented, you can’t say that below modelled crystal diameter thresholds the crystals are of
in situ origin and above of liquid origin. You don’t state about overlapping size range.
Reply C3-b: Our assumption is that larger ice crystals cannot form in situ due to the low water
content at low temperatures and are therefore of liquid-origin. Below the threshold, the attri-
bution of the cirrus to the origin is uncertain. We present a clearer explanation in the revised
manuscript, see Reply C4.

Line 407: . . . . 15% / 30% of the data points are from liquid origin cirrus. That’s wrong and
authors should better not publish these percentages, the rest is not in situ cirrus percentages.
Taking into account the overlapping size range of 20–230m for “co-existing” in situ and liquid
origin cirrus, the mentioned fractions may be more like 50 / 75%, or even more? I feel that
there is potential to do better. As it stands the study is qualitative. Can you delimit percentages
a bit more, taking into account distributions crystals in overlapping in situ and liquid origin size
ranges ?
Reply C4: Thank you for pointing that out, we did not formulate clearly what is meant (see also
above, Reply G3 / C3-b. We revised Figure 7 and write at the end of Section 5.1:
‘ The increasing IWCs stem mainly from increasingly larger ice particles, larger than the in
situ Dmax

ice . As mentioned above, these data points are almost certainly of liquid origin. Their
fraction of these data points increase with increasing updraft to 15% and 30%. For ice crystals
smaller than Dmax

ice , the origin cannot be clearly determined, as ice particles of in situ and liquid
origin may overlap.’

That would make the study a much better paper, since more quantitative. In addition to cor-
rected number fraction of in situ and liquid origin cirrus, what would be the corresponding
mass fractions then? I’d like to insist that authors add an effort to argue percentages in number
and mass, with underlying overlapping size distributions of the in situ and liquid cirrus crystal
origins. This would make this paper a more valuable paper.
Reply C5: We agree that it would further improve the study if the number and mass fraction
of ice crystals could be derived for in situ- and liquid-origin cirrus. However, as we explained
above Reply G3-a, this is unfortunately not possible.

Specific comments
Line 25: Old ICCP report. Update with newer insights
Reply S1: Updated (IPCC, 2023)

Line 60: Improve differentiation between this study and Bartholomé Garcia et al (2024) publi-
cation
Reply S2: We rephrased the sentence to
‘The present study is based on this data set, but focuses on the processes that shape cirrus PSDs,
while Bartolomé Garcı́a et al. (2024) derived PSD parameterizations.’

Line 106: What is the reason to use the mean mass radius/diameter and not the commonly used
median mass radius/diameter
Reply S3: We calculate the mean mass radius for each data point from IWC/Ni (see footnote 1,
page 4 of first manuscript version), median mass radii are calculated for data ensembles.’



Line 117: What about in situ cirrus formed of bullet rosette type crystals formed in situ at -
35°C?
Reply S4: The temperature below which ice crystals form instead of liquid cloud droplets is
generally considered to be -38◦C for the atmosphere, but this is not an absolute value. There-
fore, it is not impossible that ice crystals form in situ at -35◦C and grow into bullet rosettes. We
rephrased the sentence to
‘Cirrus of in situ-origin form at temperatures below about -38◦C (235 K) heterogeneously or
homogeneously on ice nucleating particles containing an insoluble impurity or supercooled so-
lution aerosol particles (Luebke et al., 2016; Krämer et al., 2016).’

Line 127: a new nucleation event. . . I don’t think that you can distinguish between in situ cirrus
and liquid origin cirrus events. There might be rather a continuum with dominating in situ or
liquid origin clouds in numerous cases of cirrus cloud formation.
Reply S5: Based on the PSDs, one can get an idea of whether the cirrus is of in situ or of liquid
origin and whether a new nucleation event has occurred. This is shown in Figure 1, panels b
and d, and discussed in this section (2.2).

Line 149: can you prove the argument with gravity waves? Otherwise skip. . .
Reply S6: We replaced ‘gravity waves’ by ‘strong convective conditions’, as this is more reli-
able information.

Line 158: Please summarize numbers in Table 1 in few clear sentences!
Reply S7: We rephrased the sentence to
‘To get an impression on its dependence on temperature: the amount of water vapor at water
saturation, H2Osat,ice, is 3, 35, 300 ppmv at 190, 210, 230 K (see Table 1).’

Line 274: Mention mass diameter (which) relationship used here.
Reply S8: Done.

