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Abstract. Secondary ice production (SIP) was investigated in a cumulus congestus system observed during the Secondary Pro-
duction of Ice in Cumulus Experiment (SPICULE) campaign. Large-eddy simulations were performed using UCLALES-SALSA,
a model that explicitly resolves aerosol-hydrometeor interactions through a sectional representation of aerosols, cloud droplets,
rain droplets, and ice crystals. Two scenarios were compared: one including only immersion freezing as an ice formation pro-
cess, and another incorporating additional SIP mechanisms—namely droplet shattering, rime splintering, and ice—ice colli-
sional breakup.

The SIP-inclusive simulation reproduced the evolution of the observed cloud microphysical structure in both warm and
mixed-phase regions. Ice—ice collisional breakup generated substantially more secondary ice particles than droplet shattering;
however, it was only initiated after droplet shattering provided a sufficient initial ice particle population to meet the SIP
triggering conditions. Droplet shattering was triggered by the presence of large supercooled droplets, defined by an integral
raindrop diameter exceeding 3.5 mm L~ at temperatures below 265 K. Once formed, secondary ice particles enhanced riming
and accretion, leading to auto-catalytic amplification of SIP through ice—ice breakup. This feedback rapidly depleted cloud
liquid water within approximately 10min.

Enhanced updrafts were identified in SIP-active regions, suggesting invigoration in the upper mixed-phase levels. SIP also
intensified precipitation via the ice phase, resulting in a 26% increase in domain-mean cumulative precipitation. The simula-
tions reproduced key aspects of the observed ice multiplication, supporting the adequacy of the SIP representation in the model

framework.
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1 Introduction

Secondary ice production (SIP) refers to a series of physical mechanisms that generate ice particles from pre-existing ones
without intervention of ice-nucleating particles (INPs). SIP can enhance ice number concentrations (INC) above levels expected
from primary ice formation via INP causing ice multiplication factors of up to 10* (Wieder et al., 2022). This can significantly
affect the vertical stratification of the cloud thermodynamic phase affecting their radiative properties (e.g. Young et al., 2019;
Zhao et al., 2021; Waman et al., 2022). SIP effects on ice microphysics may also alter the dynamics of precipitation formation
via cold phase (e.g. Sullivan et al., 2018; Patade et al., 2025; Grzegorczyk et al., 2025c¢).

There are at least seven mechanisms proposed to explain SIP observed in laboratory studies. The most studied ones are rime
splintering (RS), droplet shattering (DS) and ice—ice collisional breakup (IIBR). Cloud particle imager (CPI) and holographic
imaging systems for sampling the number, size, shape and thermodynamic phase of hydrometeors have provided a solid base
of evidence of the SIP occurrence at different altitudes in different cloud types. CPI and holographic images suggest that
secondary ice formation can be identified by the simultaneous presence of small individual faceted ice particles (i.e. maximum
length below 100 um) coexisting with fragments of frozen drops or frozen drops with bulges, spikes or cracks (Korolev et al.,
2020, 2022; Korolev and Milbrandt, 2022; Pasquier et al., 2022; Lawson et al., 2023b; Patnaude et al., 2025). Similarly, it
can also be indicated by the concurrent presence of heavily rimed ice particles, dendrites and broken branches of dendrites
(e.g Schwarzenboeck et al., 2009; Ramelli et al., 2021). The combination of these crystal structures have been observed in
laboratory experiments focused on secondary ice formation by the mechanisms of droplet shattering and ice—ice collisional
breakup, respectively.

All secondary ice production mechanisms share a common modelling framework that considers that ice multiplication
occurs during hydrometeor collisions when specific conditions of temperature and hydrometeor relative size are satisfied.
SIP parametrizations are based on observed ice multiplication factors (IMF) that come from a common set of laboratory
experiments. In case of rime splintering those by Hallet and Mossop (1974) and Mossop (1976); in case of the droplet shattering
parameterization by Phillips et al. (2018) the studies of Brownscombe and Thorndike (1968), Takahashi and Yamashita (1970),
Takahashi (1975), Takahashi and Yamashita (1977), Kolomeychuk et al. (1975) and Pruppacher and Schlamp (1975); and
finally, in the case of SIP parameterizations for ice—ice collisional breakup the study by Takahashi et al. (1995). Despite this
common background, IMF values can be different in different parameterizations even when they are meant to describe the same
physical mechanism at the same atmospheric conditions (e.g. Sotiropoulou et al. (2021) versus Sullivan et al. (2018)). Also, SIP
rates can be different in different cloud modelling studies depending on how hydrometeor sizes and process related size limits
are treated. Other less known SIP mechanisms include ice particle fragmentation of sublimating ice particles, and ice particle
fragmentation due to thermal shock caused by freezing droplets on their surface and INP activation around freezing drops in
transient supersaturation (Korolev and Leisner, 2020; Qu et al., 2022). These are not considered here because parametrizations
are not available yet or in the case of sublimational breakup requires more validation (Deshmukh et al., 2022).

