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Abstract. This is a comment on the review by Korolev
and Leisner (2020, hereafter KL.2020). The only two labo-
ratory/field studies ever to measure the breakup in ice—ice
collisions for in-cloud conditions were negatively criticised
by KL2020, as were our subsequent theoretical and mod-
elling studies informed by both studies. First, hypothetically,
even without any further laboratory experiments, such the-
oretical and modelling studies would continue to be pos-
sible, based on classical mechanics and statistical physics.
They are not sensitive to the accuracy of lab data for typical
situations, partly because the nonlinear explosive growth of
ice concentrations continues until some maximum concen-
tration is reached. To a degree, the same final concentration
is expected regardless of the fragment number per collision.
Second, there is no evidence that both lab/field observational
studies characterising fragmentation in ice—ice collisions are
either mutually conflicting or erroneous such that they cannot
be used to represent this breakup in numerical models, con-
trary to the review. The fact that the ice spheres of one exper-
iment were hail sized (2 cm) is not a problem if a universal
theoretical formulation, such as ours, with fundamental de-
pendencies, is informed by it. Although both lab/field studies
involved head-on collisions, rotational kinetic energy for all
collisions generally is only a small fraction of the initial col-
lision kinetic energy (CKE) anyway. Although both lab/field
experiments involved fixed targets, that is not a problem since
the fixing of the target is represented via CKE in any energy-
based formulation such as ours. Finally, scaling analysis sug-
gests that the breakup of ice during sublimation can make a
significant contribution to ice enhancement in clouds, again
contrary to the impression given by the review.

1 Introduction

The literature of secondary ice production (SIP) was recently
reviewed by Korolev and Leisner (2020, hereafter KL.2020).
The focus of their review is on laboratory experiments. It
is commendable that their review attempts to reinvigorate
laboratory observations of the various types of fragmenta-
tion of ice, research that has in the last decade been oriented
chiefly towards heterogeneous ice nucleation. We agree with
KL.2020 that future experiments about the breakup of ice can
only enhance the accuracy of its empirical characterisation.
Regarding observations of the breakup in ice—ice collisions
for plausible in-cloud conditions, only two prior lab/field
studies have ever been published quantifying it, as far as we
are aware (Vardiman, 1978; Takahashi et al., 1995).

However, the unfortunate impression is given to the reader
that numerical modelling and theoretical studies of the
breakup in ice—ice collisions are currently impossible due
to the fact that reliable data for laboratory experiments are
somehow critically missing. Even if the available data were
unreliable or unrepresentative of natural clouds, which is ac-
tually not the case (Sect. 4), our stand-alone theoretical and
modelling studies would, nevertheless, still have been possi-
ble, since they are based on classical mechanics of collisions
and statistical physics:

1. Yano and Phillips (2011) and Yano et al. (2016) de-
lineated the timescale of the explosive growth of ice
concentrations and the conditions for such instability in
terms of dimensionless parameters that provide a phase
space of the system.

2. The role of stochastic variability among fragmentation
events in promoting the onset of instability is elucidated
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theoretically by means of the Fokker—Planck equation
(Yano and Phillips, 2016).

3. Phillips et al. (2017a) show a formulation based on prin-
ciples of energy conservation and statistical variability
in the strengths of asperities, using a recent definition of
the coefficient of restitution. An application of this ver-
satile framework to a real cloud situation involved con-
straining some parameters with the lab/field data (Vardi-
man, 1978; Takahashi et al., 1995) but exists, as a the-
ory, independently of such data.

When KL2020 were negatively criticising both lab/field stud-
ies (Vardiman, 1978; Takahashi et al., 1995), they mentioned
three of these studies in the same context.

The purpose of our commentary is to point out some mis-
understandings apparent in the review by KL2020. The fo-
cus is on Sect. 4 of KL.2020, which covered the topic of
the breakup in ice—ice collisions, where we have contributed
both in theories and modelling. KL2020 have issued a Cor-
rigendum for how their section dealt with our three earlier
studies about the fragmentation of ice (Yano and Phillips,
2011; Yano et al., 2016; Phillips et al., 2017a).

The structure of the commentary is as follows. First, to
enable the reader to follow the technical details of our argu-
ments defending the lab/field studies criticised by KL2020,
the next two sections summarise their observations of the
breakup in ice—ice collisions and how these inspired our sub-
sequent theoretical and modelling contributions. That is fol-
lowed by specific comments on the review by KL2020 (their
Sect. 4) and its Corrigendum in Sect. 4. This describes how
the review by KL.2020 has several misunderstandings in their
survey of those lab studies underpinning our modelling and
theoretical studies of the breakup. We describe the errors that
their Corrigendum has not rectified.

2 Published laboratory/field observations of the
breakup in ice—ice collisions

A flaw in the review by KL2020 is the claim that the only
two lab/field studies observing fragmentation in ice—ice colli-
sions published hitherto are somehow so erroneous that they
cannot provide any basis for representing this type of SIP in
numerical models. Before our counterarguments defending
their utility (Sect. 4.1), the salient features of both lab/field
studies are summarised.

First, Vardiman (1978) constructed a portable instrument
deployed outdoors on mountainsides in USA during events
of ice precipitation (Fig. 1a). Ice particles fell through the
field of view of a movie camera onto a Plexiglas fixed plate,
and fragments were counted later by inspection of the film.
Fragment counts had earlier been verified as being accurate
by an intercomparison with an alternative portable cham-
ber that captured all fragments (Fig. 1b). The chamber had
an opening at the top, through which natural ice particles
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(about 0.5 to Smm in diameter) fell, descending into the
field of view of a camera and impacting a copper mesh. All
fragments had been captured in a supercooled solution and
counted by eye for this alternative method.

The numbers of fragments per collision were measured
(Fig. 1a) for various types of ice particle as follows:

Unrimed dendrites

Lightly or moderately rimed dendrites

Heavily rimed dendrites

Lightly or moderately rimed spatial crystals

Graupel.

For each morphological type, the number of fragments per
collision was mostly in the range of 1 to 100 for most sizes
and increased with size. This number was published as a
function of momentum change on the fixed plate (Vardiman,
1978).

Second, Takahashi et al. (1995) observed collisions be-
tween two giant spheres of ice (2cm diameter), one
rimed (A) and the other unrimed (B), in a cold box in a lab-
oratory. Figure 2 shows how these were performed. The un-
rimed sphere was fixed, while the rimed one was on a rotat-
ing arm. Both particles were intended to be representative of
small and large graupel colliding in a real cloud after falling
into regions of weak liquid water content (LWC), where the
smaller one grows predominantly by vapour deposition and
the other by riming, as had been observed by an airborne
video probe (Takahashi, 1993; Takahashi and Kuhara, 1993).
High concentrations of ice were observed for such collisions
by that video probe aloft. Takahashi et al. (1995), in the lab
experiment, observed hundreds of ice fragments per collision
(N).

