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Abstract. This study examines the impact iotlusion of secondary ice production (SIBarameterizationsn the cloud
microphysics and dynamics in numerical weather prediction (NWP) simulations unddatitide winter conditions.
Hindcast mesoscale model simulations were performed for two flights from the 2@di@ud ICing and Largelrop
Experiment (ICICLE) field campaign. The simulations used a horizontal grid spacing of 250 meters and employed a detailed
triple-moment bulk microphysicschemecapable of predicting the liquid fraction of hydromete@&i processes, including

the HallettMossop (HM)-ard fragmentation of freezing drops (FFRhdfragmentation due to ieiee collisioral breakup

(CB), are parameterized in this study. The NWP simulation results are compared with observational data collected during
ICICLE campaign Sensitvity tests were conducted toghlight theimportance of better quantifying SIP producti@te in

the NWPmodels The findings indicate that SIP significaniphances theimulatedcloudice number concentraticand ice
water content particularly understrong convective conditions during winter. Additionally, the results reveal that the
simulations are highly sensitive to the parameterization of-EM FFD and CBprocesses due to the interaction between
thesetwo SIP mechanisms. High ice water content (HIWC) production is closely associated withsii@hgconvective

conditions, whereas istratiformconditions HIWC can occur without a significant impact from SIP.

1 Introduction

Secondary ice production (SIP) is recognized as a fundamental process in cloud microphysics (e.g., Cantrell and Heymsfield
2005; Field et al., 2017). SIP primarily enhances ice particle concentrations, often exceeding those from primary ioa product

(PIP) by several orders of magnitude (e.g., Hobbs and Rangno, 1985; Ladino et al., 2017). This significant increase in ice
particle concentration can profoundly impact the phase composition, cloud dynamics, precipitation rates, and cloud radiative

properties, thereby influencing the energy balance and hydrological cycle on both regional and glokiaiscatésl. 2017,

Kanji et al. 2017, Korolev and Leisner, 2020, Zhao and Liu, 20XIpresent, seven mechanisms are recognized as sources

of secondary ice in clouds. These include the fragmentation of freezing droplets (FFD) (e.g., Kleinheins et al., 2021), rime
splintering (the HalletMossop process, HM) (e.g., Hallett and Mossop, )19ftdgmentation due to ieee collisioral

breakus (CB) (e.g., Vardiman, 1978; Takahashi et al., 1995), ice fragmentation due to thermal shock (e.g., Dye and Hobbs,
1
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1968), fragmentation of sublimating ice (Oraltay and Hallett, 1989), activation-otideating particles (INPs) in transient
supersaturation around freezing drops (e.g., Prabhakaran et al., 2020), and thep lnfefakezing water drops upon impact
with ice particles (James et al., 2021). The first six mechanisms are reviewed and summarized by Korolev and Leisner (2020

Among these, Hvend FFD and CBare the most experimentally studied SIP mechanisms. However, detailed analyses of

previous experimentsy Korolev and Leisner (2020) revealed a large variability in ice production rates, indicating that these
SIP processes require further study. The otherthreemechanisms have been explored in a limited number of laboratory
experiments, addressing only a subset of environmental conditiongrgmgentation-during-ice-collisionfragmentation of
sublimating ice) or merely demonstrating the general feasibility of SIP mechanisms (e.g., fragmentation due to thermal shock
activation of INPs in transient supersaturation around freezing drops). Consequently, Korolev and Leisnep20&{Hd

that the relative contributions of each of #ve SIP mechanisms to the enhancement of ice concentrations remain uncertain

In recent yearamany studieshave investigatethe effect of SIP on cloud microphysics with the helpnafdelsimulations
(e.g., Phillips et a).2017a, 2017k 2018; Sullivan et a312018; Hoarau et al2018; Fu et a).2019; Sotiropoulou et al2020,
2021; Dedekind et gl2021; Hawker et gl2021; Huang et al., 2021, 2022u et al. 2022_achapelle et al. 202£2025. Most

of these modeling efforts were focused on matching simulated moments of particle size distributions (PSDs) with those

observedn situ. In many ways, the implementation of SIP in numerical models was hindered by the lack of consensus on

parameterizations of SIP mechanisms.

Previous studies have also shown that the occurrence of high ice water content (HIWC) is linked to an increase irice particl
concentrations driven b8IP processes. HIWC conditions are defined as cloud environments with ice water content (IWC)
exceeding 1 g m |j. These conditions present significant
stalls, or structural damage.g., Lawson et al. 1998; Mason et al. 2006, Mason and Grzych, 2011). The phenontdbé@ of

is well documented frorm situ observations in tropical mesoscale convective systems (MCSs) (e.g., Heymsfield and Palmer
1986, Lawson et gl1998, Gayet et gl2012, Fridlind et a).2015; Leroy et a).2017, Strapp et al2021). Several previous
modeling studies using different cloud microphysical parameterizations attempted to reproduce high IWCs. Ackerman et al.
(2015) used a 1D model to explore microphysics in tropical MCSs. Simulations performed with 3D modelsn(Etaaikli

2016; Stanford et al2017; Qu et a).2018) pointed to the inaccuracies in the estimation of cloud PSD, IWC, and ice category
comparing to the observations. Huang et al. (2021) conducteerdgglution simulations of tropical convection and found
significant overestimates of radar reflectiv{®) and underestimates of total ice crystal concentratigh &dlding SIP in
high-resolution simulationsvith advanced microphysical schentéuang et al. (2022) found significant improvementhef
simulated Nimatchingto thein situ observationsSimilarly, Qu et al. (2022) conducted idealized simulation for tropical
convection and founthat SIP significantly enhances the IWC and Ni, and reduces the simdlaté@ size of anvil cloud

also increased when SIP is included in the simulaamolev et al. (2024), based damsitu observations and idealized high
resolution simulations, demonstrated that SIP in the vicinity of the melting layer plays a crucial role in the formation,

maintenance, and longevity of HIWC in tropical MCSs. Recirculation of droplets through the melgndyaconvective
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updrafts was identified as a primary mechanism providing a high concentration of large, supercooled drops, which initiated a

massive production of secondary ice due to the SIP FFD process.

Although mostHIWC conditions occur in tropical regions, they can also be encountereiiilatituderegions, even during

winter, as HIWCrelated aircraft issues have been reported. Rugg et al. (2022) examine these conditions using ICICLE
observations and raise questions about the possible 8l iof contributing to the formation of HIWC conditioria.addition

to influencing HIWC conditions, SIP could also impact other cloud microphysical processes during @hotette et al.