SIP parametrizations carry an intrinsic uncertainty inherited from old experimental techniques lacking of the high-speed

microscopic imaging tools needed to follow the generation of secondary ice particles or the advanced control systems to keep
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stable conditions during experiments (Lauber et al., 2018; Seidel et al., 2024). This has awakened the interest in reproducing SIF
experiments with state-of-the-art laboratory techniques to validate variable dependencies and assess the range of applicabilit
of their associated parameterizations (Leisner et al., 2014; Lauber et al., 2018; Keinert et al., 2020). For example, Grzegorczyk
et al. (2025a) con rmed variable dependencies (i.e. temperature and rime fraction) and trends (e.g. increasing SIP rates with
increasing kinetic collisional energy) in SIP-IIBR rates observed by Takahashi et al. (1995) but proposed adjustments to
model parameters to increase rates given by the SIP-IIBR parameterization of Phillips et al. (2017b). Another experiment
with contrasting results was performed by Seidel et al. (2024) who found signi cantly lower SIP-RS rates in experiments
mimicking those of Hallet and Mossop (1974). The rime splintering parameterization based on the experiments of Hallet
and Mossop (1974) is the most commonly implemented SIP pathway in weather and climate models (e.g. Zhao et al., 2021;
Sotiropoulou et al., 2021; Georgakaki et al., 2022; Atlas et al., 2022; Schéfer et al., 2024). In the recent modelling studies SIP-
RS rates had to be multiplied by factors ranging from 2 to 10 in order to reduce the gap between modeled and observed INCs
(Han et al., 2024; Grzegorczyk et al., 2025a). Unlike parametrizations for droplet shattering and ice—ice collisional breakup,
the parametrization for rime splintering is typically implemented to give the number of secondary ice particles per unit mass of
rime ice, ignoring any type of hydrometeor size limitation affecting it. This implicitly can lead to higher SIP rates than those
occurring in natural clouds.

Despite an increasing number of case studies, the cloud modelling community has not reached a consensus on a simpli ec
conceptual model for secondary ice production that better and more consistently conveys observed ice multiplication rates in
all types of clouds regardless of their genesis. Without a common SIP modelling framework, it is possible to have contrasting
results even for the same cloud case if studies employ different parameterizations of the same mechanism (Qu et al., 2022
Huang et al., 2022). There are three main action points to address in order to build a common SIP modelling framework. First,
there must be a consensus around a common IMF parameterization to describe the same SIP mechanism. Currently there a
at least four different IMF parameterizations to represent secondary ice production by droplet shattering. Even under the same
conditions, different parameterizations of identical processes can produce vastly different ice multiplication factors per SIP
event (e.g. Lawson et al., 2015; Phillips et al., 2018). Secondly, it is necessary to have experimentally based constraints for the
size distribution of secondary ice particles. This is an important source of uncertainty in inter-model comparison studies, espe-
cially due to the intrinsically different cloud schemes (e.g. bulk vs. sectional-based). Lastly, this SIP modelling framework must
agree on rules about the relative size of interacting hydrometeors since they determine when a collision can effectively generate
secondary ice particles. These constraints must selectively identify which microphysical conditions trigger which mechanism,
since there can be overlapping variable ranges (e.g. rime splintering and droplet shattering). A SIP modelling framework built
according to these rules would enable process-based attribution analysis to identify speci ¢ feedbacks operating within a given
cloud type.

Keeping these three factors in mind, the nal goal is a SIP modelling framework that is able to capture cloud responses
under realistic atmospheric conditions where cloud microphysics are constrained by aerosols. Without describing aerosol size
and composition effects on hydrometeor growth, cloud schemes are limited to prescribed size distributions and process rates

for droplet and ice activation. They may fail in giving proper description of ice formation via primary and secondary pathways
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missing important links to others such as secondary activation and aerosol invigoration (Fan et al., 2022; Varble et al., 2023). All
these processes combined can potentially affect the precipitation formation driven by ice crystals, which is the most important
pathway accounting for 57% of global surface precipitation (Heyms eld et al., 2020). When included in cloud modelling
studies, SIP-modulated changes in precipitation-related parameters (i.e. magnitude and spatial variability of instantaneous ol
cumulative rates, and duration) vary widely across cloud responses, perhaps as much as the process formulations vary amon
them (Phillips et al., 2017a; Sullivan et al., 2018; Hoarau et al., 2018; Han et al., 2024; Grzegorczyk et al., 2025b, c).

In this study we offer insights on cloud dynamic responses to SIP by coupling results from aerosol-aware large-eddy-
simulations (LES) and in-cloud observations of a system of towering cumulus observed in 05 June 2021 during the Secondary
Production of Ice in Cumulus Experiment (SPICULE) carried out in the Southern Great Plains (USA). LES simulations were
performed with UCLALES—SALSA because it does not use prescribed hydrometeor size distributions but instead resolves
them using a sectional representation for aerosol, cloud droplets, rain droplets, and ice crystals. This, not only allowed us to
track closely size related effects, such as condensational growth and hydrometeor aggregation, but also allowed us to employ
parameterizations that have a less empirical and more theory-based framework to give a more realistic description of SIP event:
and their dependence on hydrometeor sizes. Our goal was to explore which parameterizations, microphysical assumptions, an
variable dependencies are needed to reproduce the ice multiplication effects observed in the system of cumulus congestu
towers. Once our modelling framework was validated with observed cloud microphysics, we studied how SIP affected the
convective intensity, cloud phase partitioning, and surface precipitation.