Additionally, Takahashi et al. (1995) provided a reduced
estimate of N for natural graupel of the more common mil-
limetre sizes seen in clouds (N &~ 50). Takahashi et al. (1995)
did this rescaling according to the peak collision force for the
fall speed difference at such natural sizes (0.5 and 4 mm).
However, our formulation (Phillips et al., 2017a) suggests
that, when doing that rescaling, Takahashi et al. may not have
accounted for the reduced area of contact at these more nat-
ural sizes, possibly over-estimating N by an order of magni-
tude (Sect. 3).

In summary, both lab/field studies encompass a variety of
types of ice morphology and energies of impact. Although
perhaps incomplete in terms of representing the full extent
of this variety in natural clouds (Sects. 4, 5), the alternative
option of ignoring such a breakup when constructing cloud
models would seem absurd in view of the prolific fragmen-
tation they observed. Ice—ice collisions are the norm, not the
exception, in cold clouds (e.g. snowflakes are aggregates of
crystals).

https://doi.org/10.5194/acp-21-11941-2021
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Figure 1. The portable instruments used to determine the number of
fragments from natural falling ice particles. They were placed out-
doors on the ground with natural ice falling into them. Field obser-
vations in the winter of 1973-1974 were made, with the simplified
setup in (a), with a 16 mm movie camera, a black Plexiglas plate and
an optically black background. This instrument had been previously
verified as realistic by the use of the portable chamber in (b), with
ice particles falling through the hole in the top and into the chamber
and breaking on impact with the copper screen. Where, in (a), frag-
ments were counted only by inspection of the video footage, they
were counted in (a) by eye after falling through the mesh into the
supercooled solution. Source: Vardiman (1978). © American Mete-
orological Society. Used with permission.

3 Our previous contributions: theories and models
informed by both lab/field experiments of collisional
breakup

KL2020 suggest that three of our modelling and theoreti-

cal studies are somehow critically dependent on the lab/field
studies (Vardiman, 1978; Takahashi et al., 1995), as noted
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Figure 2. Experimental apparatus of Takahashi et al. (1995), used
to observe fragmentation in ice—ice collisions. In (A), ice spheres
rotated at a tangential speed of 4ms~!, while, in (B), ice spheres
were stationary. The ejected ice particles were collected on the plate
below. Cloud droplets were supplied from the centre of the right
wall. Source: Takahashi et al. (1995). © American Meteorological
Society. Used with permission.

above (Sect. 2). Yet in reality, Yano and Phillips (2011) and
Yano et al. (2016) treated the breakup at the cloud scale, not
the particle scale. Both of our studies provided a 0D ana-
Iytical model of a cloud, delineating a general theory of the
nonlinear growth of ice concentrations with three species of
ice, namely crystals, small graupel and large graupel. It was
found that a sole nondimensional parameter, ¢, which mea-
sures the efficiency of ice multiplication, characterises the
system in its 2D-phase space (Fig. 3a). ¢ is proportional to
the number of fragments per ice—ice collision. A systematic
investigation of the behaviour of the system is performed by
varying this nondimensional parameter. A tendency for ex-
plosive ice-multiplication is identified in a regime with ¢ > 1.

Although the laboratory experiment by Takahashi et
al. (1995; Sect. 2), was referred to in both papers (Yano and
Phillips, 2011; Yano et al., 2016), this was solely for the pur-
pose of estimating the number of ice fragments per collision
(N), which determines the order of magnitude of the nondi-
mensional parameter, ¢. The obtained estimate for a standard
case of deep convection is ¢ ~ 300, assuming the estimate
rescaled by Takahashi et al. (N ~ 50). This standard value
(300) is almost 3 orders of magnitude higher than the thresh-
old of ¢ for the onset of instability with explosive growth of
ice concentrations, namely unity (Fig. 3a). In this respect, our
theoretical studies do not depend on any results of laboratory
experiments in any critical manner.

Figure 3b illustrates how a change in the number of frag-
ments per collision by an order of magnitude only changes
the time taken to attain an ice enhancement ratio of 100
by about 30 min (comparing ¢ ~ 300 with ¢ ~ 30), regard-
ing the breakup in graupel—graupel collisions. Close to the
threshold (¢ < 3), the timescale becomes longer than for
most cloud systems. Phillips et al. (2017b) modified the

Atmos. Chem. Phys., 21, 11941-11953, 2021
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Figure 3. (a) The phase space of stability for the 0D model of ice—
ice breakup for a population of ice crystals and small and large ice
precipitation particles. The multiplication efficiency, ¢ (proportional
to the number of fragments per ice—ice collision), and dimensionless
initial precipitation concentration are the two axes. In (b), the time

evolution of the ice enhancement is shown for various values of ¢.
Source: Yano and Phillips (2011).

theory of Yano and Phillips (2011) to treat the breakup in
graupel-snow collisions, estimating that ¢ &~ 10. They found
this was consistent with an increase by an order of magnitude
of average ice concentrations in about an hour, as predicted
by the detailed cloud simulation. As the explosion of con-
centrations of ice proceeds, eventually the critical maximum
ice concentration for conversion of mixed-phase cloud to ice-
only occurs, with the timing of arrival at this final state being
more closely related to the order of magnitude of ¢ rather
than to ¢ itself.

Additionally, Yano and Phillips (2016) further consid-
ered a contribution of stochastic fluctuations of the ice-
fragmentation number by collision. The paper shows that
multiplicative noise effect induced by this stochasticity may
lead to an explosive multiplication, even under a subcritical
state (i.e., c<1). The system was characterised by the time

Atmos. Chem. Phys., 21, 11941-11953, 2021
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evolution of a probability distribution function in a phase
space, according to the Fokker—Planck equation.

An illustration of how our theoretical studies are not criti-
cally sensitive to the results of the lab experiments is as fol-
lows. Yano and Phillips (2011) and Yano et al. (2016) used
the original, rescaled estimate from Takahashi et al. (1995)
of N (50 splinters) for the standard case involving collisions
among graupel particles of more typical natural sizes (0.5
and 4 mm). If now, in light of the formulation by Phillips et
al. (2017b), this rescaled estimate (N ~ 50) is corrected with
a value from our formulation (Phillips et al., 2017a) account-
ing for the reduced area of contact, then an estimate of only
a few splinters per collision is obtained for the same pair of
natural sizes. This implies that ¢ ~ 10, which is still super-
critical (Fig. 3a). Conclusions about the overall effects from
such a breakup on any cloud in terms of feedbacks, insta-
bility and dependencies (e.g. on ascent) remain unchanged.
Note that such a correction does not affect the actual obser-
vations by Takahashi et al. (1995), which remain valid.