(2024) assessed the impact of incorporatingtieprocess in 2.5 km resolutioMWP simulations, demonstrating significant
improvements in freezing rain forecasts. Similarly, Lachapelle et al. (2024) examined the influence of SIP on ice pellet

simulations and reported enhanced predictive performance.

The first objective of this study is &xaminetheimpact of inclusion oSIP in the simulation of mithtitude winter convection,

with a particular focus on the link between SIP Eitd/C conditionand how this compares to the impacts previously observed
in tropical convectionSince dfferent parameterization approachesyarious SIP mechanisms can impact mai@lulation
results the second objective is to explore the sensitivitypafameterizeanechanismm of HM,-and FFD and CBfor mid-
latitude winter conditions. This sensitivity study underscores the importance of better quantifying SIP productian rates

natureunder differenetmosphericonditions.

The remainder of the paper is structured as follows. The next section describes the observational data used for evaluatiol
Section 3 details the model configuration, the microphysics scheme, and the parameterizations of SIP. Section 4 describes tt
various experiments conducted in this study. Section 5 evaluates the simulation results for two ICICLE flights. Theedifferenc
of ice particle size distributiobetween midatitude winter convection and tropical convection are discussed in Section 6. The

final section presents the conclusions and perspectives of the study.

2. Observation data

In situdatausedin this study were collected from the National Research Council Canada (NRC) Cs8Va@search aircrafts.
The flight operations of the NRC Conv&i80 in the frame of thiCICLE campaign were performedthe Great Lakes region
of the United Statefsom January to March 20X®iVito et al. 2020; Bernstein et al. 202ba, The ICICLE campaigfocused
on improving the understanding of aircraft icing hazards, specifically those causegalbydnsupercooled large droplets
(SLD).

The measurements of PSDsed in this studyere performed by three particle probes, which covered different particle size
ranges. The Droplet Measurement Technologies (DMT) Cloud Droplet Probe (CDP: Lance26t@). was used for
measurements of droplets in size ranga®< D < 50° m. The Stratton Park Engineering Company (SPEC) 2D imaging
stereo (2BS: Lawson et al. 2006) covered the nominal size range from 10 td #25Che DMT Precipitation Imaging Probe

(PIP: Baumgardner et aR001) provided measurements of particles and their concentratioimsthe nominal size range

3



95 from 100‘' m to 6.4 mm{PSB) The processing software employed a retrieval algorithm of partially viewed particle images
(Heymsfield and Parrish1979; Korolev and SussmaB000), which allowed the enhancement of particle statistics and

extended the maximum size of the composite PSD up to 12.8 mm.

All particle probes were equipped with asliattering tips to mitigate the effect of ice shattering on the measurements of ice
particle concentratiofKorolev et al, 2013) Residual shattering artifacts were identified and filtered out with the help of the

100 inter-arrival time algorithm (Field et al2006; Korolev and Fiekl2015).Cloud particle number concentration, characteristic
sizesof ice and liquid particlesce and liquid water content (LWC) were calculated from PSDs measured by particle probes.
The sensitivity of cloud microphysical probes to cloud particle thermodynamic phase and cloud discrimination phase algorithm
could be found in Korolev et al. (2017) and Rugg et al. (2022)

During the ICICLE project, the NRC Conv&B0was also equipped with the NRC Airborne W antbatids (NAWX) radar
105 system (Wolde & Pazmany, 2005). The radar reflectivity from thoeaXd of the NAWX radar is used to characterize the cloud
macrophysical structure and asstg result of the SIP simulations.

3. Model simulation
3.1. Model configuration

Thenumericalmodel used in this study is the Global Environmental Multiscale (GEM) model (C6té1€x%; Girard et a).

110 2014). GEM is used for operational numerical weather prediction (NWP) in Environment and Climate Change Canada (ECCC)
as well as research in ECCC and Canadian universities. The dynamical core of GEM is formulated based-bpdhestetic
fully compressibleorimitive equations with a terraifollowing hybrid vertical grid. As such, it can be run at cleadolving
(subkm grid spacing) scales. It can be run on global or limétexh domains and is capable of -ovey nestingln this study,
four cascade domains with horizontal gsgacing of 10, 2.5, 1.0 and 0.25 km and siné 3600<2600km?, 1800x1800 km?,

115 1024x1024 km? and 512x512 km? are used respectiveliThe highresolution simulation with a grid spacing of 0.25 km
provides enhanced capabilityesolvesmallscale phenomena such as convective updrafts and the recirculation of raindrops
by these updrafts near the melting lay®ccurately resolving these physical processes is crucial for better representing SIP
mechanisms, includingeth-HM -and FFD_and CBprocesss(Korolev et al., 2024)For ICICLE Flight 9, the simulation is
initiated at12:00 UTC on 20192-07 and rurs for 12 hours. All four nesting domains arentredon 44.2N and88.73%W

120 (Figure 1) For ICICLE Flight 20, the simulation isitiatedat06:00 UTC on 201®2-23 and rurs for 12 hourswith all four
nesting domains centred @2.7”N and 89.9°W(Figure 1) 84 unevenly spacetlybrid vertical levels are used for 10 km

simulatiors and 62levels are used for atithersimulations.
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Figure 1 Simulation domains at different stages of the cascade for ICICLE Flight 09 (blue rectangles), ranging from 10 km
to 0.25 km resolutionThe red rectangle marks the innermost 0.25 km domain for Flight 20. The three outer domains for
Flight 20 follow a similar pattern to Flight 09 but are shifted, as they center on the red rectaegieayscale shading

represents surface elevationmetes, while black lines indicate waterfront contours.

3.2. Cloud microphysics scheme

In the GEM simulations of this study, all grsgale cloud microphysical processes were represented by the Predicted Particle

Properties (P3) bulk microphysiggrameterizatioscheme The original version of the P3 scheme is described in detail in

Morrison and Milbrandt (2015). Since its inception, there have been several advances which have been described in variou

publications.

The liguidphase component of P3 uses a standardchteqgory, twemoment approach whereby all liguthase

hydrometeors are parsteidtiinoennetdi nign tdor ofipcl lectusd) 0 a(nndo nir ai n o, e

complete gamma functions aedch has the mass and number mixing ratios as prognostic (and advected) vBriaples.

activation is parameterized following the approach of Morrison and Grabowski (2007, 2008), which assumes a constant

background aerosol concentration of 3002 with a mean particle size of 0.05 micrometams), composed of ammonium

sulfate.Work is currently underway to include prognostic aerosols.
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P3 has a unigue approach to represenpitEse hydrometeors. In the traditional approach, as used in nearly all bulk and bin

mi crophysics schemes, particles are partitioned ibhedo pr

physical properties (e.g. density, fall speed parameters, etc.). In contrast, P3 haspacied humber of freely evolving

generic icephase categories, each of whose physical properties evolve continuously in time and space. Because of this, eac

ice category in P3 can represent any type ofghase hydrometeor (with the limitations of a bulk scheme). Also, there is no

artificial #fc oiphaseicaegonias,ahithé animhaeremt weakness in traditional schemes. Similar to the liquid

cakegories, the PSD of each ice category in P3 is represented by a complete gamma function but has an optioo@migniple

approach (Milbrandt et al. 2021). The generalization to the yoalégory version of P3 is described in Milbrandt and Morrison

(2016). The incorporation of an optional prognostic liquid fraction, which allows for rpkade particles and improves the

simulation of processes such as melting and refreezing, is described in Cholette et al. (2019, 2024).

