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Abstract

The phenomenon of high ice water content (HIWC) occurs in mesoscale convective systems
(MCS) when a large number of small ice particles with typical sizes of a few hundred
micrometers, concentrations of the order of 200 L and IWC exceedingdLnt® are found at

high altitudesHIWC regions in MCSs may extend vertically up to 10 km above the melting layer
and horizontally up to hundreds of kilometers, filling large volumes of the convective systems.
HIWC has great geophysical significance due to its effect on precipitation formtite

hydrological cycle, and the radiative properties of MCSs. It is also recognized as a hazard for
commercial aviation operations since it can result in engine power loss and in the
malfunctioning of aircraft data probes. This study summarizes observational and numerical
simulation efforts leading to the development of a conceptual model for the prodnaif

HIWC in tropical MCSs based on the data collected during theHHIC campaign. It is
hypothesized that secondary ice production (SIP) in the vicinity of the melting layer plays a key
role in the formation and sustainability of HIWGsitu observations suggest that the major SIP
mechanism in the vicinity of the melting layer is related to the fragmentation of freezing drops
(FFD). Both ksitu data and numerical simulations suggesittthe recirculation of drops

through the melting layeled to the amplification of SIP. However, laboratory measurements
remain insufficient to support the accurate model representation of FFD conclusively. The
proposed conceptual model and simulation results motivate further efforts to extend
reproducible laboratory measurements.

1. Introduction

The interest in cloud environments with enhanced ice water corg@i¥C>1 gm=) has
emerged in connection with the development of aviation safety envelopes for the operation of
commercial aviation. Reports of a growing number of engine pdas&s events owommercial
aircraft flying in the vicinity of convective storrnreshasinitiated trial field studies of the

1

SNE
> bSs


mailto:alexei.korolev@ec.gc.ca

45

50

55

60

65

70

75

80

85

environmental conditions related to the engine events (Lawson et al., 1998; Strapp et al., 1999).
Data obtainedprovided evidence that engine powdwss events resulprimarily from the

ingestion of large concentrations of ice crystak® the engine The analysis of the Boeing

event database showed that the engine power losses typically occur in tropical mesoscale
convective systems (MCS) in the altitude ran§g to 12 km andhe temperature rangeof -

10 C to-55 C(Mason et al., 2006; Mason and Grzych, 2011). The radar reflectivity in the
regions of engine events was found to be typically belowlB2 (e.g., Mason et al., 2006;

Grzych and Mason, 2010; Protat et al., 2016; Wolde et al., 2016). A detailed examination of the
information obtainedallowed the formulation of a hypothesis that the engine pov@ss

events occur in the presence of high concentrations of small ice crystals constituting high ice
water content(HIWCkenvironments Lawson et al., 199&trapp et al.2016).

In order to provide a statistically significant data set to assess aviation safety envelopes for
engine operations in HIWC environments (FAA Title 14 Code of Federal Regulations Part 33
Appendix O; Mixed-Phase/Glaciated Environmental Envelope, and the identical EA33 CS
Appendix P), the USA Federal Aviation Administration (FAA) and European Union Aviation
Safety Agency (EASA) jointly initiated an international field campdigrEuropean High
Altitude Ice Crystals (HAIC) (Dezitter et2013) and North American HIWC (hereafter HAIC
HIWC) (Strapp et ak016).The flight operations were conducted out of DarpAwstralia in
2014 and Cayenné&rench Guiana in 2015. The HAIBVC project was designed to obtain the
99" percentile of total water content (TWC) and characterize ice particle sizes for regulatory
purposes.To address the regulatory objectivedoud environmergwere sampled along the
horizontal traverses at different distances from the convective cores at four temperature levels
centered around10 C,-30 C,-40 C and-50 C (£5C) (Strapp et al., 2020).

During the HAIEIWC in Darwi2014 and Gyenne2015 campaignsnost of the MCSs
were sampled during itsxature stagei.e, when thecloud top area with temperaturbelow -

50 C from the GOES3 10.8>m channebpassed its maximum. Approximately,%88f studied
MCSs hadnageof over 6h, and approximately #over 12h (Hu et al, 2021).Most of the

MCSs were in icghasethermodynamic state at themoment of their observationThe spatial
occurrence of nxed-phase clougegments was only a few percent (Korolev et al., 2018, Strapp
et al., 2021).

The first two HAIEIWC flight campaigns provided a wealth of data which enabled insight
into the microphysical and thermodynamical conditions inside tropical MSCs. Thus, Leroy et al.
(2017) found that in HIWC cloud regions the median mass diameter (MMD) of ice particles
ranges from 250rm to 500nm and thatthe MMD decreases with increesgy IWC.This is
consistent with earlier findings of Lawson et al. (1998), who showed that median of the
maximum particle dimension in tropical MCSs is close tod005trapp et al. (2020, 2021
studied the dependence of the TWC versus averaging spatial scale. It was found that maximum
TWC reached 4.1 ghat averaging distance 0s5n-NM (0.93 km) at the30 C temperature
level. Even at the 1080+m-NM (186 km) distance scale, the overall TWC maxima were near 2 g
m3Ay (GUKS btwmnc/ |YyR bonc/ tS@Stad ! gSNI¥3IS aas

FNRY [62dzi oHc >Y AYy (GKS +p@level (Sr&H@&al. 2028). | 6 2 dzi

Ladino et al. (2017) concluded that the measucedcentration of ice particles could not be
explained by primary ice nucleation and that the likely explanation of the formation of the
observed ice was related to secondary ice production (8H3lysis of higiiesolution imagery
of ice particles performed iKorolev et al. (202Quggested thaSIPoccurs above the melting
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layer primarily due to the fragmentation of freezing drops SIP mechanism. Most of the
observed SIP cloud regions were collocated with convective updrafts.

