Responsesto Referee #01
« A representation of the collisional ice breakpupcess in the two-moment
scheme LIMA v1.0 of Meso-NH » by Hoarau et al.

Major comments

This work implements a parameterization of colhsibice breakup (CIBU) into
the LIMA mesoscale model. The simulations are platined and some of the
results are interesting, but the manuscript neegsifscant work. First, there is
no discussion at all of the LIMA scheme into whiah CIBU parameterization
has been implemented. Is this a bin or bulk schentgt are the different
classes of ice hydrometer; and what are there tiwks sizes? The scheme
needs to be explained for the reader to understémel results. Then |
understand that the location and synoptic enviromtmaf the STERAO case
study are available in Skamarock et al. 2000, bese are crucial to this study
and an overview should be given here as well.

Concerning the host microphysics scheme, it is tilu@ we provide no
extensive description of the LIMA scheme as werrgdeVié et al. (2016). We
wished to describe our implementation of CIBU itréef paper However, it
was clear enough that LIMA was a 2-moment bulk sehdt was also our idea
without a new lab. dataset, to include CIBU as $ngs possible in a bulk
scheme to see some consequences on the precipaaticthe growth of the ice
phase (the small crystals) depending on break-ipesfcy i.e., the number of
fragments produced per collision.

= We added a few sentences in the last paragragteahtroduction to recall
the processes to generate ice crystals in thedohé&me LIMA.

In contrast to previous modelling studies (anasftisolution in Yano and
Phillips (2011, 2016) and the parcel model of Sal et al. (2017)), our
purpose here was to suggest a way to include CHB&l standard bulk scheme
and so to encourage other similar microphysics rmehé& account for this
process in our state of knowledge of this phenomeno

The choice of the STERAO case is purely illustetas we could run any
academic or real meteorological case.

Then the parameterization itself is not especistiphisticated. Even the limited
laboratory measurements of collisional ice breaksyggest that there are
strong temperature dependences of the fragment ewn#nd bigger snow-
aggregates break up into more pieces, no? In wbade, there should be some
kind of aggregate size dependence in the fragmenber.

Based on the few available data (Vardiman (1978kahashi et al. (1995)), it
was hard to suggest a much complex parameterizaRoecisely here we



worked on the critical parameter, the number of fragments per collision
defined in Eq. 2, which multiplies the importandeCoBU. Then we found that
limiting o is necessary both to enhance the concentratiotheofsmall ice
crystals and to alter not too much the precipitatad the ground. We don't
consider any temperature effect, not mentioned iardwnan (1978).
Temperature plays a crucial role in ice nucleatwitl) assistance of ice forming
nuclei (IFN), in the Hallett-Mossop process of deagiming and possibly in the
raindrop shattering by freezing (but, the paranmedaéon of this process by
Lawson et al. (2015) didn’t include a temperatufect).

In the case of CIBU, it is clear at first sightttas the possibility of collisions
between dense graupel and fragile aggregates thadrmps this type of ice
multiplication process. Without new laboratory epipents one can only
speculate on the true dependence of the temperatudethe size of the
aggregates. As we integrate the collision kernelr dkie size distributions (Eq.
3) of the graupel and the aggregates, we includeebow a size effect. Note
also that intuitively the number of fragments sldodépend more on the radial
location of the impact of the colliding graupel te aggregates. This means
that only a bulk approach, here the evaluation wieana coefficient, is helpful

In this situation as first we are more interestgdh® consequences to include or
not a CIBU-like effect in a bulk microphysics scheem

| am particularly concerned by some of the altitddemperature dependence in
the results. For example, ice mixing ratio fronst@lIBU process is peaking at
12 km, certainly corresponding to cirrus formatiand quite cold temperatures.
But these secondary ice processes have been dscuss mixed-phase

conditions at much lower altitudes and warmer terapges. The discrepancy
in nucleating particles and ice crystal concentoas is at these lower altitudes,
so what exactly is the CIBU parameterization inehtb explain?

The enhancement of the small ice crystal mixingp ritig 3) at the 12 km level
IS not very surprising because the upward trangpdtie STERAO convective
cells is very efficient (the vertical velocity réees 40 m/s see Barth et al., 2007).
We feel that this is a good point when besides wotec@ no dramatic change in
the aggregate and graupel mixing ratios (Figs 49%)course the CIBU process
needs the simultaneous presence of aggregatesranpef which are peaking
close to 9 km height (Fig. 8). As CIBU is indepemidef the temperature in our
case, we don't favour the ice multiplication throu@€IBU at very cold
temperature. It is true however that it is a pdesiway to check the CIBU
efficiency by examining the persistence of detrdingrrus clouds from
convective areas.

We see no conflict between ice nucleation and CiBthe glaciated regions of
the convective cells. Our representation of theleaion is adapted from
Phillips’s empirical scheme of 2008 with a careffwidget of the IFN as we



consider the available and the nucleated IFN ofidvorigins (here a dust
mode and a BC mode, see Vié et al., 2016). Souckeation is governed by the
temperature and the abundance of IFN while, indegethy, CIBU is the result

of the simultaneous presence of aggregates angajrparticles. It is true also
that ice crystals coming from ice nucleation aemsported too at higher levels
to populate cold regions well above 10 km highCH#U is an alternative to ice

nucleation to increase the small ice crystal cotradons when IFN are limited.

There is no malice behind that.

This leads in to my final point, which is that rmparisons to data are made.
Are there precipitation or ICNC data from the STERA&ase? If so, some
attempt should be made to assess whether the nemeterization is yielding

more or less accurate precipitation rates or crystambers. This will justify a

number of currently unsubstantiated statementsuiinout that certain results

are “plausible” or “excessive” or “satisfactory” (lines 191 to 193, 200, 276)

We acknowledge that no comparisons to data are mladebecause there is no
case study yet showing unambiguously that CIBU stesngly operating. The
few ICE-T cases reported by Lawson et al. (2015)ckaled on the importance
of raindrop shattering because of the presenceiofiles on frozen drops seen
on CPIl images. Clearly, missing arms on aggregatprobably more difficult
to detect in the same way. Only Hobbs and Farl@tQ)Lreported evidence for
CIBU with a formvar replicator. Our feeling is thae multiplication does exist
in clouds (Leroy et al., 2015; Ladino et al., 20bd} without CPI images it is
difficult to assess that it is solely the result adllisional ice break-up or
raindrop shattering by freezing. As a result, wisrknderway to include this last
process to complete the panoply of extra ice crystairces in the clouds
simulated by the LIMA scheme in Meso-NH.