Next, Phillips et al. (2017a) created a formulation for the
number of fragments from any collision of two ice particles
as a function of their sizes, velocities, temperature and mor-
phology. It was based on principles of theoretical statistical
physics considering energy conservation at the particle scale.
For a pair of colliding particles that initially are not rotating,
energy is conserved as follows:

Ko=Ki+AS+ K. (D

Here Ky is the initial collision kinetic energy (CKE), which
is defined simply as the total translational kinetic energy of
both particles in the frame of their combined centre of mass.
Note that CKE is not a concept restricted to head-on colli-
sions. K is the final kinetic energy of the system after im-
pact in that same frame of reference, consisting principally
of the CKE of the colliding particles but also their rotational
kinetic energy. AS is the change in surface adhesion energy
after impact. Ky, is the energy lost on impact as noise, heat
and inelastic deformation, including plastic deformation and
breakage. A coefficient of restitution defined in terms of the
fractional energy loss, K,/ Ko, from Wall et al. (1990; see
also Supulver et al., 1995) was applied. This coefficient is
not restricted to head-on collisions and includes the possi-
bility of oblique collisions with rotation afterwards. This, to-
gether with the observed statistics of surface asperities, led
to the following formulation:

14
NZ(XA(T,D...)(l—eXp[—(%) ]). (2)

Here, N is the number of fragments per collision, and « is the
surface area (equivalent spherical) of the smaller particle in
the colliding pair, while A (T, D...), y and C are empirical
constants expressing how fragility depends on ice morphol-
ogy and ambient conditions. Figure 4 shows how the general
mathematical form of Eq. (2) is consistent with independent

https://doi.org/10.5194/acp-21-11941-2021
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+ Aircraft observations: VH09
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Figure 4. Measurements by Vidaurre and Hallett (2009) of numbers
of fragments from ice crystals of many sizes (10-300 um), impact-
ing the Formvar replicator flown at 130 m 5! through clouds above
Oklahoma, plotted as a function of the ratio of CKE to surface area
of the ice particle (see Eq. 2). Source: Phillips et al. (2017a). ©
American Meteorological Society. Used with permission.

data from Vidaurre and Hallett (2009) for a wide range of
sizes at a given speed (130 m/s).

The empirical constants of the theory (Eq. 2) were con-
strained for observations of graupel-graupel collisions over a
wide range of CKEs and impact speeds by the lab experiment
from Takahashi et al. (1995; Fig. 5). For other microphysi-
cal species, these constants were constrained by observations
made with an instrument (Fig. 1a) outdoors on a mountain-
side by Vardiman (1978; Fig. 1; Sect. 2). Thus, splintering
for each permutation of the microphysical species in ice—ice
collisions between snow, crystals, graupel and hail was rep-
resented by our formulation (Phillips et al., 2017a).

Phillips et al. (2017b) applied the formulation in the
aerosol—cloud model (AC) to quantify the role of ice—ice col-
lisional breakup for a convective storm observed by radar and
aircraft over the High Plains in the USA (STEPS, Severe
Thunderstorm Electrification and Precipitation Study). Ice—
ice breakup generated over 99 % of all nonhomogeneously
nucleated ice particles and was needed for the agreement
of ice concentrations predicted by AC with aircraft obser-
vations, which were corrected for artificial shattering biases.
Only with our scheme for the breakup included were vari-
ous observations (e.g. supercooled liquid water content) of
the clouds reproduced. This discovery was never mentioned
in the review by KL2020.

Curiously, in the budgets of all ice particles initiated
throughout the simulated storm, the graupel-snow collisions
were orders of magnitude more prolific in generating splin-
ters than collisions among only graupel or hail (Phillips et
al., 2017b). Thus, Phillips et al. argued that the 0D analyti-
cal model of Yano and Phillips (2011) and the related theory

https://doi.org/10.5194/acp-21-11941-2021
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Figure 5. Measurements of numbers of fragments per hail-hail
(2cm diameter) collision (circles), as a function of initial CKE,
which we inferred, using Hertz theory from the published data
of the experiment by Takahashi et al. (1995). Source: Phillips et
al. (2017a). © American Meteorological Society. Used with per-
mission.

of instability were directly applicable to graupel—-snow colli-
sions, except with the small ice precipitation species defined
as snow (>0.3 mm; crystals and their aggregates) instead of
small graupel. Phillips et al. (2017b) estimated the corre-
sponding value of multiplication efficiency for graupel-snow
collisions as ¢ ~ 10 for the cold-based convective storm
(STEPS).

There were no tuneable parameters to adjust in that sim-
ulation by AC. In total, two cloud models with contrasting
architecture simulated the same case of a mesoscale convec-
tive system that was about 100 km wide. Ours was AC with
hybrid bin/bulk microphysics; the other was pure spectral
microphysics, namely the Hebrew University Cloud Model
(HUCM). Both models allowed the same conclusion to be
reached, i.e. only by including ice—ice collisional breakup
could the order of magnitude of the ice concentration ob-
served be reproduced. Thus, there was no possibility of tun-
ing the cloud condensation nucleus (CCN) or ice nucleus
(IN) activity to give the desired ice concentration. Indeed,
the vast majority (about 99 %) of ice particles initiated in the
mixed-phase clouds were secondary, and there was little ac-
tivity of any (CCN-sensitive) warm rain process that might
yield graupel by raindrop freezing. Equally, the ascent statis-
tics observed by aircraft were adequately predicted and were
determined by the initial sounding also observed to govern
the convective available potential energy (CAPE), so, again,
no model tuning was possible for the sake of a semblance
of agreement. Over a dozen quantities were validated against
the coincident aircraft, ground-based and satellite observa-
tions (Fig. 6), including particle size distributions (Phillips et
al., 2017b; their Fig. 5). Raindrop-freezing fragmentation can

Atmos. Chem. Phys., 21, 11941-11953, 2021
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be ruled out for that case, as practically no supercooled rain
was observed. Both models (AC and HUCM) fitted these ob-
servations well but only when including the breakup in ice—
ice collisions.

AC took as input the coincident observations from the
Interagency Monitoring of Protected Visual Environments
(IMPROVE) of the mass concentrations of the seven chem-
ical species of aerosol. The CCN activity was predicted and
then validated by Phillips et al. (2017b). The active IN was
predicted from the observed dust, soot and organic concen-
trations by the empirical parameterisation (Phillips et al.,
2008, 2013), which has been independently validated for var-
ious other coincident observations in our earlier papers. The
CCN and IN activity spectra predicted by AC were then given
to initialise the HUCM.

