Response to comments from Anonymous Referee #1

We would like to thank the reviewer for the constructive suggestions, which helped us improve the clarity
of the paper. Based on the comments and suggestions, we have revised the manuscript.

Please find below our point-by-point responses (in blue) to the reviewer.

Thank you again for your time in assessing our work.

Comment of Referee #1

In this paper the authors use data from a measurement campaign and try to simulate a special case with
three different microphysical schemes. They find that one of these schemes is better than the other two
in reproducing the observations. This scheme is then further used to investigate a number of relations
and dependencies between various quantities. The clouds are divided in three regimes and three forms
of crystal habit are distinguished. The results are thus a bit complex and not easy to keep in mind.

To my view, this paper needs a major revision for the following reasons:

The presentation of the goals, methods and results is weak. | found many places where a

rewording is necessary. This is the major weakness, but it leads to unclarity in other respects.

For instance, although it is indicated in the abstract that the main goal of the paper is to judge the ability
of the three codes to reproduce the observations, that is that this is a paper about models, this impression
is not corroborated later, where the impression is, the main goal is the investigation of the role of the
different cloud regimes and ice habits in regulating the properties of the TTL.

Response to general comment of Referee #1

The Abstract is modified and reworded to include:

1) Clarification of the special issues and the motivation:
The lack of realistic representation of natural ice clouds habit in microphysical parameterizations and its
impact on uncertainties in cloud-related processes and cloud-climate feedbacks

2) Clarification of the goal: The investigation of the role of the different cloud regimes
and ice habits in regulating the properties of the TTL.
3) Reorganize the abstract to present how to treat the issue through the comparison of aircraft

measurements with the simulations, presentation of observation and then the results that enable
reaching out goal.

The reader would get more out of the paper if the findings could be presented in a more concise fashion,

e.g. as a bullet list at the end. If you find a possibility to display your relations and sensitivities in a way
that makes them physically plausible, it will even be better.

As suggested by the reviewer, the findings are presented in a form of bullet list in the summary.



Another important issue is the statement (several occasions) that the observed large crystals do not fall.
| have no idea how this could be observed with an airborne measurement. Instead, it seems that clouds
observed at different locations and times have been compared to simulated clouds at one location at
different times. It might be that the crystals do hardly fall in the model, because of very low density and
mass, but | find it questionable to conclude from this model result to the reality which was observed in
a different setting.

We thank the reviewer for this comment regarding the longer residence time of large aggregates from
observation.

Indeed, there is no way from the available aircraft measurements that confirm this claim. We draw our
conclusion from the simulation only. The simulation indicated the presence of large aggregates with very
low density and low fall speed (Fig. 16¢,f).

The manuscript has corrected occordingly and the following statement has been removed from the
manuscript.

"large aggregates do not fall faster and persist longer.."

Response to specific comment of Referee #1

In the following | list some observations that | have made at reading, in the order of their

occurrence.

1) The title is not good and | think, it is misleading. The abstract indicates that the paper is not about
physics but rather about the performance of different ice cloud model versions in reproducing certain
observations. The title should reflect this. Further it is unclear which sentitivity is meant: "Sensitivity of ...
cirrus", what does this mean?

Original Title: Sensitivity of convectively driven tropical tropopause cirrus to ice habit

New Title: Sensitivity of convectively driven tropical tropopause layer cirrus properties to ice habit in
high-resolution simulations.

Added words: “properties” after “cirrus”
“in high-resolution simulations” after “ice habit”

2) | also suggest to reorganise the abstract. The chain of arguments and statements does not form a
logically coherent sequence, to my view. It starts with a general statement, then immediately jumps to
the goal of the investigation, which however has to do with model details, not with something one could
derive from the initial statement. Then it jumps again to reporting sentences on a field campaign. Please
try to find a more coherent way to present 1) the general background, 2) the specal problem, 3) how you
treated it, and 4) what results you found. Also this text should reflect that you are investigating a certain
detail in models rather than a physical phenomenon.