To conclude and also to account for remarks of2Heeviewer, we justify our
parameterization of CIBU (for 2-moment bulk micrgplts scheme) by the
need to introduce new mechanisms to explain “anounsal high ice water
concentrations but under the constraint of miningziperturbations to the
production of precipitating hydrometeors. Thishs starting point of our study
to check the value of the critical parameaieMe agree to remove most of the
unsubstantiated statements in the revised versitrepaper.

Additional references:

Barth, M. C., Kim, S.-W., Wang, C., Pickering, K, Btt, L. E., Stenchikov, G.,
Leriche, M., Cautenet, S., Pinty, J.-P., Barthe,, Ghari, C., Helsdon, J. H.,
Farley, R. D., Fridlind, A. M., Ackerman, A. S.,i8donov, V., and Telenta, B.
2007: Cloud-scale model intercomparison of chemaemadstituent transport in
deep convection, Atmos. Chem. Phys., 7, 4709-4731,
https://doi.org/10.5194/acp-7-4709-2007.



Lawson, R.P., S. Woods, and H. Morrison, 2015: fierophysics of ice and
precipitation development in tropical cumulus clsud. Atmos. Sci., 72, 2429—
2445 ,https://doi.org/10.1175/JAS-D-14-0274.1

Leroy, D., Fontaine, E., Schwarzenboeck, A., Strappet al., "HAIC/HIWC
Field Campaign - Specific Findings on PSD Micropbgsn High IWC Regions
from In Situ Measurements: Median Mass Diameteasti¢te Size Distribution
Characteristics and Ice Crystal Shapes," SAE Teahritaper 2015-01-2087,
2015, https://doi.org/10.4271/2015-01-2087

Phillips V.T., P.J. DeMott and C. Andronache, 2008n empirical
parameterization of heterogeneous ice nucleatiommiatiple chemical species
of aerosol. Journal of the Atmospheric Science8)62(/57-2783.

Specific comments

Then a number of details need clarification:

Line 27 — “The CIBU process was not perceived gsagticularly important
feature in cloud physics.” Here it is unclear to nmewhat context CIBU has
been perceived as unimportant. In general, in clonidrophysics schemes? If
S0, please state that explicitly.

We simply meant that the CIBU process is nda&en into account explicitly in
a microphysics scheme (bulk or bin) probably beeaiis importance is
overlooked in cloud physics. This observation fiesi our present modelling
study in GMD.

Correction:“...the CIBU process was overlooked in cloud physigs.to our

knowledge a contribution of CIBU is never accourftmdin the vast majority of
the currently used microphysics schemes.”

Lines 30 to 31 — “CIBU process is very likely toduive when cloud conditions
are deemed favourable.” | do not think that the twmceeding citations
validate this statement. Some additional discussiod perhaps other citations,
Is needed of what these favourable conditions are.

The referee is right, the sentence is awkward. &swggest replacing it by:

“... the CIBU process is very likely to be activedase of inhomogeneous cloud
regions where ice crystals of different sizes ampe$ are locally mixed.”

Then we introduce CIBU as the result of collisidretween hydrometeors of
different types.

Lines 57 to 59 — This sentence could use rewordarggxample “An empirical
but realistic CIBU parameterization is implementedthe well-suited LIMA
scheme and interacts with other microphysical psses (heterogeneous ice
nucleation, H-M process, etc.) to determine theceotration of small ice
crystals.”



We follow the suggestion to write:

“Here, the goal is rather to implement an empirkoat realistic parameterization
of CIBU in the well-suited LIMA scheme to cooperatgh other microphysical
processes (heterogeneous ice nucleation, dropletifrg, H-M process, etc.) to
determine the concentration of small ice crystals.”

Line 61 — What does “erosion” mean here? Reductibnumber?

Here “erosion” means the mass |lafdce of the aggregates. This word is used
sometimes in this context.

Line 69 — “nucleation process yield” It would besaker to say “scaled by the
ice number concentration from nucleation”.

We agree, change made.

Lines 73 to 74 — Sullivan et al. 2018 doi 10.5164/48-1593-2018 would be
another appropriate reference.

We agree to add this new reference.

Line 81 — What does “covering” mean here? Includn@an you give an
estimate of the average size of the large graumetigles? Or the lower
threshold size for this categorization? This esp@cineeded to assess the
appropriateness of the assumption in line 94.

Initially we used “covering” because the “snow-lilghrimed” category of ice
hydrometeor (aggregates) is wide enough to collecpristine crystals (D>150
um) coming from water vapour grown pristine ice tajsand assemblages as a
result of ice aggregation with light rime eventyallhe sentence is rewritten as:
“... here we consider collisions involving two typekprecipitating ice: small
aggregates gathering pristine ice crystals largan t150um and large graupel
particles.”

In CIBU we integrate over the particle size disitibn (PSD) of the graupel for
sizes larger than ;=2 mm while we are doing the same for the PSD ef th
snow-aggregates but for 0.2 mm 1 mm, so we reasonably assume that D
> Dsmost of the time because the particle size is daisg@ower 2.

Lines 85 to 86 — Again it is unclear what this medparticle sizes are taken to
stay within a range of substantial occurrence oBQI" Please make it more
specific.



We meant that a way to impose an impact velocitthefgraupel larger than 1
m/s is to integrate over the PSD but with an appatg range of size. We felt
that the choice of D, Dsmax@nd Qumin iS @ good compromise.

We modify the whole sentence in the following way:

“For the sake of simplicity and because the impaalbcity of the graupel
particles should be well above 1 m ® remain in the break-up regime of the
aggregates, the particle sizes are selected tdeeaatubstantial occurrence of
CIBU.”

Line 92, Equation 2 — Please defifie
Sorry for the typo, one should readhstead.