Finally, regarding an entirely different SIP mechanism, by
pooling published lab observations of freezing drops in free-
fall, a formulation was created for SIP by fragmentation of
raindrops freezing quasi-spherically (Mode 1; Phillips et al.,
2018). By theoretical considerations, an alternative type of
SIP from the collision of a raindrop with a more massive
ice particle was represented (Mode 2). The formulation for
both modes was applied in a detailed bin microphysics par-
cel simulation and shown to reproduce aircraft observations
of cloud glaciation for a tropical convective case. Note that
the SIP mechanism discussed by Phillips et al. (2018) has no
connection whatsoever with the topic that it was erroneously
cited for by KL.2020, namely the breakup in ice—ice colli-
sions (see the Corrigendum).

4 Comments on the review paper and its Corrigendum
4.1 The breakup in ice-ice collisions

4.1.1 Criticisms by KL.2020 of both lab/field
experiments and of our theories and modelling

Including the revisions from their Corrigendum, the follow-
ing statements were made by KL2020 (their Sect. 4) about
fragmentation in ice—ice collisions, regarding both lab/field
experiments by Vardiman (1978) and Takahashi et al. (1995),
(Sect. 2) and our theoretical works.

First, KL2020 state the following:

Collisional ice fragmentation was also studied the-
oretically by... Vardiman (1978) and Phillips et
al. (2017a). These studies were based on the con-
sideration of collisional kinetic energy and linear
momentum. Such considerations would be relevant
only for cases of direct central impact. In a gen-
eral case, angular momentum and rotational energy
should be taken into consideration. Since oblique
particle collisions are more frequent than central
collision, the efficiency of SIP obtained in these
works is expected to be overestimated.

Atmos. Chem. Phys., 21, 11941-11953, 2021

V. T. J. Phillips et al.: Comment on ‘“Review of experimental studies of secondary ice production”

Regarding the theoretical study by Vardiman (1978), it
is evident that such negative criticisms are exaggerated be-
cause our theory (Phillips et al., 2017a) is free-standing, with
a robust theoretical basis in principles of classical mechan-
ics and statistical physics (Sect. 3). This allows us to in-
dependently quantify the errors inherent in published mea-
surements from various simplifications in the design of both
experiments (Vardiman, 1978; Takahashi et al., 1995). Our
theory relates numbers of fragments to the fundamental de-
terminative quantity, namely initial kinetic energy, for any
collision. The errors, when quantified, transpire to be quite
minimal in terms of numbers of ice particles emitted from
any collision, for the following reasons.

In the above quote, KL.2020 criticise Vardiman (1978) for
failing to include rotational energy from oblique collisions in
their theory, since their observations neglect such collisions.
Yet, it can be shown that the final rotational energy is only
a small fraction of the initial CKE. For any sphere of size,
R, and mass, M, its moment of inertia is / = (2/5) M R.
Consider a strongly oblique collision between two spheres of
different sizes and assume very frictional surfaces for both.
During the rebounding part of the period of contact, the ra-
tio of rotational to translational kinetic energy of the smaller
sphere is approximated by that of a sphere rolling on a flat
surface, i.e. 2/5. Here the assumed difference in size is suf-
ficient to make the effective mass of the pair approximately
the same as the smaller particle; less than a 10 % difference
between effective and smaller masses implies a difference
of a factor of more than 2 in size. At the other extreme, for a
head-on collision between such spheres, there is zero rotation
afterwards. This ratio of rotational to translational kinetic en-
ergies must be a monotonic function of the angle of impact,
since any rotation only arises from torque exerted during im-
pact. Thus, by this assumption of very frictional surfaces, the
average fraction of initial CKE converted to rotational en-
ergy, accounting for all possible angles of collision, would
be of the order of 10 %. (For exact spheres, this must be an
upper bound, since Supulver et al., 1995, observed for slow
ice—ice collisions of 5 cm ice spheres in the lab that friction
is insignificant, implying little transfer to rotational energy.)

The same is even more true of nonspherical particles.
These may generally be approximated as ellipsoids. Similar
arguments may be applied to an oblate ellipsoid (axial ratio
of 0 < s < 1) colliding with a much larger particle (by at least
a factor of 2) of any irregular shape. The smaller one falls
with the longer axes initially horizontal (radius a and mass
M). Now the nonspherical shape plays the role of perfect
friction. The moment of inertia of the smaller ellipsoid for
rotation around a horizontal axis is I = (1/5) M a? (1 + s?).
In the frame of reference of the centre of mass, the angular
velocity of the smaller particle after the most oblique im-
pactis w & V /a, where V is its initial relative speed. Thus,
the ratio of rotational kinetic energy ((1/2) [ w?) after colli-
sion to the initial translational kinetic energy ((1/2) M V2)is
just (1/5) (1 4 s2) <2/5, which reduces to 2/5 in the spe-
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Figure 6. Validation of the aerosol-cloud (AC) simulation with and without the breakup in ice—ice collisions, using aircraft data, radar data
and satellite data. Quantities shown are cloud droplet concentrations and mean size, liquid water content, ice concentration, radar reflectivity,
cloud fraction, ascent statistics and surface-accumulated precipitation from (a) to (h). Ice concentration is shown logarithmically in (d), both
with and without the breakup. Another simulation of the same case by the HUCM model is also shown. Source: Phillips et al. (2017b). ©
American Meteorological Society. Used with permission.
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cial case of spheres (s = 1), which is the value noted above.
As before, the ratio for a head-on collision is zero. Again, the
average fraction of initial CKE converted to rotational energy
for all possible angles of collision is of the order of 10 % and
is smaller for oblate ellipsoids than for the spherical case.

Alternatively, repeating this argument for a prolate el-
lipsoid (s > 1; shorter radius, a), w ~ V/sa, for the most
oblique impact implies that a ratio of rotational (after) and
translational (initial) kinetic energies is (1/5) (1 + 1 /sz) <
2/5. The same estimate of the average fraction of initial CKE
converted to rotational energy is reached (order of 10 %).

Thus, artificially preventing rotational evasive rebound in
the lab/field experiment must have only weakly affected the
energy available for fragmentation during impact (Egs. 1, 2).
This available energy is related to the difference between
initial and final total kinetic energies. For example, a 10 %
change in the initial CKE would correspond, at most, to
only about a 1 % change in fragments emitted per collision
(N = 200), in view of our analysis of observations by Taka-
hashi et al. at various impact speeds (Phillips et al., 2017a;
Fig. 5). Thus, the omission of rotational evasive rebound
from oblique impacts in Vardiman’s (1978) theory, and in the
observations of both lab/field experiments (Vardiman, 1978;
Takahashi et al., 1995), cannot seriously have biased the frag-
mentation per collision.