As the reviewer suggested the abstract has been reorganized to form logically coherent sequence:



1- After the general statement at the beginning, the issue that we want to tackle is clarified by
adding the following sentence. “The lack of realistic representation of natural ice clouds habit in
microphysical parameterizations can lead to uncertainties in cloud-related processes and cloud-
climate feedbacks.”

2- The goal has been reworded to include different cloud regimes and ice habit. The following
sentence has been added to the abstract “The main goal is the investigation of the role of
different cloud regimes and the associated ice habits in regulating the properties of the TTL".

3- Tointroduce our approach and how we treat the problem, the following sentence is shifted
before mentioning details from the campaign. “We compare aircraft measurements to a set of
numerical experiments at the scales of large-eddy simulations (LES) of the same case study that
employ different microphysics schemes.”

3) Language should be checked carefully.
Line 45: "into" should be "in".
Corrected

Sentence beginning in line 55: "The impact ... is an ongoing debate". This is ugly style. | would rather say,
the impact of ... is topic of a debate, but it is not a debate itself.
Corrected

Line 63 ff: "making them ... one of the largest uncertainties". No! the cirrus clouds are not uncertainties,
but they may be the source of uncertainties.
Corrected

Lines 88-89: "We also investigate the impact of different ice habits on fall speed, relative humidity over
ice and diabatic heating". Please reformulate. There are several issues in this sentence. First, | would not
say that ice habits have an impact on fall speed (because there would be no fall speed if there were no
crystals) but rather that their fall speed depends on their habit. Second, it is not clear to me how ice habit
can impact on relative humidity, perhaps the sentence becomes correct, if cause and effect

are reversed, i.e., the RHi impacts on the shape crystals attain.

Corrected as suggested and the sentence is replaced by the following:

“For ice crystals, we also explore how their fall speed depends on their habit, how relative humidity
over ice impacts on the shape ice crystals attain. “

Line 105: correct "number size distribution"
Corrected

Figure 2: please add a scale, so that one can estimate the size of the crystals.



Scale has been added => Axis labels has been added to the bottom slide.

Also, the information about the scale is given in the header.

More details about the scale have been added to the figure caption "Each slide has a height of 960
microns and length of 1 sec".

Line 129: is the model indeed compressible or does it rather use assumptions about
compressible air?

The ARW dynamics solver integrates the compressible, nonhydrostatic Euler equations.

Line 137: 900 km? or 900 m?
Corrected to 900 m, thanks

Line 160: please include the word "simulated" befor TTL. Cirrus clouds are per se not
sensitive to any parameterisations.

Corrected

Lines 174-175 "but the growth of ice particle by vapor deposition remains constrained by mass—
dimensional (m—D) and fall speed—dimensional (vt—D) relationships". | don't understand this. | think that
ice growth is proportional to supersaturation, i.e. depends on RHi, and that the prefactor depends on a
number of other things like crystal shape, deposition coefficient etc. In my view the growth of the crystals
is constrained by available supersaturation. Please explain, how the mentioned relationships interfere
with this simple physics.

Indeed, supersaturation among other variables such as capacitance, vapor diffusion coefficient, thermal
conduction, and ventilation contribute to regulating vapor-depositional ice growth. For complex ice
particle shape (non-spherical) this growth evolves differently along the minor axis and the major axis of
the ice particle. The ratio of the minor axis to major axis growth is aspect ratio dependent (Chen and
Lamb,1994; Jensen et al. 2017). For our study, we want to highlight the morphological impact on ice
particles growth. With light riming, ice growth either thickens (extends the minor axis) or fills in the gaps
(increase the effective density) of the ice particles, which leads to fall speed increase with no increase in
the maximum dimension; this process contrasts with m—D relationships for rimed ice, which relate mass
and fall speed increases to maximum dimension increases. Also, using m—D relationships means that all
ice particles have the same mass for a given diameter. Thus, all simulated ice particles evolve along the
same trajectory in mass—size space (Jensen and Harrington 2015; Jensen et al. 2017).

A brief explanation is included in the manuscript “Light riming can expand the minor axis of ice crystals or
fill in gaps in their shapes, leading to increased density and fall speed without affecting maximum
dimension.”