All simulations in this study use the configuration with tripl@ment ice, prognostic liquid fraction, and four-jgease

categoriesThe decision to use four ice categories was made to maximize the representation of theodallice particle

size distribution during conditions of high SIP rate where largeepiging ice particles coexist with small ice splinters. Ice

splinters generated by various SIP processes are assumed to have a diametan.oTHése small ice particles are

incorporated into one of the four ice categories corresponding to the closest particle size. Qu et al. (2022) shoveed that thr

ice cateqgories in the P3 scheme are sufficient to effectively capture the size distributioB8I®Rhs active; Milbrandt et al.

(205)slowed a simil ar ficonvergenceo with three categories

used in this study since the additional category should, in principle, model the total ice phase slightly better without

significantly increasing computational cost.

I n the Aofficiald P3 scheme, i ce i s iinmersibricoatacHreezing iofeloudh o mo g

droplets andrain drops (see Morrison and Milbrandt, 2015), heterogeneous nucleaimmcondensation freezing and

deposition(Cooper 1986) and rime splintering (Hallet and Mossop, 1928 position nucleation is specifically restricted to

temperatures at or below 258.15 K and requires ice supersaturation of at least 5%




175 Midbrandt—et—alt—(2024) showed—a——simtar——fAconverdosrnceo

3.3. Parameterization of SIP

This study focuses on assessing the impadhatiding two-three SIP processem the NWP simulationsthe HM rime

180 splinteringprocessandthe FFD procesandthe CB processAs discussed, additional SIP processes are currently known;

however, due to limited understanding of each, including-Eivli FFD and CB this study examines only these relatively

bettercharacterized processes. Future studies will aim to incorporate more SIP processes.

3.3.1 Rime splintering/Hallet-Mossop (HM)

The parameterized HM procefgglows Hallet and Mossop (197 stating the production & peak valueof 350 icesplinter

185 per mg of collected liquid wateturing riming ofliquid cloud drops or rains dropletgthin a temperature range €8°C > T
> -8°C, with the peak value ab°C and varying linearly to 0 aB and-85 °C. The size of icesplintersis set tol0 um.This
study utilizes three distinct methods to calculate the number of ice splinters produced by the HM process. In the éirst metho
(referred to as HMr), the number of ice splinters is determined based on the mass of all collected supercooled raindrops
excluding the fraction involved in thEFD procesgsection 3.3.2)The second methadeferred to as HIgr) calculates the

190 splinters using the mass of raindrops collected by graupel, while therteired(referred to as Higc) useshe mass of liquid
cloud droplets collected by graupel. In the P3 schemés represented as generic categoseshere isio predefined graupel
category thereforegraupel isidentified as ice(in a given categorwvith a rime fractiongreater thar®.4, a bulk ice density
bet ween 50 and 7 0Omfasskdigmetar greater than@ munuichfielcauah dropetsd are defined as having a

diameter smaller than 50 um, whileain drogso have a diameter exceeding this threshold.

195 3.32 Fragmentation of Freezing Drops (FFD) process
The FFD process is parametrized following Lawson et al. (2015):
6 ¢& pm O, (3)

whereN; is thestatisticalaverage number of ice fragments per digfreezirg drop, andD is thefreezing liquiddrop diameter
in_rmicrometergm. Two versiors of FFD parameterization were testigdthis studyIn the firstversion, ¥heparameterization

200 oftheFFD process was applied for raindrops (100 pbr <3500 um) which were nucleated bgntacting withice particles

with diameterD; < 100 um.Because freezing raindrops up to 3500 um in diameter were included in the calculation of ice

7
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splinters and the FFD rate is proportional@o, this approach can yield very high FFED rates. This version is therefore referred
to as FFDh (FFED at a higher rate).

In the second version, a correction to Eq. 3, proposed by Lachapelle et al. (2025), was implemented. It was found that the

original FFD rate in Eq. 3 could be overestimated compared to in situ observationthérdointer Precipitation Type

Research Multiscale Experiment (WINTRHEX) campaignduringice pellet precipitation(Minder et al. 2028 To address

this, the value oN; was capped for raindrop diameters equal to or greater than 1878.2 um. This adjusted version is referred to

as FFDI (FED at a lower rate) in this study

Following Keinert et al. (2020) the activity of the FFD proosss limited to the temperature ran@s°C <T < -2°C with a

maximal rate ofN; (as calculated by Eq. Svith or without capping at T=-12.5°C.N; is then linearly scaled down to zero as

the temperature decr@acsesi icoemasd® . 5AECmMt bl T dfeAdensdalimg T 2 AC
factor ¢ (where %[0,1]), such that the rate is BiFhe FFD-ratedecreases-linearffomF+—=-12.5°C to-T=-25°C and-—

2°C. All newly produced ice splintetsavea diameter of 1Qum.

A minimum ice mixing ratio t hactvatdihe FFD procesdBethbife of thigkrgsholdg T
was determined subjectively by trahd-error. Its applicatiorprevents the unintended initiation of a high FFD production rate

under freezing rain conditions due to the presence of very small amounts of ice. In freezing rain conditions, where large
amounts of supercooled liquid raindrops are present, even a small amount of ice could trigger a chain reaction, leading to a

unrealigically high ice number concentration.

In the FFD parameterizatiensed here, supercooled rain collected by ice will fredzike prodicing ice splintersExcluding

the mass of ice splinters, which typically represents a small fraction ddithmass, the remaining rain mass is added to the
ice category that collected thain. Under extreme conditions, such as when a small humber of large raindrops mix with a
large number of tiny ice particles, the collected rain mass added tattbgory of icewvith very small meaimass diameter
which collectrain dropletscan result in the production of a large number of-silgtd ice particles. In reality, this scenario
would produce a few large ice particles and many small dieemitigate this effect, and following the methodology proposed

by Lachapek et al. (2024), we redirect the mass of collecédmiwith largemeanmassweighteddiameterto the ice category

that is most similar in siz&his redirection takes place when the mean masghted diameter of the rain is more than twice

that of the ice that collect them.