Line 104 — Please cite the source from which you ygeir ice collisional
efficiencies.

We take the collision efficiency equal to one foe tsake of simplicity and
because we assume that By, <D <D<max there is no lateral deflection of an
aggregate (trajectory) when hit by a larger graygaticle. We offer no other
explanation (see also Chapter 14 of PruppacheKétt 1997). Note however
that ice-ice collection processes are more depérmenhe_stickingefficiency
which is temperature dependent in LIMA as reviseé&errier et al. (1995), see
also Phillips et al. (2015).

Line 106 — What is Dtrough? It does not seem nacg$s add a variable name.

Diougn IS the name given by Field (2000) in his Fig. Sstparate the small
pristine ice regime from the “modal” snow-aggregate

Line 110 — Two parameters, i.e. both Ds,max andridyg,cannot be dictated by
a single equation.

That's true but we had to make a choice becausean@edescribing a bulk
parameterization which is indeed sensitive to tbetrasted properties of the
aggregates and the graupel. Furthermore as iteigr dhat CIBU is not a
threshold process (as it is the case for the aot@sion of the droplets for
Instance) there is an acceptable uncertainty ferctioice of these parameters
provided that the impact velocity is larger tham E*.

A more elaborated choice fddsyax and Dgmin Values could be based on the
graupel-aggregate collision kinetic energy CKE mmenface area of the
aggregates (Phillips et al., 2015) but there isdear indication of what
reference to take to scale this parameter. In @se avithDgma=l mm and
Dgmi=2 mm, one gets CKEl4Dsi’)=0.038 Kg &.



Line 112 — “Least favourable situation” is unclehere. “Least favourable” for
a large contribution from CIBU to ICNC? Why woulduybe considering this
“at ground level” where temperatures will generalipt permit ice formation in
any case?

The least favourable condition in this case is wAeraggregate of Sid@maxIS
hit by a small graupel of siZeym, leading to the minimal impact velocitysy/
We replace “the least favourable situation giveg=¥.26 m 8” by “one gets
Vs>1.26 M 5”. We refer to the ground level becausgi¥ always larger aloft.

Lines 144 to 146, Equation 4 — My recommendationlevbe to move all of this
to Appendix A. Otherwise, a large number of uneefivariables appear all of
sudden.

We don’t agree to move Eg. 4 (and Eqg. 6) to theeagdpx A. The moments of
the complete and incomplete gamma function are waisientify. We suggest to
modify line 142: “With the definitions of the moment®™“(p,X) of the
iIncomplete gamma law given in Appendix A, ...”

Lines 153 to 154 — What is the “local mean masthefpristine ice crystals”?
On what does this depend? What is “ice debris”?

We suggest to remove the word “local’” and to repldce debris” by “ice
fragments” for a better understanding.

Line 172 — What does “along the main diagonal” medrhe location of the 10
July 1996 thunderstorm needs to be included.

The convective bubbles are arranged according som38kock et al. (2000) in
order to maintain the multicellular convection {thacomes supercellular at the
end) as long as possible in the computation donTdia.chosen STERAO case
IS a very classical one to test parameterizatiorise context of continental high
CAPE (Convective Available Potential Energy). Theetlocation of the storm
Is of secondary importance. We modify the texthe following way:“The
simulations were initialized with the sounding afrtheastern Colorado given in

" and®“... along the main diagonal of the horizontal X, Yap in the wind
axis.”.

Line 176 — The acronym PPM needs to be expanded.

PPM is Piecewise Parabolic Method a finite volura@sport scheme. Done.



Line 182 — If the aerosol concentrations “have nmportance for the
simulations”, perhaps Table 1 can be omitted.

Table 1 is necessary for those who wish to redcstimellation. We reword the
sentence’ ..., the characteristics of the five aerosol modes standard for the
simulations shown here ...”

Line 188 — This is a nice result, but it would beacer to show difference fields
in Figure 1b-d.

We don’t agree because differences of precipitdigds are more confusing to
comment with positive and negative isocontours. thiek that using the same
color scale as it is in Fig. 1, is more demonsteato underline the decrease of
the precipitation whelgy increases.

Figures 3, 4, and 5 — Again this is your call, btitink it would be easier to see
the impact with difference fields of mixing ratiaken from the base case).

We give the same response to the preceding qudsticause we tried to plot
difference fields but with less clarity.

Figure 7 — Here, | think you really need to showfailence fields. Otherwise,
you force the reader to flip back and forth witheyious figures to make the
comparison.

Well that’s true but in a final publication, thegdires are inserted in text body.

Section 3.1 — To me, it would make more sensedio ath the changes to ice
metrics and microphysics because these should feetl¢i impacted and to
follow with precipitation because this link is ingict.

Unsurprisingly we knew that the critical paramebgy was monitoring the
increase of the ice concentratibhas much as wanted. So then a strong issue
was to avoid too much perturbation to the simulgtetipitation at the ground
level when CIBU was activated. We add this constrBecause microphysics
schemes that don't include CIBU, are now runningngjtative precipitation
forecasts. For this reason we put in the forembSteation 3.1 the limitation of
Nsgin the revised version of the manuscript.

Lines 234 to 236 — You need to mention that theraens fare given in Table 3
here.



We agree and we add.. (10 minute average again and the nomenclatiitieeo
processes provided in Table 3) ...”

Line 242 — 0.2 x 10-3
Corrected here and elsewhere.

Figure 9 — Why is nucleation - HINC, HIND, and HONGot included in this
Figure? These seem to be the tendencies one wamstlike to compare with
CIBU.

Nucleation is an essential contributor to the_ioecentratiorbut not to the ice
mixing ratio because the early ice crystals are very small thry grow by
water vapour deposition.

Figures 9 to 11 — Are these domain-averaged? Owshor a single grid cell?

We explain (Lines 224-226) how we select the cloadjgmns to generate the
profiles of Figs 9-11. We average over all the ¢hmein cells.

Line 273 — Ni (Iy, = 0) The parentheses are important.
Sorry for the mislocation of the closing parentee€orrected.