2 Methods
2.1 Cloud case study: measurements and instrumentation

Our case study comprises a system of towering cumulus clouds observed in 05 June 2021 over the Great Plains in southert
Oklahoma (USA) during the Secondary Production of Ice in Cumulus Experiment (SPICULE). Our selection was driven by
the existence of a very detailed set of airborne in situ and remote observations of cloud microphysical properties showing
evidence of secondary ice production. Airborne measurements were carried out using two coordinated aircrafts, the NSF
Gulfstream V, and the Spec Incorporated Learjet model 35 A, referred to from now on as the GV and Learjet. Both airborne
platforms were equipped with air motion sensors and in situ microphysical probes covering different size ranges (Lawson et al.,
2023a, 2022a). The GV was monitoring the subcloud and warm cloud section and had additional equipment compared to the
Learjet to measure aerosol size distributions (UCAR/NCAR - Earth Observing Laboratory, 2023), number concentrations of
giant cloud condensation nuclei (CCN) (UCAR/NCAR - Earth Observing Laboratory, 2021), and ice nucleating particles (INP)
(DeMott et al., 2024). The GV was also equipped with a polarimetric millimeter-wavelength radar (HIAPER cloud radar). The
Learjet ight was monitoring the uppermost section of the mixed-phase zone and was equipped with a Ka-band up/down radar
(Korolev and Heckman, 2023). Although this case was well documented in Lawson et al. (2023b), for the sake of completeness,
we included a summary of the instruments in Table S1 of the supplement.
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2.2 UCLALES-SALSA modelling framework

UCLALES-SALSA (University of California Los Angeles Large Eddy Simulation model-Sectional Aerosol module for Large
Scale Applications) is a one-of-a-kind LES-model that simulates cloud formation with aerosol-driven microphysical processes
(Tonttila et al., 2017, 2021). The model employs sectional representation of aerosol and hydrometeor microphysics to get size-
resolved growth by condensation and deposition and hydrometeor aggregation rates without employing parametrizations (suct
as cloud droplet activation, autoconversion, accretion, and riming). Aerosol size-composition effects are accounted for using a
microphysical scheme based on aerosol dry particle size and mixing state. Wet sizes are used to evaluate transitions from aeros
particles to cloud droplets, or from cloud droplets to rain droplets in the collision between droplets. Primary ice production
pathway includes homogeneous ice nucleation, and heterogeneous ice nucleation includes the immersion, deposition, an
contact freezing mechanisms. Ice particles are treated with a microphysical scheme based on maximum particle length using
the parameterization of ice—phase microphysics of Morrison and Milbrandt (2015). The LES modelling framework applicable
to liquid clouds can be found in Tonttila et al. (2017, 2021), and to mixed-phase clouds involving only primary ice production

in Ahola et al. (2020) and Tonttila et al. (2022).

The ice microphysical scheme is similar to the Predicted Particle Properties (P3) scheme of Morrison and Milbrandt (2015)
that uses a single ice "free" category to represent time—evolving ice particle properties based on the concept of lling in with
rime. Ice particles in each size bin have mass—dimensionni(@®)= D with D equivalent to the maximum particle
dimension) and projected area—dimension A€D) = D ) relationships that vary in time and space determining their
effective density and falling speed in accordance with the prognostic value of the bulk rime mass fraction. The maximum
particle lengttD is determined by comparison against critical sizes separating pristine small spherical from dense nonspherical
ice, dense nonspherical from graupel and graupel from partially rimed crystals. Parametens ofitendA D relationships
of nonspherical pristine ice particles are given as model inputs of simulations (Buhl et al., 2019). In this study, we implemented
the change in the projected area for partially rimed particles using rime fraction—-weighted values afrithe parameters
varying between those of nonspherical pristine ice crystals and those of spherical graupel. Pristine ice particles are treated a
crystals with sectors like branches (P1b).

The immersion freezing mechanism in our simulation is the primary pathway for ice formation. Their rates are calculated
using the parametrization of Savre et al. (2014) that uses a time—evolving probability density function of the contact angle
parameter (i.e. angle formed between liquid water, the INP surface and the ice embryo during nucleation that gives a measure
of the composition-dependent INP af nity to the ice embryo (Barahona, 2018)). The use of a distribution allows to account
for heterogeneities in surface properties among a given aerosol population. In our modelling framework, cloud droplets and
raindrops can experience heterogeneous freezing via immersion as long as they contain a volume of insoluble species large
than a threshold value (e.g. volume equivalent to a sphere of 10 nm in diameter). The model keeps track of the fraction of
nucleated INPs and uses it to increase the lower limit of the contact angle distribution once the most ef cient INPs nucleate
ice. The contact angle distribution is updated every time mixing and entrainment processes replenish the cloud with fresh INPs
(Tonttila et al., 2022).
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Production rates of secondary ice particles are modelled as the product between the ice multiplication factor (IMF) and the
occurrence of SIP events per unit of time. A collision between two hydrometeors ddsiaedD, is categorized as a SIP
event if the relative size and phase of interacting hydrometeors satis es triggering conditions that depend on the SIP mechanism.
More information about the model treatment given to SIP rates can be found in section S2 of the supplement. In this study
we employed the parameterization of Hallet and Mossop (1974), Phillips et al. (2018) and Phillips et al. (2017b) modi ed
by Grzegorczyk et al. (2025a) (see Eq. S5-S6) to calculate IMF values due to rime splintering (SIP-RS), droplet shattering
(SIP-DS) and ice—ice collisional breakup (SIP-IIBR). IMF values related to SIP-DS rates include secondary ice formation
during spherical drop freezing or mode 1 and also during collisions of supercooled raindrops with more massive ice or mode
2, whose representations are supported by the laboratory studies of Keinert et al. (2020) and James et al. (2021), respectively
IMF values related to SIP-IIBR also consider the recent experimental ndings of Grzegorczyk et al.(2023). There are other
IMF parameterizations available for the SIP-DS and SIP—IIBR mechanisms (e.g. Lawson et al. (2015) and Sotiropoulou et al.
(2021)) that were not considered in this study but have been implemented in UCLALES-SALSA as reported in Table S4.