Hu et al. (2021) explored dependences of IWC, MMD and ice number concentration
versus environmental conditions such as temperat(iNg yertical velocity), proximity to
the convective corel ) and MSC age. It was found that IWC correlati¢h Y, whereas
MMD decreases and increases with decreasirily The relationship between IWC and MMD
ismore complex and it depends 6§0 ,0 , and MCS age.

Hu et al. (202) and Brechner et a{2023)exploredthe modality ofice particle size
distributions(PSD)n HIWC cloud regiondeveloped functional relationships between the PSD
parametersandexaminedthe dependence of PSDs on environmental conditiddsng an
automated technique for the identification of unimodal, bimodal, and trimodal size
distributions, they found that temperature and IWC were the most important variables
determining the modality of the PSDs, with the frequency of trimodal distributions increasing
with temperature and bimodal distributions more common in updraft cores, and the existence
of the small peak indicative of SIP.

Early numerical simulations of the HIWC phenomenon showed significant challenges in
reproduction of HIWC environment and revealed great sensitivity to the ice initiation schemes
employed in numerical modela¢kerman et a).2015; Fridlind et al2015;Franklin et al., 2016;
Stanford et al., 2017; Qu et al., 2018; Huang et al., 202ilbetter simulate the HIWC condition,
Wurtz et al. (2021, 2023) improved the parameterization of snow patrticle size distributions within
a singlemoment cloud microphysical schem&u et al. (2018) used a clowdsolving (256m
horizontal grid spacing) model to simulate tropical MCS with SIP represented by the-Hallett
Mossop (rime splintering) SIP procefiswas found that thethatthe-misaligned simulated
profiles of Ow @nd0  might be related to inadequate handling of SIP processes which led to
the production of too few, and thus too large, ice particlkesvasthusrecognized thathe proper
simulation of hydrometeors in HIWC environments could be improweith a better
representation of SIP. The subsequent development of numerical models shmwedclusion
of SIPprocesseplays acrucialrole inthe simulation of HIWC environment in tropical MCSs (Qu
et al., 2022; Huang et ak021,2022).

The geophysical significance of HIWC environments in tropical MS$st to befully
understood. However, it is expected that icétiation mechanisms in the convective cores of
tropical MCSs are directly linked to the formation of anvil cirrus and their longevity, which
eventually affecs radiative transfer. The typical size of ice particles constituting HIWC
environmentsis strongly related taheir fall velocity, which affestthe sustainability of HIWC
cloud regions and, thus, will affect the type (e.g., hail vs. rain) and the rate of precipition
the surface Altogether this suggests that the microphysical processes in tropical MCSs may
affect climate circulation,andthe hydrological cycle on regionahd globakcales (Sullivan and
Voigt, 2021)

As indicated abovghe HIWC environment in tropical MCSs typically has radar reflectivity
valuesbelow30dBZ(e.g.,Mason et al., 20063rzych ad Mason 2010;Protat et al, 2016;

Wolde et al, 2016), which corresponds to green echoes on the pilot radar. This hinddligli
identification ofregions ofHIWC and the initiation of an avoidance procediNemerical
guidance from higkresolution weather predictiomodelsis a potentiatool to help establish
avoidance strateigsfor rerouting flights and mitigatingegativeimpacts of encounterswith
HIWCTo this end, @onceptual model underlying theaturalformation of HIWC environments
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andin-depth understanding othe cloud microphysical and thermodynamical processes in
MCSs should precede the development of such numerical guidance

The objective of this paper is to synergize observational and modeling efforts and formulate
a preliminary conceptual model die formation of sustainable HIWC regions in tropical MCSs.
The insitu airborne observationare essentially Eulerian type measurements, which suffer
from problemssuch as small sample volume and sparse nekkilesampling (Baumgardner et
al., 2017)s well as the difficulty of gaining information on processes since air parcels are not
tracked SIP processexcur onshorttime periods(minutes) and small spatiataleghundreds
of meters) (Korolev et al2020). Therefore, wsitu observations of SIP events inside mesoscale
cloud systemsire a greatchallenge andsamplingSIFis a matter of luck. On the other hand;in
situ observations give numerous hints on cloud processes and provide feeidback
improvement of numerical simulations. Upon improvement, numerical mockatspotentially
help to put together bits of information collected from situ and fill the gaps in our
understanding therebygiving a deeper insighof the microphysics and thermodynamics of
tropical MCSs. Wkaveattempted to employ this iterative process betweanalysis of
observations and numerical simulatgraimingat the formulation of a conceptual model of
HIWC in tropical MCSs.