Around Line 277 — There needs to be discussiontalwby CIBU ice mixing

ratio peaks at higher altitudes than does the CliB& number concentrations.
Are the snow-aggregates at higher altitudes biggetfrerwise, it is not clear to
me what is going on here.

If we compare the profiles in Fig. 8 (mixing rafiognd in Fig. 12
(concentrations), we can see that the “cloud iesgks are located at the same
height (12 km Ns&=0" case, 11 km Nsg=random” case and 10 kniN¢=10"
case). So the question is more to understand whayptbfiles of the CIBU
contribution seem out of phase when looking at mhiging ratio tendency
orildtlcigy In Fig. 9 and at the number concentration tendéhgidt|cisy in Fig.

13 (both are red coral curves). As written Line J1&30t|cigy is taken as the
minimum between the limiting valu#;/ot given by Eq. 5 andr;/ot estimated as
(ri/N;) x ONi/otlcigu Wwhere rand N are local characteristics of the cloud ice field
(it is implicitly suggested here that the ice fraants produced by CIBU follow
the local size distribution of the small ice crystaSo essentially becausesr
very low below 6 km, even whe@N;/dtcigy IS high, ori/ot|cigy remains low.
Above 9 km, both;rand N are reaching higher values &gct|c gy IS increasing.



Concerning the snow-aggregates, we don’'t consiuetdtal concentratioNsas
a state variable in LIMA. These particles are cbi@idzed by a single moment,
the mixing ratiorrs, while N is parameterized as\Cas recalled at Line 148.

Line 305 — This behaviour is not difficult to inpeet. It results from the trade-
off between homogeneous and heterogeneous iceatianleUntil there is quite
a large IFN concentration, additional particles Wsuppress homogeneous
nucleation and reduce ICNC.

We modify the end of the sentence to make it cle@iree 306):“... because of
the non-monotonic trend of the Nrofiles with respect to N,.” and we add a
sentencéHere this is equivalent to computing an IFN nutlaa efficiency” to
introduce Fig. 14c at Line 308.

We don't see why homogeneous and heterogeneousiuckeation should
cooperate. They are independent processes. Howieer proportion of
nucleated IFN doesn’t change very much wheg Bpans over 6 decades.

Figure 14 — It is harder to interpret your resultghen you switch between L-1
and kg-1. In particular, | am confused by some @&ckaent values in panel d.
For example the peak Ni for NIFN = 1 L-1 is 100Q@Xkgvhich is more or less
1:1, no? Why does the enhancement in yellow go @82 What am | missing?

We provide the simulation results in #kwhile the forcing conditions of the
initial IFN concentrations are given in # dranit which is more intuitive. Sorry
for the “L'" unit in the title box of Fig 14a.

In panel d) the CIBU enhancement ratio shows a mamxi for Ngy = 1 dm?
(yellow curve) at an altitude of 9 km so in thiseahe simulation with CIBU is
leading to an ice concentration Which is nearly 20 times larger than ¢&f a
similar simulation but run without CIBU. Of courtiee profiles in panel d) rely
on the profiles shown in panel a), here giving:1900 kg', and in panel b) with
N; less than 100 kgbut hard to see ! Note that this is only a snapahd that
ice crystals are also produced by Hallett-Mossopc@ss and removed by
aggregation and so on.

Line 328 - “shocks” is generally used for electaist phenomena.
“Collisions” is better.

We replaced word “shocks” by “collisions” at thersaplace.
Additional references:

Ferrier, B. S., W.-K. Tao and J. Simpson, 1995: dulde-moment multiple
phase four-class bulk ice scheme. Part Il: simutatiof convective storms in



different large-scale environments and comparisonth wother bulk
parameterizations. J. Atmos. Sci., 52, 1001-1033.

Phillips VTJ, Formenton M, Bansemer A, KudzotsalLienert B. 2015. A
parameterization of sticking efficiency for colbsis of snow and graupel with
ice crystals: Theory and comparison with obserwvatid. Atmos. Sci. 72: 4885—
4902.

Pruppacher, H. R., and J. D. Klett, 1997: Microptyysof Clouds and
Precipitation, 2 rev. edition, Kluwer Academic Publishers, 954 pp.



Responsesto Referee #02
« A representation of the collisional ice breakpupcess in the two-moment
scheme LIMA v1.0 of Meso-NH » by Hoarau et al.

Major comments

This paper describes a new implementation of aistofial ice break
parameterization in a two moment microphysics se&heithis particular
secondary ice formation mechanism is very poorlgenstood, and modelling
studies are necessary to ascertain whether it @ an impact on mixed phase
cloud microphysics. The subject of the paper is tQuite suitable for GMD.
However, the analysis is too limited and the ressafe unclear. The language is
very hard to follow, which makes the results harieunderstand and review.
The writers are strongly urged to make the bestreffossible at improving the
readability of the manuscript by revising the laaga.

The major shortcoming of the paper, which is reeatrthroughout all of the
analysis carried out, is the lack of conducting peo diagnostics to establish
that the results are robust. There is very littlescription of the test case used,
which is not acceptable given that the results\aey specific to the details of
the experimental setup. The writers are urged tdicdde a full section at
describing the experimental setup so the reader lbame an idea of how
susceptible the simulation is to the microphysicalnges incurred. My
Impression is that the simulation is very dynanhcébrced so one does not
expect changes in the dynamics that would feed baokthe microphysics
which would make comparison of the microphysiaagdrprints difficult. The
writers must show that this is the case, or if gtnot, then conduct the
appropriate analysis on the dynamic-microphysiealdbacks.

The study relies on two main ideas. First, a doltial ice break-up (CIBU)
mechanism should occur in natural clouds wherelshbetween ice crystals are
very frequent (sometimes leading to cloud electiion) while this process is
not considered in microphysics schemes. Secondudimg CIBU should
increase the number concentration of the smaltigstals by two to four order
of magnitude (Ladino et al, 2017 for tropical clsydbut this effect should not
be too much detrimental to the genesis and to theuat of precipitation at
ground level. So the tuning of the CIBU scheme,ehfending empirically
appropriate values to tid, parameter as in other studies, is therefore napess
but is a difficult task: takingNs; >10 starts to dramatically reduce the
precipitation butNs<0.1 leads to no noticeable effects to the ice tatys
concentration in clouds.