Parametrizations for IMF and triggering conditions reported in literature vary widely for a single mechanism. Because
these differences affect SIP rates, we have set up a common set of modeling constraints reported in Tables S1 and S2 in th
supplement. After a secondary ice production event, secondary ice particles follow a number size distribution of the power-law
typeD 2 with D equal to the hydrometeor size (i.e. diameter or maximum length). After a secondary ice production event,
secondary ice particles follow a number size distribution of the power-lawdypewith D representing the hydrometeor size
(i.e. diameter or maximum length). Secondary ice particles are located in ice bins smaller than the hydrometeor that generates
them. In all cases, collision kernels are calculated using settling velocities that depend on air properties and diameter in the case
of droplets (Beard, 1976), and also on the crystal habit whose mass-diameter and area-diameter relationships vary according
to the rime fraction in the case of ice particles (Khvorostyanov and Curry, 2002; Morrison and Milbrandt, 2015).

A key point for the successful modelling of SIP processes is to accurately simulate the mass distribution of secondary ice
particles. There is a single laboratory study providing size distributions for secondary ice particles generated after graupel-
graupel and graupel-snow ake collisions. Although these distributions described the general trends in fragment sizes, they are
applicable for a very speci ¢ subset of hydrometeor collisions, and are limited by the low number of experiments and in the
detection of ice fragments with sizes below 25 to 30 (Grzegorczyk et al., 2025a).

In this study, we assumed that the rime splintering mechanism generates single-size ice crystals in the shape of hexagone
columns with a maximum length of 1@ruand mass of 3.122710%2 kg. We used the mass-diameter relationship in Biihl et al.
(2019) to calculate the mass of a splinter. We assumed that the mechanisms of droplet shattering and ice—ice collisional breakuj
generate ice crystals that can range in size froorm2qunearly as large as the fragmenting hydrometeor (i.e. supercooled droplet
or ice crystal). We distribute the total number of secondary ice partitigs (T;D,;Dy) produced by a collision between
two hydrometeors of sizB| andD ,, between size bins smaller than the fragmenting hydrometeor in such a way that each bin
gains the same amount of mass. This means that secondary ice particle size distribution fBllofvp@wer law distribution
with a minimum fragment siz® of 2 pm. This relationship aligns with the model of fractal crushing used to describe the
scale-invariant low energy fragmentation of brittle materials (Palmer and Sanderson, 1991; Weiss, 2001; Astrém et al., 2021).
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This initial size distribution guarantees that secondary ice particles cover the wide size range observed by airborne in situ
optical and imaging system going from small faceted ice crystals and single dendrite branches up to fragments of frozen drops
or broken stellar crystals (e.g. Schwarzenboeck et al., 2009; Korolev and Leisner, 2020). It is also particularly useful to mimic
the variety of fragmentation pathways observed in laboratory experiments during the freezing of drizzle-size droplets. Droplets
of the same size, freezing in moving air under controlled conditions, can undergo bubble bursting or jetting, cracking, and
breakup, sometimes occurring in combination in the same droplet (Leisner et al., 2014; Lauber et al., 2018; Keinert et al.,
2020). It is expected then that a hypothetical monodisperse population of freezing droplets generates spicules or small ice

crystals due to bubble bursting or jetting, but also large spherical fragments after breakup.
2.3 Model setup

Simulations were performed in a model domain of 2818 by 28.8km by 12km with horizontal and vertical resolution of

300m and 60m respectively, and a maximum time step of 1 s. The model domain size was selected based on the surface area
covered simultaneously by the GV and Learjet ights on June 05, 2021 (see Figure S1). This time interval coincides with the
early stage of the cloud system in which ice multiplication was observed in the rising cloud tower. Model outputs were taken
every 30 s to follow closely changes in cloud microphysics. Aerosol and cloud droplet size distributions were modeled with a
sectional representation based on dry diameter ranging from OrB®8 {0 um across 10 size bins. Cloud droplets correspond

to activated aerosols in the last 7 aerosol size bins. Rain droplets were represented using 22 size bins based on wet diamete
distributed with a constant volume ratio of 2 with the minimum droplet diameter equal tm2[z@ particles were represented

using 23 size bins based on maximum length distributed with a constant volume ratio of 3 with the minimum size equal to 2
pm.