The present paper is arranged as follossimmary of the results ahe in-situ
observations of HIWC microphysics are presented in section 2. Section 3 presents results of
guastidealized clougresolvingnumerical simulations of HIWC in tropicdeep convectionA
proposed conceptuahodel of HIWC formation is discussed in section 4 followed by
conclusions in section 5.

2. Results of irsitu observations

In this section, welescribe the results of the isitu observations of HIWC collected during
the HAIGHIWC campaign, which are complimentary to the previous studies above.

2.1 Methodology, instrumentation and the data set

In the absence of a clear physical basis, at present there is no consensus regarding the
definition of HIWC. Typically, the threshold IWC adapted by different research groups varies
between2 g m® (Leroy et al., 20161.5 g m* (Leroy et al. 2017; Hu et a22021) and1 g m®
(Yost et al., 2018; Strapp et al., 2020, 2021). In this study, we will employ the threshold of 1 g m
3to define HIWC.

The insitu observations presented here are primarily focused on the data collected from the
National Research CouncflCanaddNRG Convai580(CV580)esearch aircraft during the
HAICHIWC project. The flight operations were conducted out of Cayenne in May 2015.
FourteenCV58Qesearch flights were conducted in the frame of the HIWC campaign, with an
average flight endurance of approximately 4 h. Most of the flights were performed in oceanic
MCS at altitudes ranging from 4700 m to 7300 m and temperatures from G1G%0G. The
observations of MCSs were performed during their mature stages when the area of clouds with
longwave brightness temperaturdsssthan-50 C from GOES$3 approached or surpassed its
maximum. At that stage, most of the volume of the MCS above the freezing level was nearly
glaciated, with embedded mixepghase regions associated mainly with updrafts (Korolev et al.,
2018; Strapp et al2020). However, the MCSs studied remained dynamically active during the
observation periods, with updrafts peaking at-26 m st. TheCV580vas equipped with state
of-the-art cloud microphysical and thermodynamic instrumentation. Size distributions of
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aerosol particles were measured by a DMT Ultrahigh Sensitivity Aerosol Spectrometer (UHSAS)
(Cai et al.2008). Measurements af and IWC were extracted from composite PSDs
measured by optical array 2D imaging probes, such as PMS Optical Array Probe (GRABLOAP
(Knollenberg, 1981), a SPEDithensional Stereo (2DSsawsoret al, 2006 and a DMT
Precipitation Imaging Probe PIP (Baumgardner e2@01). Cloud droplet size distributions
were measured by a PMS Forward Scattering Spectrometer Probe (FSSP, Knollenberg, 1981)
and a DMT Cloud Droplet Probe (GQRance et al2010). The SPEC Cloud Patrticle Imager
(CPI, Lawson et a2001) provided a photographic quality 256 gieyel imagery of cloud
particles with 2.3yim pixel resolution. Bulk liquid water content (LWC) and TWC were measured
with a SkyPhysTech Nevzorov probe (Korolev £1298) and a SEA IsoKinetic probe -@XP
(Davison et aJ]2011). A Goodrich Rosemount Icing Detector (RID) was used for detection of
liquid water at"¥%-5 C (Mazin et al2001). The extinction coefficient was measured with the
ECCC Cloud Extinction Probe (Korolev g2@l4). Vertical velocity was measured by
Rosemount 858 (Williams and Marcotte, 2000) andiventech AIMM£0 (Beswick et al.
2008). Air temperature was measured by a Rosemount {aitalemperature probe andn
AIMMS20. Water vapor mixing ratio was measured by l-B80a and Lice6262. TheCV580
was also equipped witNRCAirborne Whband and and radars (NAWX) with Doppler
capability (Wolde and Pazmany, 2005).
Measurements off  remain a challenging task primarily due to the ambiguity of the
definition of the size of nospherical particles (e.g., McFarquhar et 2017; Korolev et al.
2017), the uncertainty of the definition of sample area (e.g., Baumdargner, €04l7;
McFarquhar et al. 2017), and artifacts related to diffraction effects (e.g., Korolev and Field,
2015) and ice particles shattering during sampling (e.g., Korolev et al., 201b) 2048se
effects are most pronounced for particle images consisting of less than four pixels in size,
regardless of image pixel resolution of the particle prdber. that reason, particle images with
a size of less than four pixels were excluded from the analysis of 2DS data. Therefore, the in situ
RIFGF RSAONAROGAYI A0S YAONRLIKE&aA@Gnht LI NI YSEHSNa
To mitigate the effects of shattering artifacts ashattering Ktips were installed on all
particle probes (Korolev et aR013a). The remaining shattering artifacts were filtered out with
the modified interarrival time algorithm (Korolev and Field, 2015). Diffraction effects resulted
in diffraction fringes, noisy patterns around images and fragmented images when particle
pas®d near the depthof-field. Thesewere cleared with special image processing algorithms.
The collected cloud microphysiaid remote sensing data were processed and analyzed
with the ECCC D2G software.
Altogether, theNRGCV580nstrumentation provided highevel redundant measurements
and allowed extensive analysis of cloud microphysics and cloud dynamics.
During the HAIEIIWC field campaign the measurements were also performed from the
SAFIRE Falc@® (F20)(Leroy et al.2016 Strapp et al., 2091 Because of the limited access,
the SAFIRE2B data could not be processed the same way adNRECV580measurements.
For this reason, the observations used in this study is primarily focused @Mb&80data.
However, published SAFIRED results are employed to support the outcomes of this study.