The authors support the idea that after Vardim&v8), it is urging to renew
the lab experiments to investigate CIBU and toufixthe limit of the number of



fragments after collisions. However, in the meareyht is pertinent to examine
the possible consequences of CIBU in current miyysjgs schemes and to
propose a simple parameterization of CIBU basedstate variables of a 2-
moment microphysics scheme (Eq. 3 of the manugcript

To summarize, we show that the CIBU process inesathe number
concentrations of the small ice crystals while anessive CIBU forcing can
dramatically reduce the precipitation. As we badi¢lvat cloud models have now
greatly improved to reach the level of quantitatpmecipitation forecast, the
inclusion of new secondary ice formation procedgses CIBU and raindrop
shattering is not harmless. To the authors knovdeddl the recent studies
concerning CIBU were done out of the context ofeéhdimensional cloud
simulation so ignoring side effects of CIBU, as theal was to show an
expected (explosive) increase of the number cormteort of the small ice
crystal concentration.

In the introduction and in the revised text, weishsnore on the aspect that
adding CIBU (and the raindrop shattering in a fetwork), must be carefully
conducted to not alter a fundamental outcome ofapitysics scheme that is the
production of precipitation. However, we feel ththe non-linearity of the
microphysics schemes is such that the number ctmatenm of the small ice
crystals can be considerably increased through spested cloud physics
processes without significant changes in the prbooic rate of the
hydrometeors. This is what this manuscript wolke io demonstrate.

The supporting case study STERAO is a standard oésesolated deep
continental convection over the US Great Plaing khsted several hours. As
recommended we provide more information about thedeh set up for
STERAO. However we don't understand the remarks ceoning the
microphysics-dynamics feedbacks. The microphysyesahics interactions do
exist naturally in the model, with and without CIBUhe results show that even
“very dynamically forced”, CIBU modifies the predsgtion at the ground level
if we compare with a reference simulation where CIB ignored. This does not
mean that CIBU should act strongly and directly tbe dynamics. On the
contrary, our results show that CIBU is moderately systematically reducing
the production efficiency of the hydrometeors, sramygregate and graupel
particles on the rebound, so that all simulationews qualitatively a similar
evolution of the storm.

In the spirit of the preceding critique, there mry little discussion on how the
collisional breakup mechanism can alter microphggignamics interactions.
The precipitation results for example are presentasl if changes in
precipitation do not alter the dynamics of the stoiThe authors do calculate
the tendencies for the ice budget, but very Itikcussion is carried out. The
tendencies of vapor depositional growth, rimingdiseentation etc. are all



being altered but not enough detail is given atidav. Instead there is only a
very brief overview (e.g. Sec. 3.3).

We understand the critique but our goal was alsarite a short paper. We
don’t discuss on the alteration of the storm dymambut we show that
increasing CIBU efficiency i.e., takinysg>10 is detrimental to the production
of the precipitation. This is basically a major uksof the STERAO case
simulation of strong convection. We admit that wald have discussed this
point more in depth. However it would be very sgraithat a process like CIBU
which is ignored in most of the microphysics schemeuld change so much
the dynamics of a storm when activated. We agreextend the discussion
around the ice budgets even if our primary goal twahorten the manuscript.

Unfortunately, the manuscript in its current formnot suitable for publication
in GMD. Despite the uniqueness of the study ananip®rtance, the manuscript
fails at placing the collisional breakup mechanigmthe context of a cloud
resolving model. My major concerns are further deth in the specific

comments that follow.

We hope that the amended version of the manuseriptore convincing. Our

purpose was to draw attention to the overall intg@f a microphysics scheme.
This means that adding “beneficial” processes, ldadlisional breakup or

raindrop shattering, to increase the concentrasioime small ice crystals, must
be examined in the light of three dimensional satiohs to evaluate all the
consequences on the evolution of a precipitatirstesy.

Specific comments

Abstract, L16-19: This statement is contradictasytite preceding one. If it is
concluded that the CIBU scheme needs better obisemah constrains, then
why is it ready to be used in its current form tmdated REAL deep tropical
clouds?

We admit that the end of the abstract is awkwandt, Isas been revised.

We are convinced that CIBU does occur in clouds thiadl the strength of the
process is high enough to be responsible for anskeecyg production of ice
besides Hallett-Mossop mechanism and the rain shhaftering. But indeed, it is
clear that very few lab data exist to elaboratela arameterization of CIBU
(temperature dependence?). What is suggested Iserto iexamine the
consequences of a parameterization based only simplified form of the
collection kernel between snow-aggregates and gtguarticles timedNs, So
we agree without difficulty that our representatminCIBU could evolve with
more data from lab experiments. In the meantimeuvge the cloud physics



community to include a very simple representatidnCéBU like the one
proposed here in the microphysics schemes.

Consequently we add L12

“... an upper bound of the CIBU effect by examinihg tainfall rates”

We modified the last sentence of the abstractrtmre any ambiguity.
“However the proposed parameterization which isydasimplement in any
two-moment microphysics schemes, could be usechis grimary form to
simulate deep tropical cloud systems where anombldugh concentrations of
small ice crystals are preferentially suspecteactur.”

Introduction: A discussion, with the relevant refleces, is needed to motivate
the collisional break up process. Specifically, thieters should cite cases in
which excessive ice crystal numbers cannot be exqulaby the Hallet-Mossop
mechanism. The authors should also refer to othessible secondary ice
formation mechanisms like drop shattering. In isrent form, the introduction
does not motivate the need to carry out numerigpeaments of the collisional
break up process.

We agree but the focus here is on the representatiothe collisional ice

breakup as a candidate for secondary ice produstiaiouds. The whole story
of airborne observations of high ice crystal cotiations was redrawn in Field
et al. (2017). We have no contribution here on nlamnal evidence of
collisional ice breakup so we would like to be boe this kind of discussion.
We have already a footnote (number 2) that refer§able 1 of Field et al.
(2017) where the secondary ice production mechanisme listed with

references.