Figures 7-9: the observations are represented in these figures by a red line which extends over the
whole indicated pressure range. As the Geophysica does not measure an IWC profile but just a value at a
certain altitude, | suggest to replace the line with a red dot or a short red bar that can cover the two
altitudes of the two HIWC measurements. The current version misleads to the interpretation that P3
performs better than Ishmael, but that seems not to match your interpretation.

As suggested, a red double arrow has been added to mark the observed value at the corresponding
observation levels. Also, following the suggestions of reviewer#2, the new figure 7 has only the profiles
from the inner domain D04 for the three schemes. The other profiles with coarser resolution have been
shifted to the appendix.

Line 230 "are likely heterogeneously, or, less likely, homogeneously" what?
This is corrected and reworded following the suggestion of reviewer #2.

“...in-situ cirrus clouds that likely originate from heterogeneous nucleation, and less likely form
homogeneous nucleation.”

Text discussing Figs 10 and 11: Measurements show a lot of events at T<288K and around the green line,
but simulations don't. Instead, the Thompson scheme shows crystals at this low temperature at much
higher IWC and with large ice number density; the P3 shows crystals with IWC at 104 ppmv at T<188; the
Ishmael show no events at this low T. Please provide more discussion about these findings. What is
plausible, what not. And please, use "low temperature", not "cold temperature".

Replaced “cold/colder temperature” by “low/lower temperature” throughout the manuscript

We want to clarify that we are not claiming that the simulation captured the observed HIWC at the same
time and at the same level. For the simulation, we are looking at HIWC in the whole TTL and comparing it
with the observed HIWC. Ishmael scheme produced approximately similar HIWC peak to the
measurement at the same time but at lower level within the TTL.

The reason why Thompson and P3 schemes show events at T<188 K and not Ishmael scheme is related to
the simulated CPT levels and RHi. Both Thompson and P3 schemes overestimate the level of CPT (see fig
RHi vs theta) which enables more simulated ice particles to reach higher and colder levels (T<188).
These two schemes have lower supersaturation with respect to ice compared to Ishmael scheme. This
lower supersaturation decelerates ice particles growth and prevents them from reaching sedimentation
threshold which enables ice particles to reach higher and colder levels.

Ishmael scheme simulates lower CPT level and higher supersaturation with respect to ice. This leads to
accelerated growth rates, sedimentation, and cold trap at lower levels. The cruising level of aircraft
corresponds approximately to the level of the observed CPT.

The following explanation has been added to the manuscript.

“Only The Thompson and P3 schemes indicate events at T<188 K which can be explained by the simulated CPT levels
and RHi. The Thompson and P3 schemes overestimate the CPT level (Fig.10), allowing more simulated ice particles
to reach higher and colder levels (T<188). Both schemes have lower supersaturation with respect to ice compared



to the Ishmael scheme. This lower supersaturation slows the growth of ice particles and prevents them from reaching
the sedimentation threshold, thus allowing ice particles to reach higher and colder levels. The Ishmael scheme
simulates a lower CPT level and higher supersaturation with respect to ice. This leads to accelerated growth rates,
more sedimentation and cold trap at lower levels. The aircraft cruising level corresponds approximately to the
observed CPT level.”

Text discussing Fig 14: To my view, this discussion can be improved. Currently there is just a description
of the figures.

| am, for instance, much interested to know why the so far best scheme shows so high supersaturation
values. Do you think, they are realistic?

What would happen, if there were indeed such high values of RHi, both in nature and in the model. Would
you expect new nucleation (any mechanism)?

Does the extreme supersaturation in the model explain the occurrence of the >800um crystals?

To answer all the questions about Fig 14, the following details have been added to the manuscript with
the text discussing Fig 14.