In conditions with large raindrops, the FFD parameterizatised in this study may produce an excessively high number of
ice splinters. To limit thesenrealistically largealues of ice number mixing ratios, a maximum total threshofd ofl 1 0 k ¢

(summed across all four ice categorieghereforeapplied in all simulations.
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3.3.3Fragmentation due to iceice collisioral breakup (CB) process

The CB process was parameterized following Phillips et al. (2017b). It is governed primarily by the collision kinetic energy

(CKE) and is also influenced by air temperature as well as the type and size of the colliding ice particles. All thode types

CB processes were implemented: type | (collisions between graupel/hail and other graupel/hail), type Il (collisions between

crystals/snow and graupel/hail), and type lll (collisions between crystals/snow and other crystals/snow). All newly produced

ice spliners were assumed to have a diameter of 10 um. An additional modificationaslaso ensure th@B-generated ice

splinters were only calculated when the r el at(Hoarauetale! oc i
2018,Korolev and Leisner, 2030

4. Establishment of @periments

An objective of this study is to examine the imgarftdifferent approaches to modeling the HM-D andCB processsand
its-interactions-with-the FFBrechanismThe baseline simulationr e f e r BASEO J aondactedvith all SIPprocesses
deactivatedFive-Four additionalsimulationsarewere perfermedarried oufer-each-casesne-with-onhy-HM-(based-on-ice
ollectedrain-drops—execluding-collectedrain-used-for FeBe-with-only D—anthreeincludingwith boththe HM and
FFD, and oneincluding HM, FFD and CB In the latterthree two-process experimentthe same FFD (higher rate)

parameterization is used, coupled with three different HM parameterizations as described in Section B.8.1inal

experiment, all three SIP processes warabledwith the FFDI(lower rate) parameterization applieslcomplete summary

of all configuratiors is provided in Table IThe0 . 25 km si mul ati ons-{ aoef id@usi gnhiao e]d,
case refers to either AF90 or AF20,0 representing ¢ CIlCL
the names listed in the left column of Table 1. Forainse,F9-BASE'refers to the 0.25 km baseline simulation for ICICLE
Flight 9.

Table 1. List of simulations.

Experiment name HM FFD CB
BASE off off
HM (based on ice collected rain drops,
HMr-FFDh excluding collected rain used for FFD), Temperature & liquid drop size
temperature dependent dependentTheoriginal formula off
HMar-FEDh HM (based on graupel collected rain drop of Lawson et al. (2015) was us¢
9 - temperature dependent (higher ratg.
HMgc-FFDh




HM (based on graupel collected liquid | Modified veisionof Lawson et Based on Phili
. N pS
HMgc-FFDI-CB droplets), al. (2015) based ohachapelle et ot al (2017
temperature dependent al. (2025)(lower rate) etal.(2017)
5. Results

This section begins by presenting the results of ICICLE Flight 9, characterizeddtigedconvectiors with peakupdraft
255 speecexceeding 5 m s T. |t then ex aastrafers mdsdtale kyRemhth vergcalt 2 0,

wind velocities below 5 m s 1

5.1.ICICLE Flight 09 : localized convective case

10
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260 Figure 2 (a) GOES16 spectral radiance at 0.64 um (Channel 2). (b) GO&Srightness temperature at 10.3 um (Channel

13). Both images are from 20:30 UTC 9@irebruary 2019. Blue linedenotecoastlinesand lakesthe redrectangleéndicates
the innermost simulation domaifwith a0.25 kmgrid spacing)or Flight 9, yellow linesshowthe sea level pressutisobar

at 18:00 UTCrom theoperationategional analysis used at ECOf£een linesaircraft flight track. (Only data from the flight
segments in the northern portion of the track were used in this study)

265

On 9 February 2019, the Great Lakes region experienced a significant winter fetdhed by a lowpressure system that
intensified as it stalled over Lake Huron (Figures 2a and 2b). This system resulted in prolonged snowfall across fine region.

the area west of Lake Michigan, including Wisconsin and northern lllinois, cold temperatures and snowy conditions prevailed

dueto the influence of a passing lgpvessure system. A comparison between the visible radiances (Figure 2a) and infrared

brightness temperatures (Figure 2b) from GaBSsatellite imagery reveals scattered convective cells. These isolated

270 convectiveupdrafts though sparse, were capable of producing brief bursts of enfseezing rain

11
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Figure3 shows the combined zenith and nadir pointixgandradar reflectivity along wittin situ observations of IWC, ice
number concentration (Ne x c | udi ng particl es s)hWC,laietemperatur€), 4a@ndmt he di
altitude(H). The bright ban@t approximately 2.5 kris clearly visible before 20:00 UTC, but it disappears after 20:30 UTC.

A temperature inversion is present near an altitude of 2 km, although the maximum temperature at this altitude remains belov
freezing after 20:0QTC. Based orin situ observationshtere are many regions of mix@thase clouds, particularly between
19:50 and 20:40 UTC and around 21:00 UTC, which propimentialfavourable conditions foBIP.
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Figure3. Data of ICICLE Flight 9 on 20192-07. (a): upward and downwakKtbandradar reflectivity(Z), (b): IWC, (c):
N;, (d):LWC, (e):T, with red dashed line indicating T=0°@) H. The yellow and turquois arrows point to the two moments

280 when Convai580 flew a low altitude below 1 kisiuring missed approach
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Figure 4 displays the simulated brightness temperature at 10.3 um for the 2.5 km resolution(dortiem bordelimited

at 50° N due to GOES$6 data availability) using the RTTOV (Radiative Transfer for TOVS) fast radiative transfer model
(Saunders et al., 2018) for the-BASE simulation (Figure 4a). This is compared with the GQESbservation at 20:30
UTC on9 February 2019 (Figure 4b). The BASE simulation effectively reproduces the laiggale sedevel pressure
pattern (shown by yellow linesfhe simulated brightness temperature at 10.3 um closely matches the X6@BServations

However, a positive bias (indicating warmer values) is evident compared to the satellitevestagations into the cause of

this bias are currently underwaddditionally, the simulation slightly underestimates cloud coverage over the southern part of

Lake Michigan and in the southeastern corner of the simulation dctiagugh-i

280 280
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200 260

250K 250K

240 240

230 230
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95°w  90°w 85w 80 W 100°w g
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220
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Figure 4. (a) Brightness temperature at 10.3 pm simulated using RTTOV (Saunders et al., 2018) with the BASE simulation at
2.5 km resolution for 20:30 UTC dhFebruary2019. (b) Observed brightness temperature from GOE&E®r 20:30 UTC on

9 February2019. Blue lines indicate lake boundaries, while yellow lines represeft¢\adasobars: from thé&9-BASE
simulationat 20:30 UTG n panel (a) and from E@RCIDUITAnidaged at 480D UTCrine d i ¢
panel (b).