2.2 Ice initiation
The mechanism behind the ice initiation is the key to understanding the formation of HIWC
in tropical MCSs. One of the most striking findings of this research was the observation of
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unusually high amounts of small facetted ice crystals with sizes shG0rmed just above the
melting layer at temperaturess C “Y -2 C (Korolev et g12020). Typically, the observed
small ice crystals were hexagonal solid prisms with aspectnatiging from 0.3 to 6.

Examples of such small ice crystadse shown in Figla. The concentration of small ice crystals
ranged from 18to 10°L?, which exceeds the estimated concentration of INPs (, Ladino et
al., 2017) by 68 orders of magnitude. Such a big difference betwden and  suggests
that the initiation of small facetted ice particles is related to SIP (Field,&Cdl7).

At present, there are six recognized SIP mechanisms (Korolev and Leisner, 2020).
Identification of the specific SIP mechanisms responsible for the formation of the observed ice
is hindered by the essentially Eulerian nature of the observations. Such abisaes/do not
allow direct observations of SIP processes, but rather enable the observation of the products of
SIP after the SIP events have occurred. In this regard, the analysis of the cloudy environment
associated with SIP may provide some hints about the mechanisms responsible for the
enhanced ice concentration. The important condition for using of such evidence is that they be
spatially correlated with the SIP environment.
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Figure 1 Images of ice particle observed in MCS during\NR&Convair580 flight on 15 May 2015 measured by

the SPEC CPI:t@p): spatial sequence of liquid drops and small facetted ice crystals (highlighted by blue),
deformed and fragmented frozen drops (green framgs) a more detailed imaging see Fig.1A in AppendiX&
bottom): large ice particles from the SIP region showniop09:40:42,09:40:47, 5600m’¥-5.1°C;0w 6 0.6 g

m3,0 1000 %; (b) spatial sequence of ice particles measured in the cloud region dominated by columnar ice,
10:49:5810:50:04, 6250m ¥-7.8°C," 006 1.8 g n, 0 600 L; (c) spatial sequence of particles in the region
dominated by capped columrisi:47:3811:47:50, 7000n, "¥-11.7 C,"00*6 0.9 g m?, 0 100 L.

The age of the small facetted ice crystalsm|atC is estimated as less thafBZmin (Korolev et
al. 2020). As arguedd the aforementioned study, thpoint of originof such smailage ice
particlesis near the location of their observation. This enables the use of the evidence found in
the environment populated by small facetted ice crystals for identification of the possible type
of the SIP mechanism. Thus, it was found that in many cases the regions with enhanced
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concentrations of small facetted ice were associated with the presence of supercooled large

drops (SLD) and they also contained fragments of deformed and fragmented frozen droplets.

Such droplets are highlighted by green frames in Fig. 1a (see also FigdBlev et al., 2020).
Observations of precipitation size drops, fragmented and deformed frozen drops, and large
O2yOSyiNI Az2ya 2F GAye FIFIOSGGSR A0S ONBadGlf a
(FFD) SIP mechanism is responsible for the enhanced concentratienalfserved ice

concentration above the melting layer.

2.3 Metamorphosis of ice particle shapes

Early laboratory studies revealed that the linear growth é@€XQ pof ice particles along
the crystallographic as (i.e.,and ) is highly sensitive to humidity and ambient temperature
(e.g., aufm Kampe et all951; Nakaya, 1954; Kobayashi, 1957; Hallett and Mason, F3&H
et al. 1979. This unique feature of ice growth results in an infinite variety of intricate ice
particles shapeddowever, despite the complexity and variety of ice shapes, there are two
major growth regimes. The first occurghen the growth rate of the prism faces (i.e., along the
waxis)exceeds the growth rate of the basal faces (i.e., alidages) e.g.Q 0j Qo Q0j Qo
This regime results in a formation of columnar type of ice crystals, e.g., solid and hollow
columns, scroll, sheath, needlaadbullets. The second growth regime corresponds to the case
when the growth rate along théaxs is slower compared to the growth rate alo@gves, e.g.,
Q0j' Q0 'Q0j Q0o This regime corresponds to the formation of planar typEe® crystals
such as plates, stellaand dendrites. The preferential growth directions of ice crystals along
and®axes change versus temperature in a cyclical way, changing the thaliteenplate-
columnplate-column near4°C-9°C and22°C, respectively. Temperatuféf(@nd relative
humidity (Y "Pexperience continuous changes in a cloud environment due to the air vertical
motion andmixing This results in metamorphoses of ice particle shapes due to changes of the
dominant growth direction, depending ofvand’Y "Gt each moment of timeTherefore, in
some special cases, observations of ice particle habits may allow the reconstruction of the
history of"Yand"Y "@which the ice particles had experienced. In this section, we consider ice
particle habits observed in tropical MCSs, which provide information on ice particle history and
their vertical travel.

