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Investigating Secondary Ice Production in a Deep Convective Cloud with a 3D Bin
Microphysics Model: Part Il - Effects on the cloud formation and development
Pierre Grzegorczyk, Wolfram Wobrock, Antoine Canzi, Laurence Niquet, Frédéric Tridon, Céline
Planche
e Heterogeneous ice nucleation and fragmentation of freezing drops plays a role during
formation of the cloud
e Hallett-Mossop and ice-ice breakup processes dominate after the cloud formation
e The impact of each SIP process on particle size distributions is analyzed by tracking air
parcel trajectories
e SIP reduces precipitation amount
e SIP affects cloud dynamics

e Cloud top altitude is reduced due to SIP
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Abstract

Secondary ice production (SIP) leads to the formation of new ice particles from preexisting ones.
Besides generating ice crystals, SIP can also influence cloud characteristics, including convection,
precipitation, and even radiative properties. This study examines the effect of ice crystal formation
by Hallett-Mossop, fragmentation of freezing drops, and fragmentation due to ice—ice collision
processes in an idealized deep convective cloud observed during the HAIC/HIWC campaign,
using the 3D bin microphysics scheme DESCAM. Our results indicate that heterogeneous ice
nucleation and fragmentation of freezing drops play a role during the early formation of the cloud
while after that, Hallett-Mossop and ice-ice breakup processes dominate, representing 17.6% and

81.5% of the ice crystal production, for temperatures warmer than -30° C. For temperatures colder

than -30° C, homogeneous and heterogeneous ice nucleation processes are the main contributors to
ice crystal formation. The impact of each SIP process on particle size distributions is analyzed by
tracking air parcel trajectories. This study also shows the effect of SIP processes on cloud
development. Implementing SIP results in a decrease in cloud top altitude by around 1.5 km. Our
analysis shows that this effect is caused by increased latent heat released below 11 km, resulting
from a stronger vapor deposition on more numerous ice crystals. This enhances convection at
lower levels but inhibits it above. Furthermore, incorporating SIP leads to 15% decrease in total
precipitation amount and 25% reduction of intense rainfall (accumulated precipitation over 40
mm). Hence, our study emphasizes the importance of SIP mechanisms in cloud development and
precipitation.

Keywords: Cloud microphysics, Convective cloud, Secondary ice production, Convection



1. Introduction

Our understanding of the processes and properties of the ice phase in clouds remains
incomplete and raises numerous unresolved questions. One of them is the discrepancy between the

number of ice nucleating particles (INPs) and observed ice crystal concentrations (N, ), which

has been documented for several decades. Multiple observational studies (e.g. Ladino et al., 2017,
Jarvinen et al., 2022; Korolev et al., 2022) and modeling investigations (e.g. Farrington et al.,
2016; Fu et al., 2019; Kagkara et al., 2020) show that the effectiveness of primary ice production
(PIP) processes (i.e. heterogeneous and homogeneous ice nucleation) alone cannot explain the

observed ice crystals number concentrations ( N._ ). This supports the existence of secondary ice

production (SIP), which generates additional ice crystals from existing ones. The relevance of six
of these processes observed in laboratory experiments was assessed by Korolev and Leisner
(2020). However, based on current knowledge about SIP, only three of these processes are
commonly discussed: the splintering during riming (hereafter called Hallett-Mossop) (Hallett and
Mossop, 1974), fragmentation of freezing drops (hereafter called drop shattering) (Lauber et al.,
2018; Keinert et al., 2020), and fragmentation due to ice-ice collision (hereafter called ice-ice
breakup) (Vardiman, 1978; Takahashi et al., 1995; Grzegorczyk et al., 2023).

Increased attention on SIP has emerged in recent years following studies such as Field et al.
(2017) which highlights numerous uncertainties regarding these processes. Consequently, SIP has
been intensively investigated through observations, including radar measurements (e.g.
Billault-Roux et al., 2023; von Terzi et al., 2022) or by in situ measurements attempting to identify
the processes responsible for ice crystal concentrations (e.g. Heymsfield and Willis, 2014; Korolev
et al., 2020a; Brechner et al., 2023; Lawson et al., 2023).

Simultaneously, SIP processes have been implemented into models, showing both their



significant effectiveness and their various impacts at different scales. At regional scales, modeling
studies of Sotiropoulou et al. (2021) and Zhao and Liu (2022) show that considering the SIP
processes leads to supercooled liquid water contents in better agreement with observations in
Arctic clouds, improving the partitioning between ice and liquid water phases. Therefore,
regarding the influence of SIP on the radiative properties of clouds, Young et al. (2019) and
Waman et al. (2022) demonstrated that considering SIP mechanisms leads to an increase in the
amount of shortwave radiation. At a global scale, Zhao and Liu (2021) demonstrated that the
effectiveness of the SIP processes depends on the cloud temperature and that SIP processes imply
not only a decrease of the liquid water path but also an increase in the global annual average net
cloud forcing (+1.1 W m™?). Other effects of the inclusion of SIP mechanisms have been observed
such as changes in rain and snow precipitation (Hoarau et al., 2018; Dedekind et al., 2021;
Georgakaki et al., 2022; Han et al., 2024) or even in convection intensity (Dedekind et al., 2021,
Karalis et al., 2022; Qu et al., 2022).

SIP mechanisms result in newly formed ice crystals whose origin is not well understood.
Indeed, SIP remains difficult to observe in real atmospheric conditions, and replicating SIP
processes in laboratory experiments is challenging. A few laboratory studies are nevertheless
available which allow the parameterization of SIP processes. However, these parameterizations
are subject to various uncertainties.

The companion paper (Grzegorczyk et al., 2024, hereafter Part 1) provides an assessment
of different representations available in the literature for each of the three main SIP processes
using the bin microphysics scheme DESCAM (DEtailed SCAvening and Microphysics model;
Flossmann and Wobrock, 2010) applied in the same 3D dynamical frame. The main goal of Part |

was to investigate how various parameterizations of secondary ice production (SIP) processes can



influence the microphysical properties such as ice crystal number concentration, particle size

distributions, and both liquid and ice water contents of a deep convective cloud. Several

representations for Hallett-Mossop (HM), fragmentation of freezing drops (DS), and ice-ice

breakup (BRK) were tested. Our results were compared with in-situ observations to discuss the

relevance of each SIP representation. The findings can be summarized as follows:

Simulations without SIP underestimate the concentration of ice crystals at temperatures
warmer than -30°C. In contrast, incorporating HM and BRK enhances the number of small
ice crystals (< 1 mm) which improves the simulated particle size distributions compared
to those observed by in situ observations. Regarding the concentration of ice crystals, SIP
processes reduce discrepancies with observations by two orders of magnitude.
Employing several parameterizations for DS reveals that DS minimally affects the
properties of the cloud at its mature stage. This process may be efficient in the cloud
development stage. However, for negative temperatures close to 0°C, where supercooled
drops are most frequent, this process is not yet well characterized.