Figures 5 and 6 present the simulation profiles for the region within 10 &meach sidef the aircraft track. The profiles
display averaged values, except Fagure 5c, which shows99 percentile of ice water conternthe maximum vertical wind
speedgFigure5d), andthe median radar reflectivity (4qian Figure6c). Significant variations imeanlWC among different

simulationscanbe seenn Figure5a. The F9BASE simulation for ICICLE Flight 9 produces the lowest IWC, with slightly
higher values observed in #0Mqgr-FFDh. In contrast, FeiMgc-FFDh and FAHMgc-FFDI-CB exhibit notable increases in

IWC.FheF9-BA M iorfo aht Qvields the lowe NC_followed by slighth/ hiahery es- inEHa Mo
EEDwhile the=9-HMge-FFD shovs-anotable-increasdhe F-HMr-FF
surface All SIP simulations produced a significant enhancement in the 99th percentiles of IWC at various altitudes compared
to theF9-BASE simulation ied

Dh simulation exhibits extremely high IWC near the
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crystal-number-concentratiohlif-depicted-inFigure 5e-The extremely high IWC observed below 1.8 km in E8HMr-

FFDh simulation (below the temperature inversion at ~2 km altitude, as shdvigure5e) aligns with the elevated; i the
same altitude range (purptiashdottedlines in Figure 5¢). This IWC enhancement is strongly associated with increased
freezing efficiency of liquid watelLl{;¥C andrain water contert RWC), as shown irFigure6aand6b, and enhanced vapor
deposition growth due to the higher, Meading to a larger ice surface area for deposifitrese findings suggest thatP
processessuch-as-HM-and-FEBnay contribute to the formation and persistencEI®¥C condition.

For Znedian(Figure6c), the F&-BASE andF9-HMgr-FFDh simulations produce the highest values, despite having the lowest
IWC. Due to the relatively low Nn these simulations, the ice particleF&BASE andF9-HMgr-FFD are larger compared
to those in the othewo-threeSIP simulationsF9-HMgc-FFDh and FO9HMgcFEDI-CB generate the lowest edian8Cross

most altitudes below 5 km, while9-HMr-FFDh shows even lower wedian below approximately 0.9 km. This reduction in
ZmedianiS due to the extremely high; M FO-HMr-FFDh, which significantly reduces the size of the ice partidiys20:30
UTC, the clouds near the flight track had already glaciated, so no brightbalude seen iRigure6c¢.

Although all thregwo-processSIP simulations use the same FHRarameterization, differences in how tH¥ process is
modeled result in markedly different outcomes. Figéeand6eillustrate the HM and FFD rates at the simulation time step

of 20:30 UTC. At this time, there is no SIP activity within 10 km of the flight track$HMgr-FFDh. Similar toF9-HMgr-

FFDh, F9-HMr-FFDh calculates the number of ice splinters based on collected rain mass, but without the requirement that the
ice mustbe graupel. By omitting this graupel conditioR9-HMr-FFDh produces a high HM ratd=igure 6d, purpledash
dottedline), which subsequently triggers the FFD process, leading to an evenighete near 1 km altitude. On the other
hand,F-HMgc-FFDh generates a lower HM rate near both 3.5 km and 1 km altitédgsré 6d, red lines). Consequently,

the FFD rate is also very low near 3.8 km, with no FFD activity below 2damthe flight traclat this time stepThese results

indicate that unddreezing conditions with an abundant supply of supercooled rain, the initiation of the FFD process is highly
dependent on the rate of the HM procespotentiallyany SIP processes which could provide sufficient amount of small ice

particles

Including the CB process in the experiment led to an explosive increase in FFD rates near the surface (not shownye To mitigat

this, we applied the FFDI (loweate) parameterization, as proposed by Lachapelle et al. (2025). Results from tipedbese
experiment (FAHMgc-FFDI-CB) were similar to those of HAMgc-FFDh in terms of N IWC, LWC, and Zedian The CB
process (types |, I, and Ill) produced positive SIP rates at multiple altitudes, incladaigbelow 2 km(Figure 6f, 6g),

potentially further activating the FFD process. The use of the FFDI parameterization effectively suppressatiacedfFD

rates, resulting in values that were substantially |camer more realistic

In the simulations foFlight 9,condensation freezing/deposition ice nuclealiikealy initiated ice particle formation at altitudes

above 4.5 km (T<15°C, as implemented in P3 schemAs these ice crystals descend, they tend to aggregate, leading to

decreased Nalues (typically less than 4én®) (see Figre7b, blue dashed line from the BASE simulation)In addition,
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340

the immersiorcontact freezingprocess could also introduce low number palNhigher T (T<4°C). Ice particles produced

via heterogeneous nucleation can subsequently trigger the HM or CB processes. Howevamsimaaigd by heterogeneous

nucleation remains low at lower altitudes, where supercooled liquid drops are abundant, the likektotivdtofgsignificant

FFD rates is limited. In contrast, the HM and CB processes can proguafidk at least an order of magnitude higher than

those from heterogeneous nucleation alone, substantially increasing the potential for interactions between ice splinters an

supercooled raindrops.
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345 Figureb. Profiles from the baselinend SIP simulationsn 201902-07 for the case of ICICLE Flight 9(a): meanlWC, (b):
95 percentile ofWC (99" pctl of IWC), (c): meanN; with the number of ice particle smaller than 40 um excluded
maximum vertical wind speefivmay, (d) T (the three simulations have only slightly different temperature that is not
distinguishable in the figurejheAll profiles are calculatedasecatfrom simulationresults a610 minsimulation-time20:30
UTC) after the initiation time of 12:00 UT.QII profiles arecalculatedor theregionwithin 10 km of distance to the aircraft
350 track
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Figure6. Profiles from the baselinend SIP simulations on 20012-07. (8): meanLWC, (b): meanRWC, (c): median radar
reflectivity (Zmedian, (d): meanHallet-Mossop rate,d): meanFragmentation of Freezing Drop rafé: ice-ice collisioral

355 breakuprate(type 1), (g):ice-ice collisioral breakup rate (type & Il )- All profiles arecalculatedor theregionwithin 10 km
of distance to the aircraft traekid at20:30 UTC

To further assess the simulation reslittssitu aircraft data were usddr comparisos. Figure7 compares the distributigrof
simulated IWC and Nvithin 10 km of the flight track and within the flight altitude range of 0.5 to 3.8 km, with the observations
shown by black linedn the simulation results presented hepgantitiesfrom all four ice categories are summed and for the

360 simulated N ice particles smaller than 40 um are excluded.
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For IWC, theF9-BASE simulation significantly underestimateh e f r equency of c¢ | o uF®BMgwi t h

FFDh simulation (yellowdottedl i ne) shows some i mprovement, especially

remain underestimated. Whileoth FO-HMgr-FFDh and FO9HMgr-FEDI-CB considerably improvethe estimated IWC
frequencytheyit still underestimateconditions of high IWC. Conversellf9-HMr-FFDh overestimates the frequency of high
IWC above 0.8 m=.