One of the important features of tropical MCSs at temperatuf€s C <"Y<-5°C is that, in
many cases, columnar ice is the dominant habit of particles constituting HIWC régions
Kobayashi, 196IMMagono, and Leel966 Rottner and Vali, 1974, Pruppacher and KI&#97).
The fraction of columns in HIWC regions in some cases may approach 100%. An example of ice
particle images isuch HIWC environment is shown in Hig.

The typical size of the observed columns varied from 200 ta®@@nd their concentration
changes in the range from 4t 10°L:1. This is quite a high concentration of ice and it cannot
be explained byrimary ice nucleation in thel0°C <Y<-5°C temperature rangé.adino et al.
2017). The similarity of the concentrations of columnsHi°C <« -5°C and small facetted
secondary ice crystals &i°C <¥-2°C, and the spatial proximity in the vertical direction of
these two temperature layers is indicative that the columnar ice in the HIWC cloud region is
consistent with the successive growth of the secondary ice formed in the vicinity of the melting
layer after their ascent in convective updrafts

FurtherHigherup in the cloud, at the levels with« -12°C, it was found that the population
of ice crystals in HIWC regions contained a large number of capped columns. Similar to
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columnar ice, in some cases the fraction of capped columns may reach nearly 100%, as shown
in Fig.1c. Observations of capped columns in tropical MCSs were also reported by Ackermann
et al. (2015, Fig. 1). Leroy et al. (2017, Fig. 8) presented measurements of ice particles images
dominated by capped columns, which were sampleeB&fC in the HIWC cloud region during
the HAIGHIWC campaign.

Capped columns are a resulttbe metamorphosis of columnar ice crystals after
transitioning from the columnar growth regime to the plate growdgimedetermined by the
ambient”YandY "OIn this case, the prexisting columnar crystals alter ting@rimary growth
direction from thedaxis direction to theéaxes. However, due to higher gradients of water
vapor around sharp ice edges the crystal areas in the vicinity of the edges of the basal face will
have a higher growth rate along thigaxes compared to that of the rest of the prismatic faces
(e.g., Nelson, 2001). This leads to the formation of plates capping the ice column ends.

@ columnar
é growth

@ -22°C
@ plate

: growth

-9°C
8

columnar

ﬁ growth

secondary ice -4°C

initiation 0?0
L R R R N B B B B B B B | o
melting layer

Figure 2 A conceptual diagram ofietamorphosis of ice particles in convective regions in tropical MCSs.

The association of columns and capped columns with HIWC regions and their linkage
through the metamorphosis of the ice shapes suggests that the capped columns originate from
the columns formed at10°C <Y<-5°C. Formation of capped columns may also be associated
with the metamorphosis of columns formed at high altitude$§¥at-22 C that then precipitated
down to the levels with temperature®9°C >"Y>-22°C, corresponding to the plate growth
condition. Such a scenario was discussed by Heymsfield et al. (2002). This case may be also
relevant to some fraction of ice crystals in the studied MCSs. However, such sequence of ice
transformation cannot explain observations of capped columns at temperatur&y o€ (Leroy
et al., 2017) since it assumes that the original columns were forrmbxhar temperatures at a
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higher altitude and upon precipitating down to th@7°C level they cannot experience the plate
growth conditions; therefore, they cannot transform into capped columns.

Observations of capped columns at temperatures arot8®fC can be also explained by
recirculation through the levels witl°C>"¥-22°C of the columns formed ak-22°C.

However, such a scenario seems unlikely to explain nearly uniform population ice crystals
consisting of columns and capped with large spatial extension and concentration reaching a few
hundred L (Leroy et al., 2017).

Summarizing the above, the most likely scenéoitthe evolution of ice particles in the
convective cloud regions in tropical MCSs is as follows. Secondary ice initiation occurs in the
vicinity of the melting layer in the temperature ranggfC <¥-2°C, resulting in the generation
of numerous small facetted ice crystals. After ascent within the convective updraft to the level
9°C<L¥-5°C the faceted small ice crystals turn into columns. Subsequent ascent though the
temperature range22°C <Y<-9°C turns columns into capped columns. Figure 1 shows ice
particles sampled in the same MCS in convective regions, but at different temperatures. Even
though these images were sampled in horizontally separated regions, they support the
proposed sequencef ice metamorphosis. Analysis of ice particle images HIWC regions in other
studied MCSs showed the same altitude pattern of changes of particle habits.

A conceptual diagram describing the metamorphosis of ice particles in convective regions of
studies MSCs is shown in Fig. 2. It should be noted that HIWC regions frequently contain ice
particles with habits different from columns or capped columns. Presefhsuch particles is
related to the entrainment in the convective updrafts of aged ice particles with different
histories from the ambient cloud regions or precipitating from above.