All parameterizations of SIP processes exhibit the same trend: an increase in IWC and a
decrease in supercooled LWC.

The different parameterizations for the ice crystal sticking efficiency investigated
significantly affect particle size distributions, ice crystal concentrations, and ice water
content. Furthermore, the size of fragments generated by BRK significantly changes the
shape of the ice particle size distribution.

In addition to Part I, which focused on numerical tests and comparisons with observations

at the mature stage, this part 1l paper investigates the evolution of ice particle production by

primary ice particle production (PIP) and secondary ice production (SIP), all along the evolution of



a deep convective cloud system. By using the detailed bin microphysics model DESCAM and
online air parcel trajectories, we analyze the impacts of PIP and SIP on the evolution of ice particle
size distributions. Furthermore, special attention is given to the influence of SIP on cloud
dynamics by analyzing the cloud top altitude, vertical wind speed, and relative humidity, as well as
their interactions with microphysical processes. Consequently, changes in precipitation due to SIP
are also presented.

The paper is structured as follows: Section 2 provides a brief description of the simulation
setup, including the parameterizations used here and already tested in Part I, as well as the
methodology employed for analysis. Section 3.1 presents the results of the evolution of ice crystal
production by PIP and SIP as well as their impact on particle size distribution. Section 3.2 is
dedicated to the consequences of SIP on cloud convection and the possible reasons for these
alterations. Finally, the effect of SIP on the amount of precipitation is presented in Section 3.3. A
brief discussion comparing our findings with other studies is presented in Section 4. Conclusions

and key points of this study are summarized in Section 5.

2. Model configuration and case specification

2.1. Model configuration

This study uses DESCAM bin microphysics scheme (DEtailed SCAvening and
Microphysics model, Flossmann and Wobrock, 2010; Planche et al., 2010) which is implemented
in the Clark-Hall non-hydrostatic and anelastic 3D dynamical model (Clark et al., 1996; Clark,
2003). DESCAM uses six distribution functions to describe aerosol particles, drops, ice crystals,
rimed ice, as well as aerosol mass within each drop and each ice crystal bin. All the distributions

are logarithmically spaced with mass doubling bins, which evolve freely. The warm (liquid phase)



microphysics processes represented in DESCAM are droplet nucleation and deactivation from the
Kohler theory, vapor depositional growth, collision-coalescence and collisional breakup of drops.
The represented cold (ice phase) microphysics processes are homogeneous ice nucleation
following the approach of Monier et al. (2006) which was developed based on Koop et al. (2000),
heterogeneous ice nucleation (deposition, condensation and immersion modes) from Hiron and
Flossmann (2015), diffusional growth by vapor deposition, collisional processes such as riming
and aggregation and finally secondary ice production (SIP) mechanisms: Hallett-Mossop, drop

shattering and ice-ice breakup (more details in Grzegorczyk et al., 2024).

2.2. Case specification

The deep convective cloud case under study was observed in May 2015 during the
HAIC-HIWC airborne campaign, which took place close to Cayenne in French Guyana (Fontaine
etal., 2020; Hu et al., 2021). Simulations are conducted using a single domain of 354 grid points in

X, 210 points in y, and 86 points in z, with 0.25 km horizontal resolution and 0.20 km vertical

resolution. Simulations runs for 3 hours with a time step of 1 s. The initial atmospheric conditions
are based on the sounding data from Macapa station observed on May 23, 2015, at 00:00 UTC.
This sounding was modified by reducing wind speeds by a factor 1.3 below 10 km and 2 above, to
ensure that the cloud remains within the domain. Aerosol number and size distribution are derived
from UHSAS measurements provided in Ladino et al. (2017). The total number concentration of
aerosol particles is set to 800 cm 2 at ground level and decreases exponentially to 100 cm ™ from
1.5 km altitude. The type of aerosol particle in DESCAM is assumed to be composed of NaCl,
representing a marine origin.

To initiate convection, a circular thermal bubble of 8 km radius is applied during the first



25 minutes of the simulation and then progressively decreased with time (for more details, see Part
). The maximum latent and sensible heat fluxes of the perturbation are set to 1500 W m ™ (in the
same range as Lasher-Trapp et al., 2018) while this intensity decreases horizontally (with a cosine
function) and vertically (exponentially). A similar initiation method is used in Huang et al. (2022)
for the same case. 3D data outputs are generated every 10 minutes, while profiles of averaged
cloud properties and processes are available every 10 seconds.

In the companion paper, Grzegorczyk et al. (2024), different SIP parameterizations
recently available in the literature were evaluated using DESCAM by comparing simulated ice

crystal number concentration (N. ), ice water content (IWC), liquid water content (LWC) and

ice

particle size distributions (PSD) with HAIC-HIWC observations (based on 2D-S and PIP probes).
As a result, the rate of fragments generated by the Hallet-Mossop is set here to 350 per mg of rime
at -5°C based on Hallett and Mossop (1974). Although this value is commonly used in modeling
studies, it is challenging to determine if it is more realistic than those from other laboratory
experiments (e.g. Mossop, 1976; Heymsfield and Moosop, 1984). For the drop shattering
mechanism, the parameterization of Phillips et al. (2018) is applied encompassing both mode 1
(drop collision with a less massive ice crystal or drop freezing) and mode 2 (drop collision with a
more massive ice crystal). This parameterization seems to be the most reliable as it is based on
several laboratory observations performed in the 1970-80’s contrary to other approaches which are
based on only a few studies. Finally, the ice-ice breakup process follows the approach of Phillips et
al. (2017) but using parameters derived from laboratory experiments of Grzegorczyk et al. (2023).
The use of these specific parameterizations of the 3 SIP mechanisms considered in the study leads

to a better agreement between simulated and observed mean N, . Fragments formed by the

ice-ice collision breakup process are distributed into several bins based on the fragment size



distribution function detailed in Grzegorczyk et al. (2023).