However we added a new sentence at the end ofsh@dragraph (L39)

“... are predicted. At first, our wish to introducelBU in a microphysics

scheme is essentially motivated by the detectionnaixplained high ice water
contents that sometimes largely exceed the corat@ntr of ice nucleating
particles (Leroy et al., 2015; Field et al., 200&dino et al., 2017)

Sec. 2.1: Please justify the choice of a tempeeaindependent Nsg here. For
example, Sullivan et al. (2017) use an Nsg thegngperature dependent.

Sullivan et al. (2017) who didn’t justify their cice either, introduced a
temperature enhancement factor based on Fig. 4akéhashi et al. (1995).
Compared to Vardiman (1977), we feel that Takahashiperimental setup is
not adapted for CIBU because the splinters areym@d by cm size ice spheres
to simulate graupel particles rubbing against esblr (and not breaking up as
expected for fragile aggregates). Furthermore wa fatuitively that the
production of up to 400 ice fragments per collisein~254 K is exaggerated.



We concluded that a limit of 10 fragments per s@in is enough to increase by
one magnitude the ice number concentration of TeRAO (continental) case.
Yano and Phillips (2011) retained a production 0ffeEagments per collision
with no temperature dependence.

Sec. 2.2: A better description of the two momefiiese is needed. The
equations can go into an appendix and more qualgatliscussion of how the
scheme defines the ice categories and how thoskl wedate to the CIBA would

be very beneficial here.

We would like to keep Sec. 2.2 as it is, but becgntbec. 2.3 with title 2.3
Representation of CIBU in the LIMA scheme’. We suggest reorienting the
content of Sec. 2.2

“2.2 Characteristics of the LIMA microphysics scheem

The microphysics LIMA scheme (Vié et al., 2016)lutes a representation of
the aerosols as a mixture of Cloud CondensatiodN((€CN) and Ice Freezing
Nuclei (IFN) with an accurate budget equation @mort, activation or
nucleation, scavenging by rain) for each aerosoé.tyfhe CCN are selectively
activated to produce the cloud droplets which groy condensation and
coalescence to produce the rain drops (Cohard iyl POO0). The ice phase is
more complex as we consider the nucleation by deépoon the IFN and the
nucleation by immersion (glaciation of tagged detplformed on partially
soluble CCN). The homogeneous freezing of the étepgk possible when the
temperature drops below -35° C. The Hallett-Moss@zhanism generates ice
crystals during the riming of the graupel and thevs-aggregates. The H-M
efficiency depends sharply on the temperature antthe size distribution of the
droplets (Beheng, 1987). The initiation of the srenygregates category is the
result of the depositional growth of large pristorgstals beyond a critical size
(Harrington et al., 1995). Aggregation and riminge aomputed explicitly.
Heavily rimed particles (graupel) can experiencyaor wet growth mode. The
freezing of the raindrops by contact with the sl crystals is leading to the
frozen drops merged with the graupel category. Wedting of the snow-
aggregates leads to graupel and shedded raindrojbes the graupel particles
directly melt into rain. The sedimentation of adrpcle types is considered. The
snow-aggregates and graupel particles are chawstteny their mixing ratios
only.

The LIMA scheme assumes a strict saturation ofntieer vapour over the cloud
droplets while the small ice crystals are subjectstiper or undersaturated
conditions (no instantaneous equilibrium).”

Sec. 3. L172-176: As mentioned above, many deffaile test case are missing.
“Several hours” is too general of a timeframe, peaspecify the actual time of



simulation. There are no details of the boundamdtions. What is the spacing
between the vertical levels?

We added the information in the revised text.

“The test case is illustrated by idealized numérstaulations of the 10 July
1996 thunderstorm in the Stratospheric-TroposphEsiperiment: Radiation,

Aerosols, and Ozone (STERAO) experiment (Dye et2100). This case is
characterized by a multicellular storm that becoswgsercellular after 2 hours.
The simulations were initialized with the soundigigen in Skamarock et al.
(2000) and convection was triggered by three 3Kybubbubbles aligned along
the main diagonal of the XY plan in the wind axi$eso-NH was run for 5

hours over a domain of 320 x 320 gridpoints witkni-horizontal grid spacing.

There were 50 unevenly spaced vertical levels u@3idkm height. With the

exception of the wind component, all the fieldsliieng microphysics, were
transported by an accurate, conservative, positeferite PPM scheme (Colella
and Woodward, 1984). There are no surface fluxestie 3D turbulence

scheme of MesoNH is activated. Open lateral boyndanditions are imposed.
The upper level damping layer of the upward mograyity waves starts above
12500 m.”

Sec.3 L179-183: What about sensitivity to CCN? $delae clear here. Do you
mean to say that you do not change the CCN corat@mif? As it is written, it
sounds like you are saying that there is no seuisitio the CCN concentration.

We are running the simulations with the same CQNipeOf course the LIMA

microphysics scheme is sensitive to different CGdracteristics (CCN size
distribution or mode and chemistry) and the scheésnable to deal with an
external mixture of several CCN modes. Here CCWaibbn is not the purpose
of the study but we need to give CCN charactesdticrun the LIMA scheme.
We just mention that the focus is not on the setitgito the CCN. The same for
the IFN except for the last study in Sec 3.5 whveeeare seeking for a minimal
IFN concentration to enable the CIBU process.

We modify the last sentence of the paragraph:

“... chemical composition of the CCN and of the IRNge characteristics of the
five aerosol modes are standard for the simulatstiasvn here except for ...”

Sec. 3.1. L191-192: Why do the results suggest eémpirically? Are the
precipitation profiles being compared to some efguean which is satisfied in
the specified range of Nsg? What is “unrealistidicat the simulation results
for Nsg > 10.0?

The numerical simulations can only provide an iatlan of the plausible range
of values forlNsg and so the interpretation of model results in teghthreshold



is by essence “empirical’. We clearly claim tha must be larger that 0.1 to
perturb a standard simulation run without CIBU ehtihkingNss>10 is leading
to an excessive perturbation of the precipitatiedf A simulation performed
with Nsg =50 reduced the accumulated precipitation by &f&t:

Our strong argument is that it is not acceptabd the CIBU process which is
ignored in the great majority of microphysics sckeemshould take so much
importance to accurately predict the precipitatidhe central question of the
study is therefore to find a compromise iy in order to increase the cloud ice
concentration but with the less possible disturkbario the amount of
precipitation at ground level.