Line 2901-290: This sentence has to be written more carefully. We know about significant er-
rors in PSD retrievals from OAP probes. Also you may hide factors of up to 5 in concentration
differences between probe pairs in the transition size range on a log scale.
Reply S9: We rephrased the sentence to
‘Finally, looking at the transitions between the PSDs of the instrument pairs reveals no discrep-
ancies so large that the measurements would have to be discarded. The transitions falls within
the known instrumental uncertainties, which unfortunately are generally not insignificant for
cloud spectrometers.’

Line 329: It seems that you mis up aerosol spectra from optical spectrometer with cloud spectra,
since the largest aerosol particles should be activated, no? What’s the consequence of that?
Reply S10: The measurements were made with the cloud probes, but in cloud free air, as now
stated more clearly in the revised manuscript:
‘However, these are most likely not cloud droplets but aerosol particles in cloud free air, as the
warm temperatures are found near the ground, ... ’

Line 327: Those larger droplets may produce secondary ice, thus your argument is not support-
able. . .
Reply S11: I don’t understand what is meant here - larger drops produce secondary ice?



Line 331: Why the Dollner (2024) algorithm is not applied then?
Reply S12: We did not distinguish between aerosol and cloud events because our main focus
is on cirrus clouds, at altitudes where aerosol particles rarely interfere with the ice clouds. The
Dollner (2024) algorithm was only developed after our analyses had already been completed -
repeating the analyses was deemed to be not needed for our purposes.

Line 345-348: Unclear sentence. Please clarify
Reply S13: We rephrased the sentence to
‘The yellow-red color code indicate the frequencies of the ice particles across the entire size
range.’

Line 474-475: unreadable!
Reply S14: We rephrased the sentence to
‘The core Ni−Ri ranges (white lines) in the temperature intervals are for 180-200 K: Nice (0.05
- 1 cm−3) – Rice ( 3 - 15 µm), for 200-220 K: Nice (0.05 - 2 cm−3) – Rice ( 5 - 35 µm) and for
220-235 K: Nice (0.02 - 2 cm−3) – Rice (20 - 55 µm).’

Figure 3: what is s09 what is MD, figure caption simply uncomprehensible
Reply S15: Good comment - this was a work title and should have been worded even better,
thanks for reading so carefully! We rephrased the caption to
‘Cirrus cloud MAID IWC climatology for the scenario with homogeneous and heterogeneous
freezing allowed, the concentration of the ice nucleating particles was set to 0.01 cm−3, the
freezing humidity increases from 110 - 115 % between 235 and 180 K, simulating mineral dust
(adapted from Krämer et al., 2016, ).’

Figure 4a, then 4b,c : chose same colours for identical campaigns
Reply S16: Done.

Technical comments
Line 53 improve wording: . . . in dependence..
Reply T1: We rephrased the sentence to
‘The study focuses on characterizing the shapes of ice particles in relation to their size under
various atmospheric conditions.’

Line 83-84: sentence unclear
Reply T2: We rephrased the sentence to
‘Whether some of the physical processes that form the PSDs can be identified from the mea-
surements depends to a certain degree on how these are displayed.’

Line 107 discussion Fig 2: black and white contour lines almost invisible
Reply T3: Figure 2 has been modified.

Line 124: wording: . . . .on a time scale faster with. . . .?
Reply T4: The sentence has been modified to
‘... these particles grow or shrink by diffusional growth/sublimation at a faster rate as the cool-
ing or warming rate increases ...’



Line 126: wording: . . . .sediment out. . .
Reply T5: The wording has been modified to
‘ ... seddle out ... ’

Line 128: wording: . . . .shrink back. . .
Reply T6: We could not find any improvement in the wording without changing the meaning.

Line 157: wording: For an impression. . . .
Reply T7: The wording has been modified to
‘To get an impression ... ’

Line 240: replace should by is. . . .
Reply T8: I can’t find ‘should by is’ ...

Line 242: replace ‘secondly’. . .
Reply T9: The wording has been modified to
‘every second’ ...

Line 373/ contour lines really hard to see
Reply T10: ‘Yes, the plots are visually busy, but they contain a lot of information. Increasing
the thickness of the contour lines would make the median and mean lines harder to distinguish.
However, we think that with variable display options, readers can zoom in to explore the plots
in greater detail and more easily identify specific features.’
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L. M., Baumgardner, D., and Krämer, M.: The origin of midlatitude ice clouds and the
resulting influence on their microphysical properties, Atmospheric Chemistry and Physics,
16, 5793–5809, https://doi.org/{10.5194/acp-16-5793-2016}, 2016.

Spichtinger, P.: Aggregation of ice crystals in a cirrus cloud model, by Kienast-Sjögren, E.,
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