In short, the error in either the measured or predicted num-
bers of fragments per collision, introduced by artificially pre-
venting any rotational evasive response on rebound, is min-
imal, being about 1 % or less. Naturally, these are theoreti-
cal estimates based on classical mechanics, and such a lack
of the role for rotational evasive rebound for fragmentation
awaits experimental confirmation.

Insofar as the above quote pertains to our theoretical for-
mulation (Phillips et al., 2017a), it is wrong to suggest that
our formulation somehow did not consider rotational effects,
or that it is somehow ill-posed by not treating rotation ex-
plicitly. Rotational kinetic energy after impact is included
in Eq. (1), underpinning our formulation, and it is only a
small fraction of the total kinetic energy in any impact any-
way, as proven above. As noted above (Sect. 3), the concepts
of CKE (not momentum) and our energy-based definition of
the coefficient of restitution are not restricted to head-on col-
lisions. It is not true that our studies somehow required an
assumption of either “direct central impact” or the concept
of “linear momentum” for collisions in 1D. Our theoretical
formulation treats collisions in 3D. Equally, the application
of our theory to a simulation of clouds, after informing it
with both lab/field experiments (Vardiman, 1978; Takahashi
et al., 1995) that involved head-on collisions with little rota-
tional evasive rebound, merely introduces the same error to
the predicted fragmentation that affected the observed num-
bers of fragments. As estimated above, that error was mini-
mal (about 1 % or less).

Second, KL.2020 state the following:
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The theoretical framework of collisional fragmen-
tation developed in Yano and Phillips (2011), Yano
et al. (2016), and Phillips et al. (2017a) was
calibrated against experimental results of Vardi-
man (1978) and Takahashi et al. (1995) [Sen-
tence A]. A detailed analysis of the Takahashi et
al. (1995) laboratory setup indicated that the rim-
ing of ice spheres occurred in still air, which re-
sulted in more lumpy and fragile rime compared to
that formed in free-falling graupel. The collisional
kinetic energy and the surface area of collision of
the 2 cm diameter ice spheres also significantly ex-
ceed the kinetic energy and collision area of grau-
pel whose typical size is a few millimeters. Alto-
gether, it may result in overestimation of the rate of
SIP, compared to graupel formed in natural clouds.

Sentence A would have been more accurate if it had men-
tioned that Yano and Phillips (2011, 2016) and Yano et
al. (2016) provided a theory of glaciation generally on the
cloud scale and did not focus on fragmentation at the particle
scale. We did not use data from Vardiman (1978) for both
theoretical studies.

There is the suggestion from the entirety of this quote from
KL2020 (from Sentence A until “overestimation... in nat-
ural clouds”) that somehow simple curve-fitting of labora-
tory/field results was used to represent the breakup in ice—
ice collisions in our theoretical and modelling work. That
would be true if our theories somehow involved no depen-
dency of fragmentation per collision on contact area or CKE,
such that all simulated graupel at millimetre-sizes in clouds
would somehow have to fragment, as if colliding, just like the
observed giant spheres (2 cm). In fact, the opposite is true,
and our formulation of fragmentation in any given ice—ice
collision (Phillips et al., 2017a) has a robust theoretical basis
(Sect. 3). The overall theoretical formulation itself is devel-
oped, in a general sense, from classical mechanics and sta-
tistical physics, as a versatile framework independent of any
particular laboratory experiment. The fundamental quantities
determining fragment numbers per collision are not merely
particle size and temperature per se but are rather the initial
CKE, surface area for contact and the morphological classi-
fication of the ice (Eq. 1). Such fundamental dependencies
allow our formulation to apply universally to any size of col-
liding particle. It is not true that any “overestimation of the
rate of SIP” must arise from the fact that “2cm diameter
ice spheres also significantly exceed the kinetic energy and
collision area of [most natural] graupel”. These fundamental
dependencies (CKE and surface area) of fragmentation are
qualitatively realistic because they were derived by Phillips
et al. (2017a) from universally accepted tenets of material
science, such as the statistical distribution of asperities, and
of classical mechanics, such as the law of conservation of en-
ergy in a collision and the concept of CKE (Sect. 3). That law
is part of the first law of thermodynamics.
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Evidence for the realism of the mathematical form of our
formulation of fragmentation is that the numbers of frag-
ments per collision observed by Takahashi et al. (1995) for
a wide range of impact speeds (or CKEs) were realistically
reproduced by our theory (Phillips et al., 2017a; Fig. 5). Nat-
urally, Fig. 5 is not a validation, since it merely shows a com-
parison of our formulation with the data used to constrain
values of its parameters. Yet, equally, Fig. 5 is not the result
of simple curve-fitting; rather, it is the fitting of a simple the-
oretical expression to diverse observations at many impact
speeds. It fits the data. Moreover, additional evidence is from
a comparison with independent observations in Figs. 4 and
6, as noted above (Sect. 3).

In short, the fact that we fitted the theory to the giant
spheres of the lab experiment of Takahashi et al. (1995) does
not make it erroneous for smaller sizes because our formu-
lation (Eqgs. 1, 2) has a sound theoretical basis on the con-
servation of energy and is universally applicable to particles
of all sizes and morphologies. CKE and surface area are al-
ways fundamental quantities for the breakup, irrespective of
the nature of the collision, and the coefficient of restitution
(defined in terms of energy) as noted above may be viewed
approximately as an intrinsic property of the materials com-
prising the particles.

Although the unrimed ice sphere in each collision ob-
served by Takahashi et al. (1995) would be expected to have
a “fragile” surface, they selected this combination of surface
morphologies (rimed and unrimed, depositional and riming
growth, respectively) because their prior in situ observations
of real clouds implied that it was representative for real in-
cloud situations of ice multiplication. Previously, the fall-
out of large graupel into regions of weak LWC with small
graupel had been observed in situ in winter-time clouds near
Japan by Takahashi (1993) to generate copious ice crys-
tals with a novel video probe. High concentrations of ice
crystals co-located with graupel had been observed in the
mixed-phase region of deep convective clouds near Microne-
sia with the video probe flown on a balloon by Takahashi and
Kuhara (1993), providing indisputable evidence of ice mor-
phology and size. Such measurements by balloon are with-
out the artificial shattering biases that afflicted airborne op-
tical probes prior to 2011. The issue was then mitigated by
improved probe design. Along its trajectory, LWC had ear-
lier been sufficient to produce the graupel by riming and was
then depleted (e.g. by riming) and, hence, the weakness of
the LWC there.