We revised the text:

“A value lower than 0.1 leads to a negligible effe€ CIBU in the simulation,
while takingNsq >10.0 has an excessive impact on the storm ptatign (the
Nsg =50 case is not shown).”

and

L199:“... considering the strong adverse effect ...”

L200: “... satisfactory approach. Admittedly, the limiy ~10.0 is more an
order of magnitude but our conclusion is to recomane.”

Sec. 3.1. L199-202: This statement is unjustifiead. emphasized in the
preceding comment, realism of a specific Nsg ram@e not been established,
therefore the writers’ conclusion on the choiceNd by Yano and Phillips
(2011) being unrealistic is not justified. Also tleren’t enough details about
the cited study to make a meaningful comparisor.her

The paper of Yano and Phillips (2011) was tryingdemonstrate that CIBU
could lead to an explosiviee multiplication regime most of the time (see th
discussion in their section 3 about the normalizedmultiplication efficiency).
Clearly speaking the concern there was to reprodanehigh concentrations of
ice in idealized simulations and so ignoring anggiole side effects such as
perturbations brought to the production of ice loydeteors. In addition, looking
at Fig. 6 of Vardiman (1978) results, one can baethe plausible values of the
fragment numbers are well below 50. Only Takahaslal (1995) could detect
hundreds of splinters in their lab experiment bué wWwelieve that the
experimental set up was not truly representativieetrystal collisions in cloud
conditions (rubbing of cm size ice spheres agamsthanical fragmentation of
aggregates and dendrites by shocks as in Vardidf#8)). We admit however
that an upper boundary &y, =10 is more an order of magnitude than a true
threshold so we revise our wording in the text @eave).

The arguments to randomig, were given in L128-131. Besides, the idea was
also to check if rare events witi,; >>1 could be sufficient to enhance the
concentration of the small ice crystals but with@averse effect that is a
significant decrease of the accumulated rain atrgtdevel.



Sec. 3.2. L206-208: This would not be counteracsiffigct. There is a reduction
in the snow category as well as a reduction ingteupel category.

This is true. Sorry for the coarse mistake. Thetesere is‘However a further
effectis ...”

Sec. 3.2. L229-230: This statement needs justicai here should have been
more analysis of why the precipitation changeshia different simulations in
Sec. 3.1.

In deep convective storms like the STERAO cas®, cames from the melting
of the graupel particles and of the snow-aggregdteswith less importance.
We showed in Fig. 8 that the extent of the meaffilpsoof thery andrs mixing
ratios is reduced whelgg is increased. Consequently the same occurs far, the
mean profile peaking at 0.05 gkdpr Ns;—=0 compared to 0.04 gKgor Nsg~=10.
We admit that the difference is not easy to delmdt anyway less graupel
implies less rain below the freezing level.

Modifications in the text:

“This change is accompanied by a reductions@more visible between cases b)
and c)) and by a reduction fwhich clearly stands out at z=8,000 m. The final
result is a decrease of the rain mixing ratidoecause rain is mostly fed by the
melting of the graupel particles.”

Sec. 3.3: This section is struggling to properlgaée what is going as a result
of the lack of explanation of the two moment mibygjics scheme. Please define
AGGS, CFRZ, and SEDI. These are physical procesdgsnot just use their
names (e.g. deposition-sublimation)?

Overall, its ok that this section is descriptivet luneeds to be expanded to
properly discuss the impact on each ice microplaygicocess.

We apologize to keep the acronyms. Reference tteTais made earlier. This
Is corrected in the revised version.

Sec. 3.4. L.274-276: An increase of 135% to 913%nwiNsg increases from 2 to
5 deserves a lot greater attention. The authorsughconduct more analysis
here to find out why this is the case. Saying @spbnential” is not enough. The
result is also not tied to what is happening to ittee mass. There needs to be a
more comprehensive analysis of what is happenitigetace budget as a whole.

We drew attention to the transition lgf; from 2.0 to 5.0 (log scale) because the
peak value of\; is growing fast in this narrow range, no more. Wéa't think
this corresponds to an underlying physical progessis range o, However,



a saturation effect is slightly noticeable in th@lation of CIBU.; for Nsg >10.
We agree to smooth the text in order to avoid wadikis “exponential” and
“unrealistic”:

“The results clearly show that the growth\bfis fast wherlNg, reaches ..."and
“... leads to a tremendously high peak value.”

Sec. 3.4. L276: Another reference to realism withastification.
This is true, see above for the correction.

Sec. 3.4. L280: Why is HIND more efficient herel2 beecause the air becomes
sub-saturated with respect to liquid water? Why wbdomogenous ice
nucleation? What are HMG and HMS?

Without CIBU (Ns~0), the heterogeneous nucleation process, HIND, is
essential to feed the ice crystal concentratiorwéler we can’t say that HIND
is less efficient when CIBU is activated (the hontal scale is changing from
13a to 13c). The peaks of the HIND profiles are ttuthe different nucleating
properties of the IFN (Ice Freezing Nuclei), duksick carbon and organics, as
compiled by Phillips et al. (2008).

The homogeneous nucleation of the ice starts atghtlevel colder than -36°C.
This process HONH is not very active in this casel\s The definition of the
acronyms is given in Table 3. HMS(HMG) is the Huilossop process
attached to the riming of the droplets on the “sramgregates” (“graupel
particles”). Both are treated the same way.

Sec. 3.4. L289: “Equilibrated” is not the right wabrhere. | think you mean
“balanced”.

Yes,“balanced”is much better.

Sec. 3.4. L290: | gather here that there is tha¢ thuthors have some
understanding of why Ni grows exponentially. Thesy @ddress my earlier
comment if the authors can clarify what they mearehWhy do all of these
process rates grow in this fashion?