Name Hallett-Mossop | Drop shattering Ice-ice breakup

noSIP - - -

HMonly | 350 per mg - -

DSonly |- Phillips et al. -
(2018)
BRKonly | - - Phillips et al. (2017) with Grzegorczyk et al.
(2023)
ALLSIP | 350 per mg Phillips et al. Phillips et al. (2017) with Grzegorczyk et al.
(2018) (2023)

Table 1: Table of the different simulations performed with DESCAM model.

Two contrasted simulations will be done, one without any SIP processes (i.e. ice crystals
formed only via homogeneous and heterogeneous ice nucleation) and another one with all the SIP
processes included (i.e. Hallett-Mossop (HM), drop shattering (DS) and ice-ice breakup (BRK)).
These numerical experiments are respectively called hereafter noSIP and ALLSIP (see Table 1).
Furthermore, three additional numerical experiments are performed where only one SIP process is

active (HMonly, DSonly or BRKonly) to study the individual influence of each process.

2.3. Parcel trajectories

To investigate the evolution of particle size distributions in DESCAM (see Section 3.1.2),

we applied an online method to track the trajectories of individual air parcels. This consists of an

ensemble of 100 initial points placed close to the 0° C isotherm and horizontally dispersed in the




area where the cloud starts to develop. These trajectories follow the wind flow from cloud
formation stage (40 min) up to the mature stage (80 min). All along these trajectories, the
temperature, altitude, production rate of ice crystals by PIP and SIP mechanisms, as well as the ice
crystal number concentration in each bin of the size distribution are recorded. Two of these

trajectories are represented in 3.1.2.

3. Results

3.1. The role of the primary and secondary ice production mechanisms

This section is dedicated to the analysis of the dominant processes producing ice crystals
along the evolution of the deep convective cloud investigated. First, the production rate of ice
crystals is analyzed both vertically and horizontally from the formation stage (40 min) up to the
mature stage of the cloud (80 min). Secondly, a special focus is put on the effect of PIP and SIP on

particle size distributions.

3.1.1. Spatio-temporal evolution of production rates of primary and secondary ice formation
processes

Fig. 1a,b and c show vertical cross-sections of the ice crystal production rate for the
ALLSIP simulation, focusing on the initial generation of ice crystals and the onset of cloud
glaciation. Fig. 1d,e and f present horizontal cross-sections of the ice crystal production at 6 km
(-7°C) for the same moments. At this temperature level, all three SIP processes can be active,
indicating which process is dominant depending on the cloud lifetime.

In these figures, each pie chart represents the spatial averaged ice crystals production rate

(with a radius in logarithmic scale) for PIP and SIP processes. In contrast to Fig. 1 which focuses



on ice initiation, Fig. 2 is dedicated to the evolution of the cloud up to its mature stage. It shows the

horizontally averaged PIP and SIP rates (for RH,, > 100%) as a function of time and altitude.

This illustration is similar to Fig. 8 of Huang et al. (2022) for the same simulation case.

Figure 1: Vertical cross sections (a,b,c) of production rate of SIP and PIP during the cloud
formation along a plane that intersects the convective core of the cloud. Panels (d, e, f) present
horizontal cross sections at 6 km altitude (-7°C). Pie charts depict the contribution of each process
in the ALLSIP experiment (averaged of 4 x 4 grid points) as well as the total magnitude of ice

number production from the radius of the pie which changes logarithmically.

Figure 2: Temporal evolution of the mean horizontal ice crystal production rate for SIP and

primary ice production mechanisms for cloudy points where RH. > 100% from the ALLSIP

ice —
experiment. Pie charts depict the contribution of each process as well as the total magnitude of ice
number production from the radius of the pie which changes logarithmically. The two parcel

trajectories analyzed in section 3.1.2 are represented by full (traj 1) and dotted lines (traj 2).

Fig. 1la shows that at 6 km altitude (i.e. -7°C), ice crystals are initially formed via
heterogeneous ice nucleation at a rate of around 5 x 10 cm 3 s ™%, During the ascent of the forming
cloud, heterogeneous ice nucleation triggers the formation of ice crystals at the top of the
ascending parcel (Fig. 1b). At 6 km altitude (Fig. 1d), heterogeneous ice nucleation only
dominates the production of ice crystals for about 2 minutes and becomes thereafter less important
due to the dominant secondary ice production for T > -30°C. Still at this altitude but 2 min later

(Fig. 1f), heterogeneous ice nucleation only plays a role when the cloud starts to extent



horizontally, forming ice crystals on the cloud edges. At higher altitudes (> 12 km), as depicted in
Fig. 2, heterogeneous and homogeneous ice nucleation processes form ice crystals in the cloud
anvil at T < -30°C with much stronger rate (more than 10 2 cm > s ). However, after 70 min
both PIP processes cease to generate a substantial quantity of ice crystals.

Fig. 1b and Fig. 1e show that DS becomes dominant just after the crystals have been
generated by heterogeneous ice nucleation. At this stage, the cloud is mainly liquid and large
supercooled drops are advected by the strong updrafts. Fig. 1b especially shows the ascending
parcel in which ice crystals are generated by heterogeneous ice nucleation at the cloud top (7 km)
while DS dominates below with a rate up to 102 cm™ s™*. Our results indicate that DS mode 2 is
stronger than DS mode 1 which is only efficient close to -10°C but never dominates the production
of ice crystal. The time span with dominating DS lasts less than 5 minutes during the early
glaciation of the cloud, which is coherent with observations of Lawson et al. (2015), who
demonstrated that the glaciation of an ascending cloud is rapid and coincides with the presence of
large frozen/broken drops. After 40 min, as illustrated in Fig. 2, DS only produces a significant
part of ice crystals next to 0°C altitude (around 10 cm ™3 s™%) via the mode 2 (see Phillips et al.,
2018) where large drops can collide with more massive ice crystals. It should be noted that BRK is
triggered around -15°C in Fig. 1b and quickly becomes stronger than DS via mode 1, which is only
slightly visible at 7 km in Fig. 2. This explains why DS via mode 2 only dominates near the
melting layer, where no other SIP processes are active. The fact that mode 2 is the dominant mode
of DS is similar to conclusions of James et al. (2023).

As shown by the transition from Fig. 1e to Fig. 1f, HM becomes efficient after DS, when
the cloud starts to glaciate. Indeed, the presence of large ice surfaces is necessary for riming and

triggering the HM process which becomes rapidly more efficient than DS. Therefore, as illustrated



in Fig. 2, HM s efficient between 6 and 9 km before 45 min of simulation with a rate of
approximately 10~ cm™2 s™*. Later in the simulation, the HM process continues to dominate the
production of ice crystals at a similar rate but in a restricted zone close to 6 km altitude (-7°C). This
contrasts to BRK, which dominates from 7 to 12 km. However, the local production of ice crystals

by HM increases N., on a wide vertical range, up to levels at -20 °C by vertical transport

(Grzegorczyk et al., 2024).