2.4Ice concentration, particle sizes and IWC

Besides the shape of ice crystals, the way mass is distributed across the population of ice
particles may also be exploited to retrieve the microphysical processes which the ice particles
underwent. Thus, the relationship betwe&@w 00  and particle size may provide important
information about the mechanisms of HIWC formation. In the following discussion, thé
will be used as a metric of the population of ice particles.

To exploreOwo 0 andOwod 0 0 O relationships, we employed data collected by
particle imaging probes, primarily the 2DS and PIP. To reduce the biases in calculaiions of
due to uncertainty in the definition of the deptbf-field and diffraction effects on patrticle
image sizing, the firghree size bins in the 2DS measurements wekgpedomitted which
resulted in PSD anal  calculations foiO 40 mm. Such truncation is a reasonable
compromise between uncertainty in concentration related to measurements of low pixel
number images and underestimation of particle concentration due to disregarding small
images.

Analysis of the mass distributions of ice particles shows that the particle mass concentration
rapidly decreases with the decrease of particle siz&Jer200rm. The estimated bias in
calculations ofy 0 ‘O related to uncertainty of particle counting wit® <40 nm for the
Cayenne data set is expectaminot exceed 8%.

The'Ow @vas primarily measured by the IKP. Calculatioi®o$ drom the IKP required
accurate measurements of the background humidity. Unfortunately, in several flights the
background humidity sensor was malfunctioning. Therefore, to increase the statist@e af
0 andOwod 0 U O relationship,"Ow @vas calculated from integration of the composite
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PSD measured by 2DS and PIP. The coefficieard Gin the sizeto-mass parameterization
0 D, whereb is the particle mass andisthe particle image maximum dimensiowere
found by minimizing the difference betweédw @alculated from the measured PSD and that
measured by the IKP for the flights when accurgt@neasurengents were available
(@a=7.0044 162, b=2.3) This approach was motivated by the fact that the HIWC environment
was dominated by columnar ice crystals, which resulted in different coefficéesutsl b
obtained for irreqularly shaped ice patrticles in the original study by Brown and Francis. (1995)
Figure 3a shows probability density functions (PDFB) offor ice particles witfO 40
mm in HIWC cloud regions witbw 6 1 g m3, 1.5 g mPand 2 g . As it is seen the PDFs of
0 have modal distributions with modal concentrations increasing approximately from-100 L
to 250 L! with increase ofOw 0The ice concentration in HIWC cloud regions varies across a
broad range reaching maximum of 4 x10.
The PDFs af with"Ow 6 1 gm? 0.5 g nfand 0.1 g nare shown in Fig. 3b. As it is
seen the behaviours @af PDFsn the low IWC regions contrasting to those in the HIWC
environments in Fig. 3a. The ice particle concentrations in@my@louds appear to be much
smaller compared to that in HIWC regions. Comparisons®f3@" and 90" percentiles of
0 for low IWC and HIWC environments in Table 1 illustrate the well pronounced difference
between these low and high IWC cases.
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Figure 3 Probability density function af and0 0 ‘O in cloud regions with (a0 Ow 6 1g m?®, 1.5 g n¥ and

2gmiand (bd) Ow & 1g m?d 0.5g miand 0.1 g i, respectivelyMeasurements were collected in the
temperature rangel5C Y -5C.
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The PDFs af 0 ‘O in high and low IWC cloud regions are shown in Figd. Bs it is seen
395 0 0 O inHIWC cloud regions cloud ice particles have smaligrO , whereas in low IWC
clouds thed 0 'O is higher. Theelationships betweem 0 ‘O andOw @analso be seen
from Table 1, which shows increasesofi 5 4@, 50" and 90" percentileswith the decrease
of IWC.

400 Table 1. 10", 50" and 90" percentiles of ice particle concentrations with 40 nm and MMD in
cloud regions with different IWC in the temperature rangg C Y -5 C.

ice concentration (crd) 000 (Mm)
IWC range 100 50h goh 105 5 9qh
percentile | percentile| percentile| percentile | percentile| percentile
IWC 2 gmd 162 319 600 436 687 1070
IWC >1.5 g m® 103 285 626 403 711 1200
IWC > gmd 44 203 580 407 819 1480
IWC<lgmd 3.8 21 92 562 1120 2180
IWC 0.5 g m® 2.6 13 42 554 1100 2320
IWC 0.1 g m® 0.9 4.2 18 359 1020 2420