Consequently, Takahashi et al. (1995) argued that, in nat-
ural clouds, small graupel, after forming through dominant
riming growth, can encounter predominant vapour growth
when falling into such weak LWC regions, with LWC less
than 0.1 gm™3. Even if such parts of any convective cloud
are limited, the in-cloud motions must tend to mix the crys-
tals throughout most subzero levels of the cloud over time.
The inherent nonlinearity of ice multiplication occurring by
such a breakup, involving the growth of splinters to become
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ice precipitation by a positive feedback (Yano and Phillips,
2011), must make such active parts of the cloud dispropor-
tionately influential compared to their volume.

Equally, the term “calibrated” in Sentence A seems mis-
leading. A calibration usually suggests that a given model
does not function properly without this procedure. That is
hardly true here for any of our papers cited in that sentence
(Yano and Phillips, 2011; Yano et al., 2016; Phillips et al.,
2017a). Our aim in these papers was not chiefly to provide
a quantitative prediction of the exact time of a certain ice
enhancement to be attained or of the exact number of frag-
ments from a given collision of two particles of known size,
morphology and ambient conditions. We were not providing
merely a sort of metaphorical speedometer to infer the speed
of ice multiplication. Rather, our chief aim was to provide
a theory based on principles of classical mechanics, mate-
rial science and statistical physics with a versatile framework
into which future lab observations may be assimilated as they
arise. Our theories stand alone (Sect. 3).

Lastly, KL.2020 claim, in the following, that

no parameterizations of SIP due to ice—ice colli-
sional fragmentation can be developed at that stage
based on two laboratory observations, whose re-
sults are conflicting with each other well. [Sen-
tence B]

This claim (sentence B) has not been retracted about the
impossibility of applying both lab/field studies for any for-
mulation. When juxtaposed with sentence A, it effectively
casts doubt on the integrity of our formulation (Phillips et
al., 2017a) and theoretical studies (e.g. Yano and Phillips,
2011) for no reason. The fact that Phillips et al. (2017a, b)
constructed such a parameterisation of the breakup in ice—
ice collisions, applied it in a model of real clouds by con-
straining its empirical parameters with both lab/field stud-
ies (Vardiman, 1978; Takahashi et al., 1995) criticised by
KL2020 and then validated the simulation with aircraft data
(Fig. 6), proves that the statement is wrong.

Moreover, both lab/field studies by Vardiman (1978) and
Takahashi et al. (1995) differed in the microphysical species
of ice they observed, except for both observing graupel or
hail (Sects. 2, 4.1.2). Most of the microphysical species ob-
served by Vardiman (1978) were never studied by Taka-
hashi et al. (1995). To study the deposition vs. riming growth
combination of surface morphologies of the colliding pair
(Sect. 2), as in the indoor lab experiment by Takahashi et al.,
1995, was never the objective of Vardiman, 1978, who ob-
served particles outdoors. It is an exaggeration to claim both
lab/field studies conflict with each other; they tackle different
facets of a problem that is as complex as the morphology of
ice itself.

As justified above, both lab/field observational studies of
the breakup in ice—ice collisions (Vardiman, 1978; Takahashi
et al., 1995) are sufficient to constrain representations of it
in models of ice multiplication in natural clouds. Our for-
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mulation of the breakup at the particle scale (Phillips et al.,
2017a) is based on fundamental principles, such as conser-
vation of energy, and the statistical physics of asperities on
their surfaces. This theoretical basis enables the formulation
to be constrained by lab data — even when the observational
conditions of the experiment are not so representative of nat-
ural clouds (e.g. 2 cm sizes for the experiment by Takahashi
et al., 1995).

The formulation was implemented in our cloud model,
AC, with a storm simulation validated in many respects
(Sect. 3; Fig. 6). The strong dependence of the simulated
ice concentrations on the process of the breakup in ice—ice
collisions (Phillips et al., 2017b) makes this effectively a val-
idation of the formulation itself. Equally, plausible errors in
the assumed number of fragments per collision in the theory
of Yano and Phillips (2011, 2016) and Yano et al. (2016) do
not alter the fact that the cloud microphysical system remains
unstable with respect to ice multiplication (Sect. 3; Fig. 3a).

Finally, the theoretical results, from the OD analytical
model of cloud glaciation by Yano and Phillips (2011) and
Yano et al. (2016), do not depend on laboratory results in
any sensitive manner (Sect. 3; Fig. 3). A lab observation of
N is merely used for an estimate of a value of the nondi-
mensional multiplication efficiency parameter, ¢, along with
several other values, so as to illustrate how natural deep con-
vection is in an unstable regime with respect to ice multipli-
cation. That investigation (Yano and Phillips, 2011; Yano et
al., 2016) was not fixed to this estimated value but, instead,
was performed over the full range of possible values of this
nondimensional parameter (¢). In short, KI.2020 give a mis-
leading picture of our work, despite the Corrigendum.

4.1.2 Other possible criticisms of both lab/field
experiments

Since sentence B (above quote) is such a strong and sweeping
claim, it is valid to ask what other criticisms could be made
to support it beyond those expressed by KL.2020. We identify
here a few possible criticisms and then argue that they, too,
lack credibility.

First, one might criticise the fixing of the target (Plexiglas
or ice) in both experiments by Vardiman (1978) and Taka-
hashi et al. (1995). But, this fixing can be shown to be unim-
portant for any energy-based formulation of fragmentation
such as ours. Essentially, since the target was rigidly fixed in
both experiments, the effect on the collision is via a drastic
increase in the inertial mass of one of the colliding particles
(m1 and my). The “particle” becomes the planet Earth or, ef-
fectively, infinite mass. The general equation for the initial
CKE with a relative speed of V (along the line of collision)
is as follows:

1
Ko= (_) MMz o 3)
2) mi+my
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Fixing one of the particles is expressed by m| — oo and then
Ko — (1/2)ma V2. As an example, consider two identical
particles m| = my = M that collide when free. The initial
CKE is then Ko = (1/4)MV2. Now we fix one of the par-
ticles, and Ko = (1/2)M V2. Consequently, the effect from
fixing one of the particles on the nature of collision is rep-
resented by the CKE being doubled. Whether or not both
particles are free does not alter the fact that CKE always pro-
vides the initial energy relative to the centre of mass of the
colliding pair, which is the source of energy for deformation
(e.g. fragmentation). CKE is always the fundamental quan-
tity. Thus, since the formulation by Phillips et al. (2017b)
related the number of fragments to the CKE in the lab exper-
iment, this relation is universal to any type of collision, irre-
spective of whether or not both colliding particles are free.