For N, both theF9-BASE andF9-HMgr-FFDh simulations produce very low values, whi€-HMr-FFDh (purple line)
significantly overestimates iNThe F&-HMgc-FFDh and F9-HMgr-FFDI-CB simulatiors (red lineand green dashed line

respectively provides the closest estimateof N;, although the peak valagemairs slightly lower than observedthis

FigurebaSb-and Se¢islikehyrunrealisticBased on this, the subsequent discussion on SIP simulationsgegakisively on
F9-HMgc-FFDh and F9HMgc-FEDI.

Figure 8 presents the twaimensional histograms of; Kk-axis) as a function of {y-axis). In the FIBBASE simulation (Figure

8a), the majority of Nvalues are low, ranging between 10! and 162 pnedominantly at temperaturaove-10°C. Because

SIP processes are not included in this simulation and the cloud top revaamsrthan-40°C (the threshold for homogeneous

nucleation), ice particles primarily originate from heterogeneous ice nuclebtitime P3 scheme, the parameterization by

Cooper et al. (1986) is applied for temperatures bé&ld®’C and ice supersaturation greater than 5% to estifiatee to

condensatiorireezingand deposition ice nucleatio8ince this scheme tends to overestinigtat lower temperatures,iN

valuesdue tocondensation freezing/deposition ice nucleation e ¢ a p p e d3. ’hérefole ore of th® sourcaes afe

particles observed at temperatures warmer th8AC might have originally formed at colder temperaturbglow -15°C,

governed byhe estimated; which is represented by the line of small red cirofesthese primary ice particles descend, they

aggregate, resulting in the low; Malues at temperaturegarmer than-10°C. Another source of ice could be from the

immersioricontact freezing of cloud or rain (T<4°C) which produces low N;.

The two simulations that include SIP proces§&sHMgc-FFDh and FEHMgc-FFDI (Figures 8b and 8espectively, still

exhibit similar cluster (highlighted by large red circles) as in theBASE run, representing ice particles resulting from

heterogeneous nucleation. Additionally, a second distinct cluster appears (highlighted by large greém Eigeles 8b and

80), displaying higher Nvalues at slightly warmer temperatures (i.e., lower altitudes). This pattern contrasts with the expected

reduction of Nat lower altitude due taggregation, suggesting a strong influence of SIP on enhancing N

Finally, the observed distribution shown in Figure 8d is very similar to those in the two SIP simulations, but with eren high

Ni values near T =5°C (betweenl(®* to 1 m3). This pattern further underscores the pronounced impact of SIP on increasing

ice particle concentrations.
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Distribution of IWC between 0.5 and 3.8 km
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395 Figure?. Distribution ofIWC (a) and\; with the number of ice particle smaller than 40 pm exclu@¢tbr model simulations
at 20:30 UTC on 20192-07 and for the observation dafiar ICICLE Flight 9betweern2018:00 and 2100 UTC. The results
from model simulations are calculated &titudesbetweerD.5and5.5km and with ice water content higher than0L@ n1
3in the region within 20 km of distance to the aircraft trddie results fronin situ observation are calculated ftietcondition
with IWC higher than 0.001 g ¥ (b): logarithmic bin width of 1/5 of an order of magnitude is ustlde dashedines:

400 Baseline simulationpurple dastdot line: SIP (F9HMr-FFDh), yellow dottedlines: SIP F9-HMgr-FFDh) simulation, red
lines: SIP F9-HMgc-FFDh) simulation,green dashed lines: SIP @FMgc-FFDI-CB), black lines: observation.

F9-BASE F9-HMgc-FFDh
407 : — - a0F ‘ 5 0.1
(a) 3 (b) 2
ol ob 0.08
-30 o - 30 °
00 o0
@) o’ e 0.06
o 00 (==}
@ -20 oo 1 -20 oo
T [} (o]
- oo oo
= 0.04
-10 - -10 -
F 0.02
0 : ; 1 Ok ; ; 1 0
10% 10! 102 103 10% 10° 10°% 107 10% 10! 102 10 10* 10° 10° 10’
F9-HMgc-FFDI-CB Obs
407, o T -40 T o 0.1
(c) e (d) o
oo o 0.08
-30 o 4 -30 o
5 & &
() ) o 0.06
o 00 o0
@ -20 oo -20 oo
T o [}
- 00 =]
- 0.04
-10 1 10 o 1
( :!: 3 0.02
0t 0 i

10° 10! 102 10% 10% 10° 10° 107 10° 10' 10% 10% 10* 10° 10° 107
N, (#/m7) N, (#/m7)

Figure8: 2D histograms for the frequency of iégarding the T for FBASE (panel a), FHMgc-FFDh (panel b), F9
405 HMgc-FFDI-CB (panel c), and the observation for FlighieBween 20:10 and 21:50 UTC (panel d). Small red cycles:
parameterized Nlue to condensation freezing/deposition ice nucledtidapted from Cooper, 198@&ed dashed line:
minimal flight T between 20:10 and 21:50 UTC.

Comparing the simulated and observed Z values showsthiahe F-HMgc-FFDh and FOQHMar-FEDI-CB simulatiors

resulted in a closer match to tbhbservatiordata(Figure98). The F9-BASE simulation producesnégianvalues 5 to 10 dBZ
410 higher than observed below 5 km. In contr&®HMgc-FFDh and FO9HMagr-FEDI-CB shows slight underestimations below

2.5 km and small overestimations between 2.5 and 5 km. There may be aréifatdd to ground cluttenwhich caug
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enhanced at altitudes twice the aircraft height, as indicateBigure3a. Thevalues 0fZmedgianshown inFigure98ed suggest

thatthe simulationgnight underestimate above 5 kirhis underestimation will be further discussed in section 5.2.
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Figure 98. Z distribution frequency for (aBaseline simulation(b): SIP F9-HMgc-FFDh) simulation (c): SIP (FSHMgc-
FEDI-CB),(de): observation from Flight 9 betweé&d:10L9:55and 21:520 UTC, and gd): the median valisfor each altitude
for thetwe-threemodel simulations and observations.