The relationship betweedh ,0 0 O andOw @an be seen in more details from the
405 scatterdiagrams ofi Ow dandd 0 'O "Ow 6in Figs. 4a,bAs shown in Fig. 4a, the
median0 increases monotonically with the increase©tv @p to 2 g n? and then remains
approximately constant, equal to 326.lHowever) 0 ‘O has a general tendency to decrease
with increase of IWC (Fig. 4b).
The main conclusion from Figs. 3 and 4 is that despite of a$asgeringscatterof 0 and
410 0 0 O vs"Ow PHIWC environments a15 C <Y< 5 C mainly consist of a relatively high
concentrations of small ice particles with the median value$ of rangingfrom 200 Lt to 300
L' and mediand 0 ‘O ranging between approximately 7¢fm and 800m (Table 1).
However, in low IWC clouds most cases have a relatively lowvith median values less than
20 ' and median) 0 O exceeding 100@m. As was shown in Hu et al. (2021), the
415 correlation between) and"Ow @emains down to the50 C <'Y<-40 C temperature range.
There are two possible explanations for the observed relationship betweerand Ow 0
First, ice particles could be initiated at the upper parts of the MCS through homogeneous (e.g.,
at”Y -40 C) or heterogeneous (&Y -40 C) freezing of cloud droplets in convective updrafts.
The amount of generated ice may be sufficient to explain the observed concentrations of ice
420 particles. The drawback of this explanation is that the shape of ice particles formed on frozen
droplets at low temperatures is dominated by bulletsettes (e.g., Bailey and Hallett, 2009).
However, this type of ice particle habit was not observed in any noticeable amounts in the
studied MCSs. This makes this explanation less plausible.
The second explanation is related to ice initiation through SIP processes above the melting
425 layer where secondary ice particles are then transported to the upper parts of the MCS by
convective updrafts. This explanation is consistent with the observed ice particle habits as
discussed in section 2.3.
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2.5 Mixedphase cloud regions
435 The analysis of the data collected from tRRGCV58G&howed that in mature MCSs mixed
phase environments are quite sparse. The spatial occurrence of mphaske regions averaged
over the entire data set a2 C>"¥-15 C was 4.8%. Mixephase cloud was observed in
spatially smaibkcale regions with the mean and median horizontal extension of 0.48 km and
0.23 km, respectively, and the maximum length of 2.5 km. Nearly all observed-piizsd
440 cloud regions were associatedth vertical updrafts exceeding 1 m.sHowever, many strong
updrafts withd ~ 10 m 8 contained no liquid. Average and median LWC observed in mixed
phase regions was 0.047 gand 0.034 g m, with maximum LWC peaking up to 0.1 §.rRor
most of the observed mixedhase cases) @6  "Ow dvith an average liquid water fraction
0 w9"Yw & 0.13. These results are generally consistent with the data collected from the
445 SAPHIRR20 (Strapp et al., 2021). TR0 data showed 0.2% of spatial occurrence mighdse
at -30 C and no presence of liquid bele@6 C.Earlier a similar conclusion about trace
amounts of liquid water in tropical MCSs was obtained in Lawson et al (1998).
The low occurrence and sparsity of mixed phase in MCSs is consistent with the observation
of high concentration of ice in HIWC regions, which creates conditions favorable for rapid
450 glaciation of clouds. Thus, for a still ar=0ms?, initial 0 ¢® =0.1 g r?, temperature”¥-5 C,
ice particle sizé = 100nm andconcentrationd = 300 L the mixedphase cloud will glaciate
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due to the WegeneagBergerorgFindeisen process within 120 secorfdsrolev and Isaac, 2003
The riming process will expedite conversion of liquid into ice and the glaciation time will be
even shorter.

455 Besides the concentration of ice, the glaciation time also depends on vertical velocity and
the initial LWC (Korolev and Isaac, 2003; Pinsky,&tCdl4). Since the droplets and ice may
grow simultaneously (Koroleand Mazin2003), the glaciation process may take longer or the
cloud may glaciate after reaching the homogeneous freezing temperature. Therefore, the
mixed-phase cloud may exist only in a horizontally narrow regions associated with convective

460 updrafts. Analysis of the-¥nd Wband radar Doppler velocities showed that the typical
horizontal dimensions of the updrafts are a few hundred meters. This is consistent with the
typical spatial horizontal scale of mixptiase clouds in MCSs.

2.6 Sparse supercooled large drops
465 One of the interesting features related to mixptase regions is the observation of SLDs
with ‘O ranging from 50mim to 200nm embedded in ice clouds with no presence of small
droplets. An example of spatially sparce large drops is shown in Fig. 5 (red frames).
LRSYGATFAOFIGA2Y 2F dall NES¢ {[5 NB3IA2ya Ay UGN
2DC) and scattering probes (e.g., FSSP, CDP) is hindered due to the limitations of their
470 performances. Thus, scattering probes do not respond in sparse SLDsregioe, in most
cases, the diameters of the smallest drops there exceed the maximum measured size of these
instruments. On the other hand, OAPs images otaftfbcus small ice crystals, in many cases,
appear as the oubf-focus images of drops, and therefore images efparticles may be
confused with liquid drops.

“\\//l JA
P '/{-E.\P
\\\.’l 3 ﬁl\

\\\ml'/l,./l/

Figure 5 Spatial sequence of cloud particle images measured by the CPI with isolated large drops (red frames)
embedded in the ice environment shown in Fig. 6. Blue frames indicate ice particles with attached or embedded
large frozen drops0O=6500m,¥-9.5 C, 10:48:1€10:48:11 UTC, 26 May 2015.