Aerosol properties were derived from size distributions measured below cloud base altitude with the Passive Cavity Aerosol
Spectrometer Probe (PCASP-100X) (Heyms eld et al., 2024). Since these observations corresponded to wet aerosols, we
had to use the relative humidity, temperature and aerosol hygroscopicity to obtain the size distribution based on dry size. To
do so, we used the kappa factor to account for aerosol hygroscopicity and resolved the kappa-Kdhler equation (Petters anc
Kreidenweis, 2007) for each particle size using the temperature and relative humidity of observations. We assumed that dry
aerosol particles were spherical and composed of sulphate species and mineral dust in volumetric fractions of 0.901 and 0.099
respectively. This chemical composition corresponds to a species-based kappa value of 0.5496 that is numerically equivalent tc
the average hygroscopicity parameter kappa derived from Cloud Condensation Nuclei Counter and Scanning-Mobility Particle
Sizer measurements at the ARM station in the Southern Great Plains, USA performed on 05 June 2021 (Kulkarni et al., 2024).

PCASP-derived dry aerosol distributions measured below cloud altitude were tted to a multimodal lognormal distribution
and then fed into UCLALES-SALSA. Since the limit for the smallest particle detected with the PCASP-100Xrs125
5% (Liu et al., 1992), we added an aerosol mode to account for sub-micron particles missed during observations. This particle
mode had a geometric mean diameter of 0.00B5uagreement with summer average values reported for the ARM station
Southern Great Plains (SGP) and consistent with frequent events of new particle formation (Marinescu et al., 2019). The aerosol
size distribution used for model initialization has four particle modes centered at [0.0055, 0.090, 0.440n 1désjmetric
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standard deviation of [2.8, 1.44, 1.44, 1.42] and total number concentration of [1085.0, 810.0, 2.48g4986{ altitudes

below 1.2km. Based on PCASP observations, we accounted for the vertical variability in total aerosol loading assuming an
exponential decay function (1) between k8 and 3.5km to scale down the total aerosol number concentration (see Figure
S2).

N (z> 1200m) = N (z < 1200n)exp 0:05log(z [m])2 1:1234log[m]) +16:7735 1)

We used a contact angle distribution centered at 1@th variance of 20 to account for ice nucleating abilities for mineral
dust as in Savre et al. (2014). This set of parameters allowed us to match observed ice nucleating particle concentrations
with ice number concentrations simulated in a scenario that did not consider secondary ice production. Details about this are
presented in section S4 of the supplement.

Atmospheric properties used for model initialization were derived from hourly ECMWF-ERADS reanalyzed data for 05
June 2021 for a horizontal domain of by 1 that encloses ight trajectories for our selected case (Hersbach et al., 2024).
Temperature and humidity pro les were adjusted to reproduce the observed cloud base conditions (e.g., altitude, pressure, an
temperature). Atmospheric conditions at higher altitudes were modi ed to test different values of convective available potential
energy (CAPE) and equilibrium level (EL) or level of neutral buoyancy in order to reach the observed cloud top altitude. The
optimal sounding is shown in Fig. 1. Information about the model sensitivity analysis can be found in section S5, simulation
scenarios tested are described in Table S3 and atmospheric soundings are presented in Figure S4.

Convective buoyancy was emulated adding additional sensible and latent heat to the surface uxes by means of a Gaussiar
distribution with a maximum of 608Vvm 2 and a linear variance of 2000 around the domain center. Surface uxes were

increased 1 hour after the beginning of the simulation to initiate convection.
2.4 Model-observation comparison methodology

The comparison focuses on observations taken between 19:55 UTC and 20:15 UTC during cloud penetrations into updraft
cores with the presence of liquid water. During this time interval, both ights examined the same system of ascending cumulus
congestus towers as shown in Figure S1 of the Supplement. Cloud penetration in the GV ight covered conditions from
below cloud base altitude up to 3kin. Cloud penetrations in the Learjet ight went as deep as B0bBelow the cloud top

altitude where the temperature reached a minimum of 285While ice number concentrations (INC) were as high as 2351

L 1, number concentrations of ice nucleating particles (INP) only reached a maximurh of 4t 255.1K indicating that
secondary ice production was active and responsible for the ice concentration in updraft cores. Images taken with the Cloud
Particle Imager (CPI) and the Optical Array Probe (OAP) during the Learjet cloud penetrations showed pieces of fragmented
frozen drops coexisting with 100-30@nstellar dendrites and hexagonal plates ice crystals likely formed from monocrystalline

ice particles (Lawson et al., 2023b). The profuse amount of small columnar particles and the presence of fragmented frozen
drops in measurements from the CPIl and OAP imaging systems, combined with the occurrence of high re ectivity regions
in Ka-band Doppler radar pro les characteristic of large water drops, support the hypothesis that the droplet shattering was
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Figure 1. Vertical pro le of atmospheric variables in a skew T-logP diagram including temperature (red) and dew point temperature (green)
pro les as well as the CAPE (red shaded area) and lifting condensation level (LCL, black dot). Conditions correspond to a CAPE of 763.7
Jkg ! and an equilibrium level (EL) of 3189Pa and -30.2C.

mainly responsible for the observed ice multiplication (Lawson et al., 2023b). The coexistence of fragmented frozen droplets
and small ice crystals of around 100n in maximum length was also observed at 256.25 K in young convective updrafts of
cumulus congestus during the RF06 ight of the SPICULE campaign (Patnaude et al., 2025).