Figure109 shows the averaged values of IWC andoNtheF9-BASE (panel a, dyand F9-HMgc-FFDh (b, e) and FHMar-
420 FFDI-CB (c, f) simulations between altitudes of 0.5 and 3.8 km. Compdigigre 109a and109b/c, therearés-anoticeable
local enhancemesbf IWC, particularly in the western part of the simulation donjaidicated by the white circBy, where
larger amounts dfWC andRWC are available (not shown). A similar pattern is observed f¢Fijure109b-d, e, §). Notabhy,
any-localenhancements inWGC andibe collocated with-convective updrafts-in the southeastern-partof the dDesyite
this being a winter case, some of these updrafts reach sppeda p pr oxi mat el y 7 Fignre®d. Thus, as
425 convective updrafts may play a crucial role in creating favourabledphaseconditions for SIRHM-and-=FEDB)even under

winter conditions.

Active SIP processes not only enhance IWC ajtoliNalso accelerate the freezing of existing liquid water, as shokigune

6aand6b. This can potentially lead to a significant reduction in the area of freezing rain near the surfacelL1Biguesents

the RWC and IWC near the surface at the lowest model (@apgroximately20 m above surfacepr beth-the F&-BASE
430 (uppedfirst columrrew),andF9-HMgc-FFDh (lewer+ewmiddle columi andF9-HMgr-FEDI-CB (third column)simulations.

The black contours indicate areas where supercooled rain is present near the surface. Cbrgpegitigpa and 11b/cand

10e, the area of freezing rain is reduced by approximately 60%wth the FOHMgc-FFDh and FSHMgr-FEDI-CB cases

relative to FOBASE (highlighted by black contourspm-FS-BASE-teF9-HMge-FFB-case At the same time, IWC in the

western part of the simulation XndF%RASE itna raekbmsthesFOiMgt my am |
435 FFDh and FHMqr-FFEDI-CB cases (as indicated by the white circles in Figules Tle, and 1f). Simultaneoush,PWCin

h o AL a N a a h e m o—n d—o-BOPBAS olERHMooccEER case frol
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Figure109. Averaged values between altitude of 0.5 and 3.8 km for Flight 9bfaj¢): IWC; (db), (e), (fd): Ni. Upper
rowFirst columnfor FO-BASE, middldewer columrrew for F9-HMgc-FFD, third column for FdHMgc-FEDI-CB. Red line:
flight track.

The reduction in the freezing rain area in the SIP simulatitigns more closely with observations. As showRigure3, the

aircraft descended to low altitudes during tswmulatedmissed approaches shortly before and after 20:30;4HeSaireraft
} idas j JT(ihdicated bythe
yellow and turquoise arrowsspectivel). These simulated missed approaches were intentiongblganeednanoeuvreshat

replicate a missed landing, allowing the aircraft to colleetin observationsearthe surface During the firstdesecent

simulated missed approa¢Roint 1 inFigure3, marked by the yellow arrowin situ observations indicated the presence of
both IWC Figure3b) and LWC Figure 3d). Thisdesecensimulated missed approacbrresponds to the yellehighlighted

flight path inFigure110. Beth-All simulations predict the coexistence of liquid and ice, consistent with the observations. In

the secondieseensimulated missed approa(fPoint 2 inFigure3, marked by the turquoise arrow), high IWC values between

0.7 and 1.0 g m | wer e o0bser ve driguwa3tThis seaondiesceginiudtedwrassee r p r
approactcorresponds to the turquoib@hlighted flight path irFigure1190. In theF9-BASE simulation, both supercooled rain
and IWC were predictecand thelWC valueis very low (<0.1 g n?). The F9-HMgc-FFDh and F9-HMgc-FFDI-CB

simulatiors, on the other hand, produced conditions with no RWC and high IWC, which closely matches the observations.

The improved simulation of freezing rain conditions in this study is consistent with the findi@i®leftiteet al. (202) in
which the freezing rain areare significantly reduced comparing to the simulation without 8&pite only using the HM
process in their study.
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Figure110. RWC (a,b, c) and IWC {, &, fd) near the surfacr FS-BASE (a, db),-ardSHP(F93-HMgc-FFDhy} (be, ed) and
F9-HMgc-FFEDI-CB (c, f) simulations at 20:30 UTC on 2042-07. Black contour: region of freezing rain (RWC > 0.01g m

$and T < 0°An the lowest model layat ~20 m above surfageRed lines: Flight 9 aircraft trackellow lines part of flight
track below 800 m of altitude observing both supercooled liquid and ice near 20:1Z WTGoisdines part of flight track

below800 mof altitudeobservingonly ice near20:47UTC.
5.2 ICICLE Flight 20 : stratiform mesoscalecase
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Figure121. (a) GOES16 spectral radiance at 0.64 pon&nnel?). (b) GOESL6 brightness temperature at 10.3 pamapnel
13). Both images are frot¥:30UTC on23 Februarn®019. Blue lines represent coastlinesen lines rneresentircraft
flight track,and the redectangle represents the infraost simulation domain at 0.25 km resolution for Flight 20
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On 23 February 2019, a significant winter storm impacted the Great Lakes reagituting Wisconsin, and northern lllinois,
bringing heavy snowfall, high winds, and blizzard conditi@=ellite data from GOE$6 (Figure1112) indicated widespread
overcast conditions, with thick clouds dominating the regidgre cloud cover consisted ofostly stratiform cloudstypical

of largescale winter systems.

475 ICICLE Flight 20 was conducted d28 February, in the areaestof Lake Michigan. The flight encountered an extensive
cloud system spanning overore tharB00 km, within which HIWC conditions were frequently observeduf&éd32 presents
the observe&-band radar reflectivityin situ data, and flight altitude. A consistent bright band was detected throughout the
flight. A temperature inversion was also observed as the aircraft passed through the bright band. Below the bright band, the
aircraft primarily detected liquid water, oftenpsrcooled Figure 132e), with no ice present. Above the bright band,

480 observations indicated mostly ice, often with | WC:4&bxcee:
and 16:00 UTCOne exception is between 12:25 and 13:45 UA€a result, mixegohase conditions were less frequent in

this case compared to the previous Flight 9.
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Figure132. Same as Figur8 but forICICLE Flight 20 on 20192-23.