The ice-ice breakup process exerts the strongest vertical influence, dominating the
production of ice crystals between 7 and 12 km altitude after 45 minutes, with a rate of around 10
cm 3 s below -30°C (see Fig. 2). It becomes efficient after the formation of large ice crystals,
similar to HM (see Fig 1). Contrary to other SIP processes, BRK does not necessitate supercooled
liquid drops but only large and fragile ice crystals that collide and produce fragments (see
parameters in Phillips et al., 2017). As obvious from vertical profiles in Fig. 3, supercooled liquid
water content is low above 7 km when the cloud reaches its mature stage (80 min), which may
explain why BRK is efficient at longer stages, up to 12 km (i.e. -45 °C). However, this mechanism
can be limited by ice crystal sedimentation or by decrease in updrafts which restricts the number of
large ice crystals. The presence of secondary ice crystals was reported at low temperatures
(between -22°C and -27°C) in Korolev et al. (2022) associated with the presence of large ice
crystals as well as rimed particles covered by ice crystals formed by deposition growth. As
presented in Grzegorczyk et al. (2023) vapor grown crystals on rimed particle produce a large
amount of fragments during collisions. Furthermore, as presented in Fig 2, BRK occurs at such
temperatures, which suggests BRK as a plausible candidate for the production of ice crystals at

low temperatures.



Figure 3: Vertical profile of mean ice water content (IWC) in solid lines and liquid water content
(LWC) in dashed lines for noSIP and ALLSIP simulations at the formation stage (50 min) in (a)
and beginning of the mature stage (80 min) in (b). Only data points with total water contents

(TWC) greater than 0.01 g m™> are taken into account.

A strong effect of homogeneous ice nucleation above 10 km (T < -30°C) is visible
during the cloud development phase, 10 minutes after the formation of the first ice crystals (see Fig
2). Homogeneous ice nucleation is dependant on ice supersaturation which is high at the top of the
ascending air parcel during the cloud formation as presented in Fig. 1c and f. Furthermore, this
process is also active next to the cloud top (i.e. 15 km) during the formation of the anvil
simultaneously to heterogeneous ice nucleation. However, after 70 minutes when the anvil is
formed, ice supersaturation decreases next to the cloud top which reduces the production of ice
crystals by this mechanism.

Throughout the entire cloud lifetime, in regions where T < -30°C, over 99 % of ice
crystals are formed through PIP, indicating that SIP is negligible at low temperature. In contrast,
for T > -30°C, 81.5 % of ice crystals are generated by BRK and 17.6 % by HM, which are the
dominant processes for ice crystal production. In this temperature range, only 1.4 % of ice crystals
are produced by DS and only 0.2 % by PIP which are both playing significant role only during

cloud glaciation.

3.1.2. Effect of PIP and SIP on particle size distributions
Some attempts have been made to identify the processes influencing the PSD

characteristics from in situ measurements (e.g. Heymsfield and Willis, 2014; Korolev et al.,



2020a; Brechner et al., 2023; Lawson et al., 2023). However, characterizing the production
mechanisms of ice crystals from such measurements remains challenging. Furthermore, little
attention has been made by modeling studies on the size of ice crystals generated by secondary or
primary ice processes as well as their evolution across the particle size distributions (PSDs).

From the ensemble of trajectories, two were selected, as illustrated in Fig. 2 by solid and
dashed black lines. These two trajectories were chosen as in at least one of their part, a single
process dominates the production of ice crystals, illustrating the effect of a single PIP or SIP on ice
PSDs. They referred to Traj 1 and Traj 2, start at 40 minutes and at altitudes of 4 km and 4.5 km
respectively (see Fig 2).

The trajectories follow the airflow and therefore do not track individual falling ice crystals.
However, since the focus is on the small ice crystals formed by SIP that fall slowly, the impact of
sedimentation on PSDs is considered negligible over the short periods depicted in Fig. 4. It is also
important to note that these trajectories are provided as examples to investigate the impact of the
different PIP and SIP processes on PSD throughout the cloud evolution, and are not representative
of the overall cloud evolution which is depicted in Fig. 2.

The analyses of these trajectories show the influence of the different ice formation
processes on the evolution of the PSD during the formation of the cloud. Fig. 4a-c illustrate the
effect of HM, BRK and heterogeneous ice nucleation mechanisms on the PSDs along Traj 1 while
Fig. 4d shows the same analysis for homogeneous ice nucleation along Traj 2. In all panels of Fig.
4, the instantaneous vertical wind speed, LWC, IWC, Nie,, RH, altitude, and temperature are

plotted to show the cloudy conditions belonging to the PSD represented in solid lines.

Figure 4: Particle size distribution of ice crystals from the ALLSIP experiment at various times



affected by Hallet-Mossop (a), ice-ice breakup (b) and heterogeneous ice nucleation (c) processes
along Traj 1 while Traj 2 illustrates the effect of homogeneous ice nucleation (d). The vertical
wind speed, LWC, IWC, Njc, RH, altitude and temperature indicated on each panel represent the

cloudy conditions associated with the PSD in solid colored lines.

For Traj 1 in Fig. 4a, at 40.01 min, the modeled PSD at 5.4 km is quite irregular and Njc =
0.004 L. Only 15 seconds later, the air parcel reaches 5.6 km (-3.5°C) (see PSD in red in Fig 4a).
During this brief ascent, the riming process becomes active, resulting in a decrease in LWC from
0.8 gm2to 0.5 g m™>. The presence of riming with a temperature close to -3.5°C is favorable to
trigger the Hallett-Mossop process. Indeed, at 40.25 min, a distinct new mode appears next to 15
pm as a result of HM effectiveness. Furthermore, the presence of riming is also characterized by
the increase in the concentration of large ice crystals (> 500 pm) visible from 40.25 to 40.75 min.

In DESCAM model, fragments from the HM process are sized according to Choularton et
al. (1978, 1980), where fragments of around 10 um were observed (see Grzegorczyk et al., 2024,
for details). Consequently, as depicted in Fig. 4a, small fragments generated by HM can grow
rapidly by vapor deposition, from a size of 15 um up to 40 pum in 30 seconds and form a mode
close to 100 pm after 90 seconds. This confirms that looking at newly grown small ice crystals, as
proposed by Korolev et al. (2020a), can be a method to detect the secondary ice production by HM
using in-situ probes. Moreover, Fig. 4a shows that fragments may be faster than estimated by
Heymsfield and Willis (2014). They suggest that columns or hexagonal plates originating from
fragments of 10 pm size could be observed after approximately 150 to 300 seconds of growth. The
faster growth suggested here could be due to the presence of high humidity (RH = 102.26%).