It is extremely challenging to determine the exact size and shape of freshly generated secondary ice particles by laboratory
experiments or airborne in situ observations. It is expected that secondary ice particles vary across a wide range of sizes an
shapes re ecting not only the nature of the ice fracturing mechanism but also the changes induced by their growth after water
vapor deposition. Using airborne in situ observations, Korolev et al. (2020) found that small faceted ice crystals with sizes
smaller than 100m can be used as tracers of SIP events. A small secondary ice particle is likely to be monocrystalline (e.g.
as fragments of frozen drops or dendrite branches) (Korolev and Leisner, 2020) that can regrow by water vapor deposition to
acquire the crystal habits of pristine ice particles. Small secondary ice particles can have shapes that go from plates to long
columns depending on the residence time, temperature and ice supersaturation conditions in the environment where they wer

originated.
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Observations were grouped by altitude and temperature to simplify their graphical representation in comparison plots. Model
outputs were conditionally sampled selecting only grid points with a liquid water content (LWC) greater than the threshold
value of 0.01gm 2 and vertical wind (w-wind) stronger than 0.02 ! to be consistent with the analysis of observational
data during cloud penetrations. When observations indicated mixed phase conditions, we considered an additional constrain
on the ice water content (IWC) above a threshold value of 0gd012. To compare hydrometeor size distributions, we selected
cloudy grid points of the model layer with the closest agreement between the modeled and observed temperature.

3 Results

We compared results from simulation scenarios that were initialized in the same way but accounted for different ice produc-
tion mechanisms. In the SIP-OFF scenario, ice production was solely driven by the immersion freezing mechanism via ice
nucleating particles (i.e. only primary ice production). The SIP-ON scenario additionally included ice production from the
secondary mechanisms of rime splintering, droplet shattering (mode 1 and mode 2 of Phillips et al. (2018)) and ice—ice colli-
sional breakup. In this way, the differences between scenarios re ect changes in cloud dynamics triggered by the occurrence
of secondary ice production processes.

Based on the observational evidence from CPI and OAP images discussed earlier, we ran two simulations: one considering
only the SIP mechanism of droplet shattering, and another that also included the rime-splintering mechanism. These simula-
tions showed good agreement between modeled and observed droplet size distributions guaranteeing a realistic onset for th
production of secondary ice from supercooled droplets. However, SIP-DS rates alone or with or SIP-RS contributions could
not reproduce the observed ice enhancement in the SPICULE-RF04b case. Ice enhancement in these conditions required th
synergistic action of multiple SIP mechanisms. Once we added the mechanism of ice—ice collisional breakup to the previous
scenarios, SIP rates increased allowing closure between modeled and observed ice number concentrations (observations fro
the Learjet ight reported in Table 4 and Figure 10 of Lawson et al. (2023b) also shown here in Figure 5). For the sake of com-
pleteness, we include here only the results from the simulation involving the three SIP mechanisms referred to as the SIP-ON
scenario. A summary of the results from other scenarios is included in Section S5 of the supplement, vertical pro les of SIP
rates per mechanism are compared in Figure S5.

3.1 SIP effects on cloud development and geometry

During the simulation time, SIP processes caused small changes in the cloud base conditions. The average cloud base altitud
in our simulations was 1498 and 1326m with temperatures of 288K and 289.X, in the SIP-ON and SIP-OFF scenarios
respectively. Both agree reasonably well with the observed altitude and temperature ofi &b8i0290.6K (Lawson et al.,

2023b). The variability in modeled cloud base conditions should not be interpreted as model uncertainty. Differences in the
cloud base altitude and temperature re ected the cloud dynamical response along the simulation, in particular the changes
related to surface precipitation with stronger rates in the SIP-ON scenatrio.

10
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The extent of the deep convective core was calculated adding up those grid cells with total water path (TWP) above a
threshold value of of 150@m 2. In both simulation scenarios, time series of the convective system area evolved similarly
with minimal differences. At the beginning, just ten minutes after we increased surface turbulent uxes to induce convection,
our simulations showed the development of individual convective cells of approximatelyni®08iameter covering an area
of 1.7 km?2. Thirty minutes later, when the total water path has reached a global maximum of 860060 the convective
area has grown to be 9.48n? and 10.17km? in the SIP-OFF and SIP-ON scenarios, respectively. This continued to reach
maximum values of 16.km? and 17.%m? at 60 min.