“According to previous laboratory studies (e.g., Bailey and Hallett, 2009), RHi can reach high values of ~
160 % at very low temperatures. Also, high RHi values of ~200 % at the tropopause level were reported
in previous field campaign studies (Krdmer et al., 2020; Dekoutsidis et al. 2022) but with very low
frequency of occurrence of ~2%. Simulations and especially Ishmael scheme overestimate RHi. The reason
that may explain the existence of such high supersaturations is the low ice number concentration, which
is mainly present at low temperature (Fig. 8). Previous studies (eg., Jensen et al. 2013) have also indicated
that increasing the number of ice crystals leads to decrease in RHi until reaching the saturation. The
Thompson and P3 schemes produce smaller ice particles compared to Ishmael (Fig 11) and high ice
number concentration (Fig 8). For this reason, the Ishmael scheme produces a higher RHi (Fig. 10). With
high RHi and lower temperatures more in-situ nucleation, faster growth rate of crystals and larger ice
particles are expected. The comparison between the three habits shown in Figure 9 indicate that large
aggregates are associated mainly with low number concentration which demonstrate the correlation
between aggregates and high supersaturation (Jensen et al. 2013). RHi values of 120% and 140% can be
considered approximate thresholds for heterogeneous and homogeneous ice nucleation respectively (eg.,
Koop et al., 2000; Karcher, 2012). Therefore, due to the high supersaturation with respect to ice, more
homogeneous and in-situ nucleation is associated with Ishmael scheme than the other two schemes.”

Dekoutsidis, G., GroB, S., Wirth, M., Kramer, M., and Rolf, C.: Characteristics of supersaturation in mid-
latitude cirrus clouds and their adjacent cloud-free air, Atmos. Chem. Phys. Discuss.,
https://doi.org/10.5194/acp-2022-717, in review, 2022.

Jensen, E., Diskin, G., Lawson, P. Lance, S., Bui, T., Hlavka, D., McGill, M., Pfister, L., Toon, O., and Gao, R.:
Ice nucleation and dehydration in the Tropical Tropopause Layer, P. Natl. Acad. Sci. USA, 110, 2041-2046,
https://doi.org/10.1073/pnas.1217104110, 2013

Karcher, B.: Supersaturation Fluctuations in Cirrus Clouds Driven by Colored Noise, J. Atmos. Sci., 69, 435—
443, 2012.



Koop, T., Luo, B., Tsias, A., and Peter, T.: Water activity as the determinant for homogeneous ice nucleation
in aqueous solutions, Nature, 406, 611-614, 2000.

Kramer, M., Rolf, C., Spelten, N., Afchine, A., Fahey, D., Jensen, E., Khaykin, S., Kuhn, T., Lawson, P., Lykov,
A, Pan, L. L., Riese, M., Rollins, A, Stroh, F., Thornberry, T., Wolf, V., Woods, S., Spichtinger, P., Quaas, J.,
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And why should high RHi favour an enhanced freeze drying process? To me, freeze drying means, that ice
crystals consume all the available supersaturation at the coldest layer, such that only ice saturated vapour
(RHi=100%) enters the stratosphere. If we however have huge RHi in a vertical uplift, freeze drying would
have to act very quickly to get supersaturation consumed completely. This sounds implausible. So to my
view, freeze-drying is not favoured at all, it simply gets unimportant at such conditions.

The following claim (sentence) about high RHi favors freeze-drying has been removed from the
manuscript
“..favors an enhanced freeze-drying process and further.. “

Line 266: how can a distribution be underestimated? Please reformulate.

Corrected to be “simulated effective radius distributions are within smaller size ranges of ice particles
compared to the observations,..”

Fig 15: As an effective radius is somehow the ratio of the third to the second moment of the size
distribution, I think, it should be a single value. But here you show distributions.

Do you consider the effective radii in every grid box, respectively, and then construct the histogram from
these values? Please clarify. Why does the Ishmael scheme not produce larger crystals if the RHi is so large
in this model? Is this because sedimentation removes such crystals quickly? And finally, why do you show
effective radius instead of a more simple measure like volume equivalent radius or maximum dimension?

indeed, the values of the effective radius are single values. Clarification about the histogram has been
added to the manuscript.

“The effective radii in every grid box are considered, respectively, and then the histogram is constructed
from these values.”

Ishmael scheme is dominated mainly by the planar habit with the highest frequency of occurrence. For
this habit, large RHi favors in-situ nucleation with small crystal sizes and large crystals with high ice density
that sediment rapidly. Large crystals that remain are mostly aggregates with low frequency of occurrence
and very low ice density.