Along Traj 1, DS is not a predominating process according to the analysis of the evolution



of the PSDs. However, it should be noted that since DS produces fragments of similar sizes to
those from the HM process, distinction of these two processes from observations at T < -8°C
may be challenging. At lower temperatures, DS could become distinguishable and would induce
similar changes in PSD as HM.

Then, the air parcel of Traj 1 reaches 7.4 km (i.e. -14.4°C) at 41.75 min. Between 41.75 and
43.33 minutes (Fig. 4b), BRK process becomes dominant, increasing the ice crystal concentration
from 140 L to 540 L " in less than 2 minutes. The ice fragments generated by BRK in DESCAM
predominantly consist of hundred micrometers size ice crystals based on Grzegorczyk et al. (2023)

observations, which lead to an increase in N, within the size range of 30 um to 3 mm, with the

most significant increase occurring close to 150 um. Consequently, as fragments have sizes close
to the prevailing mode of the PSD, a new secondary mode is not visible (see Fig. 4b). This
confirms the suggestion made by Korolev et al. (2020a) that fragments produced by BRK may not
grow in the shape of small faceted ice crystals, thus making their identification during in situ
measurements difficult. Furthermore, these fragments can be pieces of ice crystals having a
distinct morphology (e.g. branches of dendrites) which can also be attributed to the shattering
effect of in situ probes. Note that due to strong supersaturation and the rise in Nijc, the depositional
growth increases the IWC from 1.82 to 3.54 g m ™ as depicted by the shift of the PSD to larger
sizes (Fig. 4b). The presence of large ice crystals facilitates the BRK process, as they possess
substantial fall speeds, resulting in high collision kinetic energy (CKE). Large ice crystals have
large surface area, enabling fragmentation of numerous asperities. Both of these conditions are
taken into account for this process when using the parameterization of Phillips et al. (2017). The
presence of large ice crystals was not encountered at the start of Traj 1 which might explain why

HM initially dominates the production of ice crystals at -3.5°C (see Fig. 4b). Furthermore, based



on Takahashi et al. (1995), the BRK process is parameterized to be less efficient in DESCAM at
such temperatures compared to -15°C.

At 43.33 min, Traj 1 reaches 10 km altitude and temperatures lower than -30°C (see full
line of Fig. 2). At this altitude, the parcel is not only influenced by BRK but also by heterogeneous
ice nucleation. The decrease in temperature down to -30°C as well as the presence of high relative
humidity (RH = 78% in Fig. 4c) cause that PIP processes dominate the production of ice crystals,

increasing N, close to 1000 L™. This production of ice crystals from interstitial aerosol and

remaining droplets is characterized by a second mode of small ice crystals around 20 pum, which is
illustrated by the green line at 44 min in Fig. 4c.

Traj 2 (see dashed line in Fig. 2) starts in a higher altitude compared to Traj 1 and reaches
lower temperatures, where homogeneous ice nucleation becomes important. A short section of

Traj 2 is represented in Fig. 4d, where N, increases from 340 L " to around 1200 L™ in only one

minute. Indeed, homogeneous ice nucleation is triggered by low temperatures (-37.9°C here) as
well as the presence of high humidity (RH = 97%) which is a consequence of strong vertical wind
speeds encountered during the formation stage of the cloud (before 80 min). The effect of both
heterogeneous and homogeneous ice nucleation occurs under similar conditions and lead to
similar changes in PSD i.e. the creation of a mode of small ice crystals as depicted in Fig. 4c and

Fig. 4d.

3.2. Effects and mechanisms induced by secondary ice production on the cloud

development

3.2.1. Effect of SIP on cloud dynamics

Fig. 5 shows the temporal evolution of the mean cloud top altitude for the simulations



mentioned in Table. 1. The cloud top altitude is defined here as the mean of the maximum altitude
where TWC > 0.01 g m™> occurs. Fig. 5 indicates that considering SIP processes (individual or
all SIP processes) leads to a noticeable decrease of cloud top altitude, starting from cloud
formation at 50 min, persisting through its mature (from 80 min) and dissipation stages (from 120
min). The DSonly and HMonly simulations both show a reduction in cloud top altitude of about 1
km, whereas BRKonly and ALLSIP gives a decrease by 2 km and 1.5 km. However, it remains
difficult to explain why BRKonly gives a lower cloud top altitude compared to ALLSIP.
Nevertheless, this indicates that BRK process is the SIP mechanism that most significantly
influences the cloud top altitude, possibly due to its dominance across the cloud vertical extent as
illustrated in Fig. 2. Our results are in agreement with Karalis et al. (2022) who observed a lower
cloud top as a consequence of BRK contrary to Qu et al. (2022) who found that the cloud tops are

higher when including DS process.

Figure 5: Temporal evolution of the mean cloud top altitude for noSIP, individual SIP (HMonly,

DSonly BRKonly) and ALLSIP simulations described in Table. 1.

The altitude of the cloud top could be influenced by the vertical wind, as examined by Fig.
6 which displays the vertical occurrences of updrafts between +1 and +2.5 m s* as well as
downdrafts between -2.5 and -1 m s * inside the cloud (where TWC > 0.01 g m ) integrated over
the entire cloud lifetime (up to 180 min). These ranges of vertical wind speeds were chosen as they
correspond to the typical vertical wind speeds observed during the flights of the HAIC/HIWC
campaign. Fig. 6 shows that the occurrence of updrafts and downdrafts decreases by a factor of 2

above 13 km, when considering any SIP or all SIP mechanisms compared to noSIP. This



diminution next to the cloud top may explain the lower cloud top obtained with SIP in Fig. 5.

Figure 6: Vertical occurrence of updrafts of w = [1,2.5] m s *in (a) and downdrafts of w =
[-2.5,-1] ms *in (b) integrated over time and horizontal extension of the cloud for TWC > 0.01 g

m 3,

Fig. 6a shows a rise of updraft occurrences in HMonly next to 7 km and 10 km. For
BRKonly, there is a more pronounced increase in updraft occurrences between 9-12 km. These
changes are consistent with the fact that the HM mechanism operates at lower altitudes compared
to BRK (see Fig. 2). The occurrence of updrafts is stronger at 10 km in ALLSIP. The reasons for
these changes are presented in Section 3.2.2.