Despite these commonalities between simulation scenarios, once the deep convective core had risen above freezing leve
SIP processes caused noticeable changes in cloud geometry, phase structure and microphysics, particularly at the mixed-pha:
cloud section. Figure 2 depicts the total water path (TWP), cloud top altitude and ice water path (IWP) in the deep convective
core (i.e. model columns with the highest TWP values) and re ect the pulsating growth habit that is characteristic of cumulus
clouds. During the convective initiation stage, cloud tower conditions in the SIP-ON scenario corresponded to higher total
water contents (Fig. 2(a)) and higher altitudes (Fig. 2(b)) with the cloud phase shifted towards ice due to higher ice water
content values (Fig.2 (c)). Peaks in TWP are indicative of convection intensity and can be characterized by its occurrence time
and duration. The SIP-ON scenario showed taller and wider peaks suggesting a slower weakening of the convection intensity
along the simulation compared to the SIP-OFF scenario. Fifty minutes after convection initiation, there was a reduction in TWP
values due to surface precipitation. It was noticeable that the SIP-OFF scenario did not produce as much ice as the SIP-ON
scenario after 6@nin.

Figure 2. Variability in cloud properties in simulation scenarios without and with secondary ice processes. Panel (a) Total water path. Panel
(b) Cloud top altitude. Panel (c) Ice water path. Scatter points correspond to the twenty tallest cloud columns in the model domain per
simulation output.
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Secondary ice processes in the SIP-ON scenario not only affected the cloud geometrical thickness and cloud top conditions
they also affected the liquid and ice water content pro les. For example, Figure 3 compares the variability in modeled and
observed vertical pro les of liquid water content in updraft cores. Modeled mean values are represented together with the
main percentiles of the variable distribution, while observations are represented with mean and standard deviations. The spatia
heterogeneity of mixed-phase conditions along the model domain agreed with the variability observed during different cloud
penetrations. The distribution of liquid water in updraft cores in the mixed-phase region (i.e. between freezing level and cloud
top) was better represented in the SIP-ON scenario. Although, the differences in the LWC vertical pro les of the SIP-OFF
and the SIP-ON scenarios were minimal in the warm section between cloud base d&mnd @ Sltitude, they increased at
higher altitudes and became particularly important abové®.5n the proximity of the freezing level located approximately
at an altitude of «m. Differences in the mean LWC values of the SIP-ON scenario compared to the SIP-OFF scenario can be
grouped in three trends, slightly lower liquid water contents in the warm cloud section (i.e. betweearl 4km), higher
liquid water content at the beginning of the mixed phase part of cloud tower (i.e. betwarradd 6km) and lower liquid
water content at the tower top (i.e fronké up to 8.5km).

Figure 3. Vertical pro le of liquid water content in updrafts with cloudy conditions. The variability in model outputs is depicted using the
mean and main percentiles values while observations are shown as the nst@mdard deviation for measurements with the Fast Cloud
Droplet Probe in the GV- ight (GV-CDP) and with the SkyPhysTech Nevzorov Probe in the Lear35 ight (Lear-Nev). Panel (a) Simulation
scenario without secondary ice processes. Panel (b) Simulation scenario with secondary ice processes including rime splintering (RS), drople

shattering (DS) and ice—ice collisional breakup (IIBR).
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3.2 SIP effects on cloud microphysics

Modeled droplet size distributions in cloudy updrafts agreed with in-cloud observations from several instruments as shown
in Figure 4. Modeled and observed droplet size distributions were conditionally sampled to represent cloudy conditions in
convective updrafts (i.e. LW& 0.01gm 2 and updraft velocity> 0.02ms 1). Each modelled size distribution in Figure

4 is from the layer where the temperature was closest to observed values. Figure 4 displays the variability in droplet size
distributions in the warm cloud section. Observed and modeled binned droplet number concentrations for droplet sizes above
20 um in diameter are in agreement. This suggested that the model captured well the liquid droplet growth processes. In both
scenarios, the model showed a systematic negative deviation in droplet number concentrations for droplets with diameter below
10 pm that was more relevant at 3kbn as shown in Fig. 4(c). It is dif cult to point out if the cause of this deviation is related

to our modelling treatment for droplet activation or limited resolution to capture possible activation in the entrainment process
at cloud edges, or if the FCDP was falsely registering droplets in the smallest channels as indicated by Lawson et al. (2023b).

In terms of the secondary ice production effects at cloud base altitude, the average droplet size distribution in updrafts for
droplets with diameter below 100vudid not change between the SIP-OFF and the SIP-ON scenarios as seen in Figure 4(a).
At higher altitudes, average droplet size distributions changed progressively with increasing altitude indicating a reduction in
binned number concentrations of droplets with diameter abovetrpelow 10-15 m as seen in Fig.4(b) and Fig.4(c). These
claims were also valid for other altitudes as shown in Figures S6-S8. UCLALES-SALSA has also showed good performance
reproducing observed droplet size distributions in stratocumulus clouds (Calderon et al., 2022).

Figure 5 compares modeled and observed hydrometeor size distributions at high altitudes inside cloud turrets. Since the
only source of ice particles in the SIP-OFF scenario was the immersion freezing mechanism, we considered that modeled ice
number concentrations were directly proportional to primary ice production rates and re ected background ice concentrations
given by INPs. The differences in binned ice number concentrations between the SIP-ON and the SIP-OFF scenarios indicatec
ice multiplication effects of up to three orders of magnitude. Beyond, the modelled ice size distributions in the SIP-ON scenario
overlapped very well with the ones observed at different altitudes. This indicated that the model was able to capture both the
changes in number and also size of ice particles giving support to the modelling treatment used to describe the size distribution
of freshly generated secondary ice particles. Ice particle number concentrations per size bin varied by more than an order of
magnitude suggesting that the variability in convective intensity was an important factor driving the occurrence of SIP events
via hydrometeor collisions.