Not all schemes generate the maximum size. For the purpose of comparison across schemes, we have
chosen to use the effective radius which is available for all schemes and observation. We use the
maximum dimension with the Ishmael scheme which is the focus of this study with its ice habits.



Line 273: "lower RHi saturation" is sloppy and unclear. Saturation means RHi=100%. Or
do you mean the corresponding vapour pressure?

Corrected and removed the word saturation “lower RHi”

Fig 16: It seems here that the model produces much larger crystals than observed, in line
with the huge supersaturation. But in figure 15 we saw that the model has smaller
effective radii than the observations. How can you explain that. It sounds like a contradiction.

It has to do with the low frequency and number concentration of simulated large aggregates. The number
concentration and frequency of occurrence has significant impact on the calculation of the effective
radius. The aggregates have very low frequency of occurrence and number concentration compared to
columnar and planar habits => The effect of simulated large aggregates with their large values of
maximum dimension is minor in the simulated effective radius. The ratio of simulated large aggregates to
other habits is much smaller than the same ratio from observation. The simulated PSD is dominated by
planar and columnar habits which is underestimated compared to observation.

Line 306 ff "During F8, it was reported that very large aggregates of ice particles were observed for an
unusually extended long time without falling". How is this possible? Has the Geophysica made a stop there
and somebody of its crew watched certain large ice crystals that were not falling?

Or do you rather mean, you found large ice crystals at one place and a while later you found again large
ice crystals, but at another place, and later. This would not imply the implausible interpretation that these
crystals were not falling. Please explain more exactly what you mean. And then rethink your
interpretation. The Geophysica observes different clouds or cloud parts at different times (the flight path
does not show circling somewhere), but the simulations represent one cloud at one place at different
times. Obviously these are different settings. How can you then relate the two. This sounds

illogical.

The sentence has been reworded to avoid ambiguity

“During F8, very large aggregates of ice particles were observed.”

Line 326: Perhaps the sentence becomes better, if you include "and thus indirectly affects...".

"and thus indirectly affects" has added to the sentence as suggested

Line 381: Please rewrite the sentence in a way that the reader does not conclude that ice in the TTL (i.e.
in the real atmosphere) is in any way dependent on details of any model simulations.

For clarification the word “simulated” has been added before “HIWC”

Line 381ff: please explain how the distributions have been obtained: are they taken over the whole

model domain (each grid cell, but divided acc. to the cloud categories) and at each time step, or was the
sampling different?



The following details have been added:

“The distributions of the two heating rates are taken over the entire domain at each grid cell every 5
minutes which is the output frequency of the simulations. The distributions are divided according to the
cloud categories that are based on ice water path thresholds.”

Section 4.5: | wonder what heating rate distributions for different habits and different cloud regimes mean in total,
i.e. which regime and which habit has the biggest effect. To answer this question you would need to integrate the
histograms and weight them with the respective frequencies of occurrence. Is that possible? It should tell us how
many Gigajoules (or something similar) are stored in the three hours in the TTL, due to the presence of different
crystal shapes in different cloud regimes. The mentioned doubling in heating rates could imply a considerable larger
or smaller factor in the total energy deposited in three hours. | think, this is probably more relevant than the heating
rate distributions.

As suggested, we calculated the energy stored in the three hours in the TTL. For the deep convection
regime, we found -12.4, -5.1, -5.6 Gigajoules for Planar, columnar and aggregates habits respectively.
For the thick anvil regime, we found -9.2, -1.5 and 0.7 Gigajoules for Planar, columnar and aggregates
habits respectively. For Thin cirrus, we found 0.4 Gigajoules for Planar habit.

We would like to point out that the additional section on radiative heating is not the focus of this study.
This section is added to show qualitatively that the shape of ice crystals can influence diabatic heating
rates in TTL cirrus clouds. Furthermore, this section is added to motivate future studies to investigate
further and provide an in-depth analysis of the impact of ice habit on diabatic heating rates in TTL cirrus
clouds.