Occurrences of downdrafts (Fig. 6b) are significantly higher between 8 and 11 km for
HMonly, BRKonly and ALLSIP where the occurrence is doubled compared to noSIP. Contrary to
the other experiments, DSonly leads to a slight decrease in downdraft occurrences between 8 and
11 km. Overall, both panels of Fig. 6 indicate that HMonly, BRKonly and ALLSIP give an
intensified dynamics within the cloud (between 7-11 km) while it decreases at higher levels of the
cloud (above 11 km) in comparison to noSIP. We suppose that the significant increase of
downdrafts for ALLSIP simulation might result as a balancing effect triggered by the strong

updraft occurrences in the same case.

3.2.2. SIP-induced mechanisms altering convection
The inclusion of SIP mechanisms leads to higher ice crystals concentrations (two orders of

magnitude at -10°C as shown in the companion paper, Grzegorczyk et al., 2024), leading to a faster



and more pronounced glaciation. As illustrated in Fig. 3a and b, ALLSIP produces higher IWC and
lower supercooled LWC during both the formation stage (50 min) and the mature stage (80 min).
The rise in IWC found in Fig. 3a,b could be linked to the changes in convective properties within
the cloud (Fig. 5 and Fig. 6). To investigate these differences, Fig. 7 shows the temporal evolution
of the mean vertical profile of difference in latent heat release between ALLSIP and noSIP.
Positive values (in red) indicate a higher latent heat release due to SIP mechanisms, while negative
values (in blue) indicate a lower latent heat release in the presence of SIP mechanisms. Note that
data used for latent heat are mean values for all the cloudy grid points in a given altitude. It must be
pointed out that all mean values of latent heat (for noSIP and ALLSIP) are positive until the
dissipation stage at 120 min. This, does not exclude that presence of regions where RHic is well

below 100% and sublimation can take place.

Figure 7: Temporal evolution of the changes in mean latent heat released between ALLSIP and
noSIP simulation as function of altitude. Red area indicates a higher latent heat release for
ALLSIP, while blue indicates a lower release. Only grid points with TWC > 0.01 g m > are taken

into account.

As presented in Fig. 7, a clear surge in latent heat release is obtained before 70 min and

below 10 km. Note that the maximum latent heat released at this stage reaches up to 0.035 °C s™
(not illustrated). The surge of heat released corresponds to the region where SIP mechanisms
generate ice crystals in an amount exceeding several orders of magnitude of those produced by PIP
processes (see Fig. 6 of Grzegorczyk et al., 2024). Small fragments formed by SIP processes grow

by vapor deposition to quickly reach bigger sizes (as illustrated in Fig. 4).



Figure 8a and b compare the rates of vapor deposition, riming, and drop condensation (i.e.,
variations in IWC or LWC). During the cloud formation stage (50 min), vapor deposition as well
as riming rates increase and are shifted at lower altitudes due to SIP. The increase in ice crystal
concentration caused by SIP probably enhances riming with more frequent ice-drop collisions and
intensifies vapor deposition by depleting water vapor faster. Although the rate of riming is stronger
than the rate of vapor deposition in Fig 8a, the latent heat released due to vapor deposition is
significantly higher than that of riming. Indeed, at 50 min and 7.5 km, vapor deposition gives
4x10°° °C s ! compared to 1x10* °C s * for riming. Regarding Fig. 7, vapor deposition is the
major contributor for the increase in latent heat, representing around 70 % of the total rise. Riming
significantly contributes to latent heat rise below 6.5 km altitude and accounts for about 15% in

overall increase.

Figure 8: Mean vertical profiles of condensed mass changes due to vapor deposition, riming and
drop condensation for ALLSIP and noSIP simulations for the cloud formation stage (50 min) in a)
and start of the mature stage (80 min) in b). Only grid points with TWC > 0.01 g m™> are taken

into account.

Conjointly to the analysis of latent heat release, Fig. 9 shows vertical median profiles of
relative humidity with respect to ice (RHice) at 50 min (initiation stage) and 80 min (mature stage)
for the noSIP and ALLSIP simulations. The left limit of the shaded region represents the 1st
quartile, while the right limit represents the 3rd quartile for ALLSIP (green) and noSIP (grey). Fig.
9a illustrates that the water vapor is consumed as the cloud develops vertically, leading to a

decrease in the 3rd quartile of RHjce from 125% in noSIP to 110% in ALLSIP at 8 km. This



reduction is consistent with the observed rise in latent heat release shown in Fig. 7 as well as the
rise in vapor deposition in Fig. 8a. Above 10 km, the lower amount of latent heat released in
ALLSIP simulation during the cloud formation (before 80 min) could be due to the anterior
consumption of water vapor at lower altitudes. This effect is visible in Fig. 8a with the shift of
vapor deposition at lower altitudes. Consequently, in ALLSIP, the cloud buoyancy strengthens at
lower altitudes while it weakens above 10 km (see black and green solid lines in Fig. 6a). Water
vapor depletion due to secondary ice production was reported in several other studies, especially

when BRK process was included (Hoarau et al., 2018; Dedekind et al., 2021).

Figure 9: Mean vertical profiles of relative humidity with respect to ice (TWC > 0.01 g m ™) for
ALLSIP and noSIP simulations for the cloud formation stage (50 min) in a) and start of the mature
stage (80 min) in b). Solid lines represent the median RHc. and the limits of colored area

correspond to the 1st and 3st quartiles.

After 60 min and above the melting layer (4.5 km), the latent heat release becomes weaker
for ALLSIP (see Fig. 7). First, water vapor is more rapidly depleted during cloud formation in
ALLSIP, which might take longer in the noSIP simulation. Indeed, it may occur later in noSIP due
to the lower number of crystals present below 10 km (e.g. 1 L™* in noSIP instead of 50 L for
ALLSIP at 6 km and 100 min). Secondly, as shown in Fig. 9b, the first quartile of RH;c. becomes
higher for ALLSIP (RHic = 75%) than for noSIP (RHic = 50%), which is not the case during the
formation of the cloud at 50 min (Fig. 9a). We suppose that this increase is due to the stronger
sublimation of ice crystals which is triggered by the rise of Nic generated by SIP. The presence of

this zone of sublimation at 80 min is also visible in Fig. 8b where vapor deposition becomes



negative. Additionally, the significant reduction in latent heat release (see Fig. 7) above 5 km after
60 minutes further confirms the development of areas dominated by sublimation. This conclusion
is coherent with our finding for downdrafts whose occurrence is higher at altitudes from 5 to 11 km
for the ALLSIP case (Fig. 6b). Relative humidity in downdrafts of cloudy air parcels decreases
rapidly below saturation and causes sublimation.