Well if CIBU is run withNs~=10, then the most important processes to shiape
are CIBU (source), AGGS and CEDS (both sinks). Shdimentation of\;

(SEDI profile) is also noticeable on the plots df.F13. In passing, it is
important to stress that the CEDS process actindy,a@orresponds to the full
sublimation of the cloud ice crystals (a local ladsN; concentration) when
these are detrained in unsaturated areas of thed darroundings. In a 2-
moment scheme mixing ratios and number concentigaust be consistent so



N; is set to zero whenever the mixing ratidoecomes negative (in LIMA, we
check for a strict conservation of the mass of eosdte and water vapour).
However it is clear also that ice sublimation isrgnaal for the ice mixing ratio
in the low levels of the clouds because, as exgetie water vapour deposition
dominates the growth of the ice inside the convectiells (see the profiles of
mixing ratior; in Fig. 9).

So increasind\; through the CIBU source of ice crystal is compéddy an
increase of AGGS (more available crystals are cagdtby the snow-aggregates)
and by an increase of CEDS (more ice crystals ateaided). The other
processes revealed in Fig 134,,£0) are not changing very much but their
importance is reduced because of changing tharmgattale when moving from
Fig. 13a to Fig. 13c.

Modifications in the text:

“The CIBU source of ice crystals is balanced byiaerease of AGGS and,
above all, of CEDS (here CEDS represents the salibm of the ice crystal
concentration when detrained in the low level a toud vicinity, below the
anvil for instance). Finally, theNs;~10" case demonstrates the reality of the
exponential-like growth ofN; because the three main driving terms CIBU,
CEDS and AGGS are growing at a similar rate thahustiplied by a factor 5,
approximately.”

Sec. 3.5. L304-305: “Difficult to interpret” is nat satisfactory conclusion here.
If the reader is going to be convinced of the vienportant argument being
made in this section, a better effort needs to bdarat understanding how the
baseline simulations’ Ni change with different igmucleating particle
concentrations. I'm also quite concerned that hoemmys ice nucleation hasn’t
been addressed at all.

The reviewer is right. What we meant here is thatrmean\; profiles are not
growing withNey as for instance we end up with very similyr profiles but
for Njey =10 and 0.01 difin Fig 14b. The many terms involved in the ice ghas
budget (see the profiles in Figs 9a and 13a) expilae difficulty of a bulk
analysis. However the important result here is thathnumber concentration of
nucleated IFN follows the initial IFN concentrateoas shown in Fig. 14 so the
IFN nucleation efficiency is independent of theialiNgy

Sec. 3.5. L308-310: This statement is unclear. dithors say the nucleated
IFN evolve in close proportion to initially availeIFN but then the authors
are also saying that the IFN do not depend on thH kconcentrations as
expected?

No what we wrote is that the nucleation efficiemdythe IFN does not depend
on the initial IFN concentration. We clarify thisipt in the revised text.



“In Fig. 14c, the IFN profiles are rescaled (muigption by an appropriate
numbers of powers of ten) to be comparable. Herg i#h equivalent to
computing an IFN nucleation efficiency. The impattaesult here is that the
number of nucleated IFN evolves in close proportorthe initially available
IFN concentrations, meaning that the nucleatingog@roes of the IFN do not
depend on the initial IFN concentration as expetted

Sec. 3.5. L314-322: The conclusions here are stinggto be properly
understood and interpreted due to the fact that emadugh information about
LIMA or the baseline simulation have been give.

We rewrote this part more carefully:

“The last plot (Fig. 14d) reproduces the normalizifferences of\N; profiles
between twin simulations performed with CIBU andheut CIBU. Even if
simulations made with the same initial concentratiy-y, diverge because of
additional non-linear effects (vertical transp@mhanced or reduced cloud ice
sink processes), the figure gives a flavour ofliblk sensitivity of CIBU to the
IFN. The enhancement ratio due to CIBU remains (@ss than 1 foNgy ~
100 dn?) but it can reach a factor of 20 at 9,000 m heighthe case of
moderate IFN concentration i.e. iy ~ 1 dm’. The behaviour of LIMA can
be explained in the sense that increadipg too much leads to smaller pristine
crystals that need a longer time to grow becausectmnversion to the next
category of snow-aggregates is size-dependentHaedngton et al. 1995 and
Vie et al., 2016). On the other hand, a low comediain of IFN initiates fewer
snow-aggregate and thus less graupel particlethesawhole CIBU efficiency is
also reduced. Consequently, this study confirmsetbsential role of CIBU to
compensate for IFN deficit when cloud ice concéidns are building up.”

Sec. 4. L329-330: | can’t agree with this statemé&s I've already noted, no
justification to this has been given.

We reword the sentences at L328-330 as follows:

“The number of ice fragments that results from raglei shock,Ng,, is a key
parameter which is only estimated from very fewt gageriments (Vardiman,
1978). A merit of this study is to provide an uppeund to the value df,
because of the sensitivity df to the simulated precipitation. We found that
taking Nsg>10 reduces significantly the precipitation at greund. This is not
acceptable since most of the cloud schemes (rurwiithgut CIBU process) are
tuned for quantitative precipitation forecasts.”

Sec. 4. L359-360: A quantitative conclusion aboduw tsensitivity of the
simulations to different realizations of CIBU (disechanges in observationally
constrained parameters) hasn't really been reached.



We reformulate our last conclusion that a complet¢ of secondary ice
production including Hallett-Mossop, CIBU and thendrop shattering, is of
great interest to simulate very high crystal cotregions. To this end it is worth
to check if such situations in real clouds arethetresult of a cooperative action
between the many secondary sources of ice crystals.

“So the next step in the LIMA scheme is to introglube shattering of the
raindrops during freezing as proposed by Lawsoal.g2015) and to compare
with CIBU, because the basic ingredients, raindrapd small ice crystals,
leading to a different ice multiplication processge not the same. Then, the
final task is to check that microphysics schemeh @afl known sources of small
ice crystals, nucleation and secondary ice prodonctire able to cooperate and
to reproduce observed ice concentrations which reach very high values
(units of cnt) in deep convective clouds but without convincixplanation
yet. Quantitative cloud data gathered in the t®miaring HAIC/HIWC (High
Altitude Ice Crystals/ High Ice water Content) digdroject (Leroy et al., 2015;
Ladino et al., 2017) could be a starting point valeate high resolution cloud
simulations with high ice contents.”
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