Besides the reproduction of the ice multiplication effects, the model gave also a close description of the droplet size distri-
bution in the drizzle—rain droplet size range. SIP processes reduced number concentrations of droplets largenttian 50 p
diameter due to their participation in SIP events via collisions with ice particles during droplet shattering (i.e. a limit of 50
um was selected for effective droplet fragmentation following experiments (Wildeman et al., 2017)). This reduction increased
at higher altitudes where the temperature was favorable for ice multiplication via droplet shattering (Phillips et al., 2018).
Droplets above 50m in diameter can also participate in SIP events by rime splintering but IMF values are minimal outside
the optimal temperature range of 265-270 K of SIP-RS.
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Figure 4. Droplet size distributions in updrafts at the following altitudes (a) Cloud base (b) 1 km above cloud base (¢) 500 m below freezing
level. Observations are shown as mean values with error bars going from theo5the 99" percentile and labeled according to the

nomenclature described in Table S-1. Modeled values are shown as mean horizontal values with dotted lines along size bins indicating

variability across cloudy points with LWE 0.0lgm * and updraft velocity 0.02ms *.

3.3 SIP effects on cloud phase structure

SIP processes affected cloud dynamics in such an impactful way that it is impossible to convey temporal and spatial differences
between the SIP-OFF and SIP-ON scenarios in two-dimensional graphical representations. First, we focus on the time interval
before the cloud reached the strongest peak in convection intensity developing a distinctive cloud tower or turret, until the time
instance at which simulations scenarios started to deviate substantially from each other in terms of thermodynamic cloud phase
and cloud extent (i.e. between 40 minutes and 50 minutes after convection initiation). Second, although these changes affecte
the entire three-dimensional cloud structure, for the sake of simplicity, we focus on the two-dimensional space enclosing the
model column with the highest TWP value, which in turn shows the conditions that are representative of the deep convective
core.

We have chosen the time instances ofdi, 43min and 46min to follow the changes in the vertical pro les of LWC and
IWC in correlation with changes in the vertical wind and SIP rates. Figure 6(a,c) compares liquid water contentsrat 40
after convection initiation indicating larger values above freezing level for the SIP-ON scenario (i.e. wider area with TWC
3.5gm 2). It was at this time instance when IWC values overpass the threshold (i.e>I\WW.001gm 3) even the cloud top

had reached freezing conditions ve minutes earlier. Areas containing ice are depicted in Figure 6(b,d). Rates of secondary ice
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Figure 5. Ice particle size distributions in updrafts at altitudes of (a) 2.6 km above freezing level (b) 3.2 km above freezing level (c) 400 m
below cloud top. Observations were taken from Figure 10 in Lawson et al. (2023b). Modeled values are shown as mean horizontal values
with dotted lines along size bins indicating variability across cloudy points with mixed-phase conditions de ned as QW&m 2, IWC

> 0.00gm * and updraft velocity> 0.02ms 1.

production were observed at the top of the cloud turret with effects over larger areas and higher rates for the mechanism of
droplet shattering compared to the rime splintering as shown in Figure 7.

These ndings are consistent with those from in-cloud observations in two different ways. First, the temperature at which
ice formation started in the SIP-OFF scenario is consistent with the ice nucleating abilities observed for aerosol particles
collected during our case study (i.e. INP concentrations were measurable below R5%#&8& Figure S3) (Lawson et al.,
2023h). Second, the mechanism of droplet shattering was active at the tallest and coldest point of the cloud turret indicating
that there were collisions between ice particles and supercooled droplets with diameter abovat258.1K (i.e. these are
limiting conditions of SIP events by this mechanism in our modelling framework). This agrees with the rst detected presence
of large frozen droplets at 259.¥6during cloud penetrations (Lawson et al., 2023b).

With the formation of secondary ice particles, the number of droplet—ice collisions rapidly increased leading to substantially
higher SIP rates along the entire mixed-phase zone and not only at the cloud top as shown in Figure 7(d-f). There is an
enhancement in turbulent mixing driven by latent heat released during ice-related processes (i.e. droplet freezing, riming, vapor
deposition through the Weneger—Bergeron—Findeisen process). As ice number concentrations increased, the rates of riming an
ice—ice aggregation processes increased leading to larger ice particles, which in turn triggered the ice—ice collisional breakup
(i.e. as early as 4tin). At the time instance of 481in, SIP-IIBR rates were higher than SIP-RS and SIP-DS rates, suggesting
the presence of large rimed ice particles that have the highest ice multiplication factors in the parametrization of Phillips et al.
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Figure 6. Vertical pro le of liquid water content (LWC) and ice water content (IWC) atrih after convection initiation. Contour lines
in gray indicate Total Water Content (TWC) values of Ogii ® and 3.5gm 2 to enclose cloudy and core conditions. Continuous black
lines indicate altitudes at which temperatures are 278.88d 265.1%K corresponding to freezing and maximum ice multiplication by rime

splintering, respectively. Panels (a-b) Simulation scenario without secondary ice processes. Panel (c-d) Simulation scenario with secondary

ice processes.
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