Furthermore, it is also visible from Fig. 7 that the amount of latent heat released is higher
under the melting layer (4.5 km) from 45 min to 100 min in ALLSIP. This phenomenon could be
due to the presence of more numerous droplets (not shown here) caused by melting of small ice
crystals originally produced by SIP processes. More numerous drops may increase the
consumption of water vapor, as supported by the rise of vapor condensationat T > 0 °C in Fig.
8a and b. This therefore causes a stronger release of latent heat in a similar way as inside the ice
phase. However, this phenomenon happens delayed (up to 100 min) since ice crystals are

generated above 4.5 km by SIP and slowly precipitate.

3.3.  Impact of SIP on surface precipitation

As depicted previously, SIP can affect the development of convective cloud systems,
suggesting that it could also impact precipitation. In this context, Table. 2 illustrates the total
amount of rainfall and the intense amount of rainfall (> 40 mm) in megatons obtained for each
simulation at 180 min. Both rainfall amounts decrease when considering one or several SIP
processes. The SIP mechanism that most significantly impacts precipitation is BRK, with a
reduction in the total rainfall amount by approximately 8% and a decrease of the total amount of
intense precipitation (> 40 mm) by 15% compared to noSIP. ALLSIP simulation results in a

similar total precipitation amount as BRK but causes the greatest reduction in intense rainfall of



25% compared to noSIP. Although the variation of these two quantities appears to be only slightly
affected, even small variations in rainfall amounts represent changes of megatons of precipitated

water.

Rainfall amount (Mt) | noSIP | HMonly | DSonly | BRKonly | ALLSIP

Total 238 |2.34 2.35 2.20 2.21

> 40 mm 0.62 |0.51 0.60 0.53 0.47

Table 2: Total and > 40 mm rainfall amount (in megaton) accumulated up to 180 min for noSIP,

HMonly, DSonly, BRKonly and ALLSIP simulations.

Going back to Fig. 3 we can see an increase in IWC while LWC (especially the
concentration of large raindrops, not illustrated) is decreasing. Additionally, below the melting
layer, droplet concentration rises due to the melting of small ice crystals generated by SIP, leading
to stronger drop condensation and latent heat release (see Fig. 7 and Fig. 8). This increase in
droplet number and decrease in raindrop concentration may reduce sedimentation as well as the
efficiency of the collision-coalescence process, further lowering precipitation. A similar effect
occurs when increasing aerosol number concentration (i.e. CCN), resulting in more droplets and
less rainfall, as presented in Leroy et al. (2006), Leroy et al. (2009), Planche et al. (2010), and
Kagkara et al. (2020).

It should be noted that incorporating a single SIP process reduces the total rainfall amount
in our results. However, combining all SIP processes in the ALLSIP simulation results in a greater
total rainfall amount compared to BRKonly. Similarly, the BRKonly simulation shows a more
pronounced diminution of the cloud top altitude compared to ALLSIP (see Fig. 5). The different

behavior of the ALLSIP simulation compared to BRKonly may arise from interactions and



feedback between SIP processes that influence cloud development. However, understanding these

interactions remains challenging to understand and requires further investigation.

4., Discussion

Investigations on the role of SIP mechanisms in convective clouds by modeling studies led
until today to quite different results. Several studies indicate that BRK dominates the production of
ice crystals in deep convective clouds (Qu et al., 2020; Huang et al., 2022; Waman et al., 2022;
Han et al., 2024). However, these studies depict different contributions of HM and DS processes.
In our study, we found that DS is effective only during cloud formation, whereas HM contributes
significantly during longer stages, representing 17.5% of ice crystals produced at temperatures
warmer than -30°C (see Fig. 2). In Qu et al. (2020), HM is found to be negligible and DS is highly
efficient during the cloud glaciation. Conversely, Waman et al. (2022) supports the significance of
HM during the cloud formation while DS remains low. At the cloud mature stage, Huang et al.
(2022) reports a stronger effect of DS compared to HM. Other studies such as Qu et al. (2022)
include exclusively DS and found that it strongly enhances Nic at the cloud mature stage. All of
these results might differ as different microphysics schemes and numerical methods are employed.
However, Huang et al. (2022) used similar parameterization compared to our study (i.e. Phillips et
al., 2018 for DS and Hallett and Mossop, 1974 for HM) but we found in our study a stronger effect
of HM and a weaker one for DS. These different results could be due to the different
representations of the liquid phase mechanisms as droplet activation, growth by vapor deposition
or collision coalescence which are treated in a detailed way in DESCAM (e.g. solving the
stochastic equation) and therefore differ from the P3 scheme (Morrison and Milbrandt, 2015) of

WRF used in Huang et al. (2022). The parameterization of drop coalescence and breakup are



sparse (Niquet et al., 2024) and can lead to major differences in terms of number of large and small
droplets (as discussed in Tridon et al., 2019; Planche et al., 2019) which strongly impact the
efficiency of both HM and DS processes.

The impact of the different SIP process may depend on cloud types and environmental
conditions. However, given the substantial differences in the conclusions regarding SIP
dominance for specific cloud types, such as convective clouds presented previously, identifying a
clear trend in SIP dominance remains challenging. However, studies investigating SIP for
different cloud types by using a single model could address this issue.

Instead of applying cloud modeling, Brechner et al. (2023) investigated the ice crystal
production mechanisms based on in-situ measurements of the PSD as observed in convective
clouds during the HAIC/HIWC campaign in Darwin 2014. Clouds investigated were similar to
those observed during the HAIC/HIWC Cayenne campaign. Brechner et al. (2023) conclude that
the presence of a small mode next to 50 pum diameter in bimodal or trimodal PSDs can be
attributed to PIP mechanisms. This, is not supported by our results (see Fig. 4c and d) as the
appearance of small mode due to PIP mechanisms only occurs for low temperatures (T <
-30°C), during the formation stage of the cloud i.e., before 80 min. Furthermore, Fig. 2 confirms
that PIP processes globally dominate the production of ice crystals only for T < -30°C up to the
cloud mature stage (80 min). For warmer temperatures (T > -30°C), our results indicate that the
presence of a mode of small ice crystals next to 20 um could be due to effective HM or DS
processes. Furthermore, the analysis of Traj 1 in section 3.1.2 shows that small ice particles of 10
pum produced by HM grow very quickly by vapor diffusion to larger sizes of 100 um in a region of
strong vertical transport as illustrated in Fig. 4a. This result agrees with Brechner et al. (2023) who

observed a mode of ice crystals next to 200 um typically occurring in updraft zones. While vapor



diffusion contributes to ice crystals in this size range, as proposed by Brechner et al. (2023), other
mechanisms may also be involved. Indeed, our results in Fig. 4b suggest that this mode could also
be a consequence of the BRK process.