Indeed, the coefficient of restitution for head-on collisions
of a pair of particles is observed, for a wide range of con-
ditions, to vary only weakly with their masses and impact
velocity. For the present purposes, it may be viewed as an
intrinsic property of the materials of the colliding particles.
For millimetre-sized ice particles impacting an ice wall, be-
low a threshold of a few metres per second of impact speed,
the coefficient of restitution was observed to be constant, be-
ing independent of size and impact speed (Eidevag et al.,
2021). That threshold (attributed by Eidevag et al., 2021,
to collisional melting) is larger than the impact speeds ob-
served by Vardiman (1978) and most of the speeds (about
1-4 m/s; Fig. 5) of the experiment by Takahashi et al. (1995).
Equally, Eidevag et al. (2021) observed no significant effect
on the coefficient of restitution for a 20-fold increase in the
mass of a millimetre-sized ice sphere impacting an ice wall
for any given impact speed below the threshold noted above.
Whether the inertial mass of one of the colliding pair is infi-
nite, by it being fixed, seems almost irrelevant to the value of
the coefficient. This is why a fixed ice target sufficed in lab
studies in order to observe the coefficient of restitution for
free ice particles in planetary discs by Bridges et al. (1984),
Hatzes et al. (1988) and Supulver et al. (1995). Moreover,
when Takahashi et al. (1995) applied their lab data (sphere
of 2 cm in diameter colliding with fixed target) to a collision
between two spheres that are free and of 0.5 and 4 mm in di-
ameter, the ratio of the assumed masses is about 1000, and
the CKE is practically the same as if one of them had been
artificially fixed anyway. Consequently, the fixing of the tar-
get in both lab experiments introduces no significant error for
our formulation (due to its fundamental basis on CKE) or for
Takahashi’s et al.’s (1995) estimate for natural collisions be-
tween large and small graupel (applied by Yano and Phillips,
2011).

Second, it could be argued that the Plexiglas material of
the fixed plate used by Vardiman (1978; Sect. 2) could have
somehow biased the coefficient of restitution, altering the
energy loss on impact and, hence, the fragmentation, rela-
tive to that expected for ice—ice collisions. However, Eide-
vag et al. (2021) observed the coefficient of restitution to

https://doi.org/10.5194/acp-21-11941-2021



V. T. J. Phillips et al.: Comment on ‘“Review of experimental studies of secondary ice production”

be practically the same when comparing ice—ice collisions
and ice—ABS (acrylonitrile butadiene styrene) polymer col-
lisions, with both being in the range of 0.8 to 0.9 for impact
speeds below the threshold noted above. Crucially, Vardiman
(1978), before conducting the field campaign on the moun-
tainside for the reported observations, compared the portable
instrument with an alternative contrasting method (Sect. 2).
Fragments were reported to be as numerous for impacts on
the Plexiglas (Fig. 1a) as for the copper mesh target (Fig. 1b).

Third, it could be argued that somehow the weight of the
fittings supporting the moving ice sphere in the Takahashi et
al. (1995) experiment must have biased the measured frag-
ment numbers. Indeed, inspection of published diagrams of
their apparatus reveals a third ice sphere on the opposite end
of the metal nearly horizontal rotating bar (about 13 cm long;
3mm wide) for the main moving rimed sphere (Takahashi
et al., 1995), (Fig. 2). It has the same size as the other two
spheres but does not collide when they do. We estimate that,
altogether, the moment of inertia for the main rotating sphere
(A in Fig. 2) about the central axis supporting the bar was ap-
proximately doubled by including this extra sphere and the
weight of the moving fixtures. Since the total initial CKE
equals the rotational kinetic energy of the ice sphere plus at-
tachments (proportional to this moment of inertia) turning on
the axis (almost vertical in Fig. 2), the initial CKE is roughly
doubled by the extra mass. Hence, the extra weight for the ro-
tating sphere acts to bias the measured numbers of fragments
by only about 10 % in light of observations by Takahashi et
al. (1995) at various impact speeds (Fig. 5).

Fourth, there is the criticism originally made by Phillips et
al. (2017a) of the Vardiman (1978) experiment, namely that
ice particles were weakened by sublimation prior to collec-
tion outdoors, as they fell through the ice-subsaturated envi-
ronment below cloud base into the instrument on the moun-
tainside where they broke up (Fig. 1; Sect. 2). Phillips et
al. (2017a) reported that the prediction of N from Eq. (2),
which, for graupel-graupel collisions, is fitted to only the
Takahashi et al. (1995) observations, would be much lower
(by about half an order of magnitude) than if Eq. (2) were
fitted only to observations by Vardiman (1978) for collisions
of graupel for the same size (the largest he observed). Yet, in
reality, this was never a grave problem for our formulation
because Phillips et al. (2017a) then applied a correction fac-
tor to the fragility coefficient, C, in Eq. (2) to yield a match
at this size between both predictions. Phillips et al. (2017a)
then applied this same correction factor to the formulation
for other microphysical species (graupel-snow and graupel—
crystal collisions) when constraining them with the Vardiman
(1978) data alone. Prior sublimation artificially boosting the
observed fragmentation of natural ice falling onto the moun-
tainside was invoked as the reason for this empirical correc-
tion by Phillips et al. (2017a).

Lastly, it could be argued that somehow the variation in
rime density was not explored adequately in both lab/field
experiments. Cloud liquid properties and the impact speed of
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cloud droplets when accreted were variables not varied by
Takahashi et al. (1995). However, the standard conditions for
riming in the experiment by Takahashi et al. (1995; see Cor-
rigendum of KL2020) are representative of those in which
large graupel are typically created in clouds. When the du-
ration of vapour growth and riming of both ice spheres was
varied from 5 to 15 min, the number of fragments measured
by Takahashi et al. (1995) varied by a factor of about 2.

In summary, contrary to sentence B of the review, in view
of such errors, there is no evidence that the measurements of
fragment numbers in ice—ice collisions by Vardiman (1978)
and Takahashi et al. (1995) are either defective or unrepre-
sentative such as to render them useless in estimating coef-
ficients in a theoretical formulation. Naturally, these coef-
ficient values can easily be improved as increasingly accu-
rate laboratory measurements become available in future but
without changing the formulation itself in any manner.

4.2 Sublimational breakup

On the topic of sublimational breakup, KL.2020 conclude, in
the following, that

this mechanism is also unlikely to explain ex-
plosive concentrations of small ice crystals fre-
quently observed in convective and stratiform
frontal clouds ... Activation of SIP due to the frag-
mentation of sublimating ice requires spatial prox-
imity [our emphasis] of undersaturated and super-
saturated cloud regions. In this case, secondary ice
particles formed in the undersaturated cloud re-
gions can be rapidly [our emphasis] transported
into the supersaturated regions.