485 Figure 13 shows the simulated brightness temperature at 10.3 puthd®20-BASE simulationgFigure 143a), along with
the observed brightness temperature from GQE®n 23 Felruary 2019 at 14:30 UTC (Figure4Bb). The RRO-BASE
simulation effectively reproduces the largeale sedevel pressure pattern (shown by yellow lines). The simulated brightness

temperature at 10.3 um closely matches the GO&8bservationexhibiting a warm bigslthough it slightly underestimates

cloud coverage.

490 The simulated profiles within 10 km of the aircraft track indicate that the impact of SIP (actdss&dtiur SIP simulations)
on IWC and Nis minimal Figures 154a,c). TheF20-HMgc-FFDh and FOHMgc-FEDI-CB simulatiors shows thea maximum
IWC increase of approximately 10% aaltitudes of3 km and 37 km altitudeespectively compared to th&20-BASE
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simulation. The increase in ¥ about 23 times, which is significantly smaller than the Flight 9 case, where increases reached
2-3 orders of magnitude. Additionallgpth F20-HMgc-FFDh and FSHMgc-FEDI-CB generatelower LWC and RWC above

495 2.5 km Figures 165a, b). Due to the higher Nthevalues 0fZmegianin the-both F20-HMgc-FFDh and FOHMgc-FEDI-CB
simulatiors arés about 3 dBZower than in thé-20-BASE simulation between 2 and 4 km altitude. No SIP activity is detected
in any of the simulations at 14:30 UTEidures 165d to 150;-€) within 10 km of distance to the flight trackxcept for F9
HMgc-FFDI-CB, whichexhibitsvery low rates of both FFD and CB typeNote thatthere are regions with SIP activities at
this time step, but they are away from gedected regionfor statistics.The simulated case &8 February2019 appears

500 morestratiform with maximum vertical updraft velocities typically below 4 ¥ Shis condition likely contributes to the less
frequent occurrence of mixgzhase conditions near the bright band, wheprasipitation size dropdriven by updrafts

through the melting layer could play a crucial role in enhancing SIP activity, as suggested by Korolev et al. (2024).
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Figure ¥3. Similar to Figure4 but for ICICLE Flight 20 on 23 Febary2019 at14:30 UTC The yellow lines in panel b

505 indicate the seh e v e | pressure from ECCCb6s operation regional

Although SIPHM-andFFD}-activity during ICICLE Flight 20 is minimah the simulationa large area of HIWC conditions
is observed. Unlikéocalisedconvective caseduring the ICICLEFlight 9 or tropical casegluanget al., 2022 Qu et al,
2022 Korolev et al., 2024)the results from ICICLE Flight 20 suggest that HIWC conditions can develop without significant

contributions from SIP processes, particularly in stratiform and-lasting cloud systems.
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Figure154. Same as Figurs but for ICICLE Flight 20 on 201:82-23. The profiles are calculated basedsimulationdata

at 510 min (4:30 UTC)
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Figure B5. Same as Figure 6 but for ICICLE Flight 20 on 260823. The profiles are calculated basedsimulationdata
at 510 min (14:30 UTC)

All simulations, including F2BASE, show reasonably good agreement with the observations for IWR; aaslillustrated

in Figure I76. Unlike the ICICLE Flight 9 case, tH&20-BASE simulation does not significantly underestimate the frequency
of HIWC conditions. For th&|; distribution, while F28HMgc-FFDh andF20-HMgc-FFEDI-CB provides the closest matets

to the observations, the FBASE simulation also produces a fairly accurate estimate.
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One possible reason for the fairly accurajedlues in the F2ZBASE simulation is that in this stratiform casgidNerimarity

likely governed by thésemogeneous—freezingprocketerogeneous nucleation progesith SIP playing a relatively less
important role In the F20BASE simulation, most Nvalues between15°C andi 25°C (T of the maximal flight altitude for

Flight 20at ~6.4 kn) are higher than the parameterizedile to condensation freezing/deposition ice nucledtover half

of the smallred cyclesin Figure Ba) within the same temperature range, but lower tharptrameterized\; for colder

temperaturesufper half of thesmall red cycles in Figure8d). Ice particles formed at temperatures bel@8°C through

heterogenous nucleationay gradually fall to warmer, loweltitude regions, thereby contributing to higherchmpared to

the parameterized iNAdditionally, simulated resultfrom F20BASE (Figure 8a) show a gradual decrease in \Mth

increasing temperature, underscoring the effect of ice particle aggregation

In the case of Flight 20, the cloud top extends above the homogeneous freezing thre4BdG] atlowing for the possibility

that homogeneous ice nucleation could also influena# Mwer altitudes as these ice particles descend. However, as shown

in Figures 18athe N values above thel0°C level are not substantially higher thmaostN; valuesseenbetween20°C and

30AC (rangi ng fAsioemarticlesifornied thraugh honmogeneous freezing descend into warmer temperatures,

aggregation processes are expected to further decrease Ni, resulting in concentrations lower gtaowhioseveeri2 0 A C

andi30 AC in Figure 18a, wher e rMmosspattern indicates that, ratatempezatufes wammerl O |

than-25°C, the ice particle concentrations are more likely dominated by heterogeneous nucleation rather than by the effect:

of homogeneous nucleation.

Compared to F2ZBASE (Figure Ba), F200HMgc-FFDh (Figure Bb) and F20-HMgc-FFDI-CB (Figure 1Bc) have more

frequent occurrences of higher MWalues for temperatures abov&0°C, indicating the influence of SIP. However, these

impacts remain moderate.

In the observed Nrequency distribution (Figure8tl), two distinct clusters are apparent. One clu@teticated by the large

red circle)aligns closely with th@arameterized\; line, suggesting the influence of heterogeneous ice nucleation. The second

cluster, which exhibits higher;Malues belovi 20°C, may indicate the presence of falling ice particles originating from higher

altitudes reqgions that were not directly observed due to the flight's altitude limitafidveshigher Nvalues may also result

from the effects of SIPHowever, N gradually decreases with increasing temperature. UnlikE2BeHMgc-FFDh (Figure
18b) andF20-HMgc-FFDI-CB (Figure Bc)cass,t her e i s no di st (gneentircléip Figure B8bui8d n g 6

that would indicate a sudden iNcrease at lower altitudes due to STRus, ice formation in warmer regions (lower altitudes)

in Figure Bc is likely dominated by heterogeneous nucleation, although the influence of SIP cannot be ruled out

Observed Nvalues at T 520°C (Figure 8¢, N> 1 1 10 m j) are frequently highe
18a, 18band 18cwhere Nmo st l vy r anges b et we3 This discreparicywarraats fdrthet inviestightibn m

into the uncertainties associated with the parameterized heterogeneous nucleation at colder temperafd&sS)(ihe icé

ice collection efficiencyand SIP.
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