To complete our analysis of the role of SIP processes in cloud top height decrease (see
Section 3.2), it is important to highlight additional reasons for this change. One of them may arise
from the depletion of cloud droplets caused by the presence of small ice crystals generated by SIP
(as illustrated by drop evaporation in Fig. 8). This depletion could inhibit ice formation at upper
levels (e.g., in the anvil) and may result in the production of a smaller amount of ice, consequently
lowering the cloud top altitude.

Several other studies have also investigated the influence of SIP on cloud top altitude, other
studies have investigated and reported further changes. Young et al. (2019) and Waman et al.
(2022) found a decrease in cloud cover due to SIP (HM, DS, BRK and fragmentation during
sublimation of ice crystals) which changes the amount of shortwave and longwave radiation.
Conversely, the study of Qu et al. (2022) shows a larger cloud anvil when including DS process.
Waman et al. (2022) also reported that lifetime decreases with SIP due to more rapid glaciation
while Qu et al. (2022) found that DS extend the longevity of the cloud system. From our results,
we did not detect any notable changes in the evolution of ice water content (IWC) or vertical wind
speed that could indicate a shorter or longer lifetime due to SIP mechanisms. Additionally,
introducing SIP processes into DESCAM does not significantly change the cloud cover. Although,
it is important to remind that our simulations are based on a single cloud in an idealized
framework, which could differ from larger, less constrained cloud systems.

The reduction of rainfall due to SIP and especially BRK depicted in Table. 2 has also been

reported for a convective system in Hoarau et al. (2018) as well as in Han et al. (2024) who found



20% decrease in surface precipitation. However, the influence of SIP processes on precipitation
remains uncertain: Dedekind et al. (2021) observed a reduction of precipitation in winter alpine
mixed-phase cloud while Georgakaki et al. (2022) reported an increase of 30% for the same cloud
type. As emphasized in Han et al. (2024), the effect of SIP on precipitation might depend on cloud
type. Consequently, investigations about the impacts of SIP on drop size distribution, rainfall
amount and evolution should be conducted in more details in a future work dedicated to a different

cloud case.

5. Conclusions

In this study, we investigated the formation of ice crystals by secondary ice production
(SIP) in an idealized deep convective cloud observed during the HAIC/HIWC campaign
employing the 3D bin microphysics scheme DESCAM. Our analysis focuses on examining the
temporal and spatial production rate of ice crystals by primary and secondary ice mechanisms,
alongside their effects on particle size distribution. Secondly, the implications of implementing
SIP processes (Hallett-Mossop, drop shattering and ice-ice breakup) in DESCAM are analyzed by
looking at the cloud top altitude, vertical wind speed, latent heat release, relative humidity and
precipitation amount.

Our results show that the first ice crystals to appear are generated by heterogeneous ice
nucleation next to -7°C. After that, drops starts to freeze causing the drop shattering (DS) process
dominate the production of ice crystals for a few minutes. However, both of these processes
become rapidly insignificant because of cloud glaciation and the strong efficiency of
Hallett-Mossop (HM) and ice-ice breakup (BRK) processes which become active with the

presence of large ice crystals. Throughout the simulation, these two processes persist and become



the primary contributors to ice crystal formation below -30°C. Consequently, these two processes
result in a simulated ice crystal number concentration close to those measured by in situ
measurements during the HAIC/HIWC campaign for the mature stage of the cloud (the companion
paper, Grzegorczyk et al., 2024).

Homogeneous and heterogeneous ice nucleation are the dominant mechanisms for ice
crystal production in the anvil at temperatures below -30°C when air conditions become highly
supersaturated (RHice > 110%). Consequently, these processes are active during the formation
stage of the cloud but cease to generate ice crystals once the cloud reaches its mature stage.

By examining particle size distributions along two trajectories using DESCAM bin
microphysics scheme, we determined the conditions under which SIP and primary ice production
(P1P) mechanisms occur, as well as their impact on particle size distributions (PSDs). Our results
show that DS, HM, and PIP mechanisms produce small ice particles within 10-20 um size range
that can grow rapidly by vapor deposition. This potentially allows them to be identified in
observational studies by using the method proposed by Korolev et al. (2020Db).

As BRK process generates fragments which are similar in size to preexisting ice crystals, it
does not lead to the emergence of a second mode of small ice crystals in PSDs, potentially
complicating its detection in observational studies. Nevertheless, our results show that the
presence of large ice particles coupled with high crystal concentrations is a marker of the BRK
process. Therefore, this could also serve as an indicator for the occurrence of this process,
particularly in situations where the supercooled liquid water content is low.

During the development phase of the cloud, the prolific generation of ice crystals by SIP
processes results an intensified depletion of water vapor and an increase in latent heat release

below 11 km altitude within the cloud system. This enhances convection below 11 km while



reducing it above (compared to a scenario without SIP processes) and leads to lowering the cloud
top altitude by approximately 1.5 km.

When the cloud reaches its mature stage, sublimation is also enhanced by the numerous ice
crystals generated by SIP mechanisms, leading to a narrower distribution of relative humidity
compared to the simulation without SIP. As sublimation consumes latent heat, this could explain
the presence of higher occurrence of downdrafts.

Our findings reveal that SIP processes lead to a reduction of the total amount of
precipitation by around 15% as well as a reduction of the intense precipitation amount (> 40 mm)
by 25%. A potential for future study could be addressed with a focus on the impacts of SIP on the
liquid phase by simulating larger precipitating cloud systems such as the one studied with
DESCAM model in Kagkara et al. (2020).

It should be noted that the conclusions of this study (Parts | and Il) are specific to deep
convective clouds. Future work should evaluate PIP and SIP as well as their impact on other cloud
types, such as stratiform or orographic clouds. Furthermore, the implementation of SIP
mechanisms in numerical models is a relatively recent and currently lacks reliability due to limited
quantification of their efficiency. Additional studies are essential to better quantify SIP

mechanisms and improve the reliability of these parameterizations in numerical models.
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