The reason given by KL2020 is that ice fragments may
disappear by evaporation before they can be recirculated. Al-
though that is indeed a major limitation, in reality, during
descent, there must be continual emission of fragments and
their continual depletion by total sublimation. We argue that
this causes a dynamical quasi-equilibrium with an enhanced
fragment concentration. Hence, any mixing of downdraught
air into the updraught will transfer air with the enhanced ice
concentration into the updraught, whatever the depth or du-
ration of the prior descent.

One can perform a scaling analysis as follows. Oraltay
and Hallett (1989) observed rates of emission of the order
of F ~ 0.1 fragments per second per parent dendritic crys-
tal (a few millimetres) initially, during sublimation at rel-
ative humidities with respect to ice of about 70 % or less.
Such humidities would be attained in an adiabatic parcel de-
scending at about 2m/s from about —15°C initially, with
about n =3L~! of crystals initially (2mm). If each frag-
ment takes a minute (t) to disappear by total sublimation,
then the equilibrium number of fragments per parent particle
is FT ~0.1 x 60 = 6. Dong et al. (1994) observed rates of
emission of F ~ 0.3 fragments per second per parent graupel
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particle (a few millimetres) initially. In a similarly subsatu-
rated downdraught, there would be an equilibrium number of
fragments per parent of Ft ~ 20.

The pivotal point here is that such a quasi-equilibrium con-
centration is maintained throughout the entirety of the subse-
quent descent after being reached (e.g. for 10 min of descent
at 2m/s). Thus, any recirculation of downdraught air into the
surrounding convective ascent would transfer air enriched in
fragments for their subsequent vapour growth and survival,
irrespective of the timing of this recirculation during the de-
scent and regardless of whether the prior descent is shallower
or deeper.

To conclude, there is no reason to suppose that sublima-
tional breakup is somehow insignificant in clouds, contrary
to the impression given by KL.2020.

5 Conclusions

The review of SIP by KL2020 (their Sect. 4) depicts our work
(Yano and Phillips, 2011; Yano et al., 2016; Phillips et al.,
2017a) in a distorted manner, even after their Corrigendum.
In particular, KL2020 made a controversial claim (sentence
B above; Sect. 4) about the impossibility of developing any
model formulation based only on the two existing experi-
mental data sets of the breakup in collisions of ice (Vardi-
man, 1978; Takahashi et al., 1995). No quantitative evidence
was provided by KL2020 in support of the claim. Our work
proves that claim to be false. Phillips et al. (2017a, b) con-
structed such a formulation of breakup in ice—ice collisions,
applied it in a model of real clouds by constraining its empir-
ical parameters with both lab/field studies (Vardiman 1978;
Takahashi et al., 1995) and then simulated a thunderstorm
case with validation against aircraft data (e.g., for ice con-
centrations), satellite data and radar observations, with the
formulation being critical for overall accuracy (Fig. 6). The
formulation performed well.

That claim arose because KL.2020 did not appreciate that
our formulation of such a breakup is based chiefly on an
energy-based theory coming from theoretical physics that is
universally applicable to all collisions (Phillips et al., 2017a).
The truth is that this formulation can be delivered even with-
out quoting the results from any laboratory experiments.
KL2020 then supposed that any unrepresentative aspect of
the collisions in the experiment will somehow cause prob-
lems when constraining parameters of any theory, when, in
reality, our formulation is based on such fundamental quan-
tities that this is not a problem.

In reality, the two laboratory/field studies of fragmentation
may be applied to inform theories of fragmentation in any
ice—ice collision such as ours. As noted above, our formula-
tion does not necessarily require such lab data anyway, as it
stands alone on a sound theoretical basis. As far as we are
aware, the only potential major issue with both lab/field ex-
periments is a possible bias from sublimation of natural ice
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particles outdoors prior to their fragmentation, as observed
by Vardiman (1978). But Phillips et al. (2017a) knew about
the possibility of such a bias and corrected for it when using
both lab/field experiments to constrain some empirical pa-
rameters of their theory (Sect. 4.1.2). Anyway, the bias was
not enough to alter the order of magnitude of N. It is a moot
point as to whether the supposed sublimational weakening of
these observations might actually have been representative of
natural graupel aloft within clouds, since episodes of subsat-
uration with respect to ice (e.g. in ice-only downdraughts)
are likely along the trajectory of any graupel particle within
the cloud.

More crucially, the errors in the breakup rate per collision
from the formulation, quantified by Phillips et al. (2017a)
as a factor of about 2 or 3, soon become immaterial in the
context of explosive multiplication of ice concentrations in a
natural cloud (Yano and Phillips, 2011, 2016). Whether the
number of fragments is under- or overestimated by an order
of magnitude does not alter the fact that explosive growth
of ice concentrations by orders of magnitude will occur any-
way via the positive feedback of ice multiplication (Sect. 3;
Fig. 3).

For any ice multiplication somehow involving mixed-
phase conditions (e.g. growth of fragments by riming to be-
come graupel), the explosion occurs until an upper limit
of the ice concentration is reached (related to onset of wa-
ter subsaturation, depending on temperature and ascent).
This same final state is reached with little sensitivity to the
breakup rate, with the timing depending only on the order of
magnitude of the multiplication efficiency (Fig. 3). Both pub-
lished lab/field experiments we used are sufficient to allow
a formulation that produces a simulation of observed cloud
properties, including ice concentration with proven accuracy
(Phillips et al., 2017b), as noted above.

Finally, the possibility of sublimational breakup contribut-
ing to observed ice enhancement cannot be dismissed as
easily as the review paper suggests. In reality, a dynamical
quasi-equilibrium is established between continual emission
and total sublimation of fragments so that any region of sus-
tained subsaturation with respect to ice will develop an en-
hanced ice concentration persisting throughout the descent.
The enhanced ice can then be transferred into regions of as-
cent subsequently for growth after almost any depth of de-
scent — even after prolonged descent. An order of magnitude
of ice enhancement is possible from sublimational breakup
in convective downdraughts and in their vicinity within the
cloud. The quasi-equilibrium is sustained because the parent
particles of ice precipitation take much longer to sublimate
away completely than their fragments, and they continually
emit fragments throughout most of their period of sublima-
tion. The persistence of this quasi-equilibrium ice concentra-
tion was overlooked by KL2020.

In summary, there is no evidence that the only two lab
studies about the breakup in ice—ice collisions within the
cloud hitherto (Vardiman, 1978; Takahashi et al., 1995) are
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either mutually conflicting or erroneous such that they can-
not be used to treat this process both in theoretical studies
and numerical modelling of clouds — contrary to the claim
by KL2020. There is no reason to suppose that those obser-
vations may cause any overestimation of SIP in models.
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