475

480
In this study, the detection of sparse SLDs was identified from the CPidsigiation
imagingprobe with the help of the image processing software trained on the ensemble of
droplet images collected in warm clouds. Even thotilghCP1I is not well qualified to measure
bulk microphysical parameters, it allows for a crude estimate of the number concentration,
485  which is sufficient for this study. Assessment of the number concentration based on Connoly et
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al. (2007) showed that the droplet concentration in sparse SLD regions varied in a wide range
with a maximum of the order Z&:1. The estimate of the minimum local droplet concentration
depends on the spatial averaging scale and it may go well beldw10

Figure 6d showatime series of SLD concentration with drop diameter largem®) 80nm,
100mm, and 200rm. As can be seen sparse SLD regions were usually observed in convective
updrafts and their vicinity (Figéb,c). In many cases in tropical MCSs, SLD region6dfae
spatially separated from cloud regions with small droplets measured by scattering probes (Fig.
6e).

Strictly speaking, the identification of the thermodynamic phase of spherical particles from
their images afl < 0°C is ambiguous since the images of liquid and freshly frozedeformed
drops appear the same way. However, the response of RID in the sparse SLD regiéf)s (Fig.
unambiguously indicate that at least some fraction of the sphepadiclesin the CPI imagery
is in liquid phase. Based on the rate of changes of the RID signal (Mazji2@04).it was
found that in SLD regions at 2 km above the melting layer LWC may reach over®.It ggm
worth mentioning that there were multiple episodes of airframe icing experienced by the
CV580n the SLD regions during operations in tropical MCS, two of which resulted in occasions
of buffeting (personal communicatioNlRGilot A. Brown).

A conventional explanation of large drops consists of attributing their formation to colision
coalescence process. Such explanation assumes the presence of small droplets to enable the
growth of larger drops due to coalescence with smaller ones. The peess small droplets
will also lead to the formation of rimed ice particles. Rimed ice can be easily identified from the
high-resolution imagery based on the distinct features on ice particle surfaces. However, no
smaltdroplet riming was found within hundreds of meters arouregjions with sparse SLDs.
Instead, there were many large (200mm) frozen drops on the surfaces of ice particles or
regrown in ice crystals (blue frames in Fig. 5). This is suggestive that the callialeacence
process was unlikely to have a significant contribution to the formation of sparse SLDs.

An alternative explanation of the sparse large drops is related to their uplift through the
melting layer. This hypothesis is supported by the absence of small droplet riming and
observation of large frozen drops inside or attached to ice particles (Fiuéframes). The
terminal fall velocity of a 206m drop at the level of the melting layers is approximately 1'm s
Therefore, these drops could be transported by a moderate convective updraft (&gn &)
from the melting layer to the level of the observatio®s® 1 km) within 56 min.

2.8 Disturbance of the bright band

Another interesting feature observed during the HAIGVC field campaign is a
disturbance of the top of the bright band. Figure 6a shows one of the examples of the bright
band patterns measured by theb&and radar during transit through the MCS on 26 May
2015 €ig. Blab ippendixAB). As seen in Fig. 6a, the top of the bright band was relatively
uniform in stratiform regions where at the flight level the vertical wind velotttys close
to 0 m s! (Fig. 6¢) (time segments: 10:44:40:46:30; 10:52:140:53:10; 10:58:20
11:01:00). However, in convective regions the enhanced reflectivity above the level of
undisturbed bright band may extend up to 325m.This can beaseen from the diagrams
with the vertical Doppler velocity (Figb) and vertical wind velocityy, at theflight level
(Fig.6c), which correspond to theonvective regionsvithin the time segments 1@7:05 -
10:48:40; 10:425-10:51:20; 10:5310-10:55:15 (indicated by arrows in Fig.6a)
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Figure 6 Time series of (a)}and radar reflectivity, (b) Doppler velocity measured Hyaxd radar, (c) AIMM30
and RSMB58 vertical wind velocity, (d) SLD number concentration estimated from CPI measurements, (e) FSSP and
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2015.
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The bright band forms as a result of enhanced radar return froefting ice particles
falling below the freezing level. The linkage between the bright band and freezing level
suggests that the spatial vertical fluctuations of the bright band may be explained by the
vertical fluctuations of the 0CGisotherm. However, 1.2 km vertical changes of the
altitude of the freezing level would result in spatial fluctuations of the temperaturéY
of the order of 9C to 12C, with the assumption of a moist adiabatic lapse rate. Such
temperature fluctuations are overly high and were never observed on kilometer spatial
scales. Typically, during leveled flights in convective regions in studied MCSs, the
amplitude of temperature fluctuations did not exceed €1

A potential explanation of the disturbance of the bright band in convective regions is
related to recirculation of completely and partially melted ice through the melting layer.
The precipitation size drops formed after the melting of ice particles maydresported
above the melting layer with updrafts generated by regular convection or gravity waves.
Above the melting layer SLDs will interact with the preexisting ice, and thus produce high
density spherical particles and graupel, which together with SLDs will result in the
enhancement of reflectivity.

The above explanation of the enhanced reflectivity over the melting layer is consistent
with the observation of SLDs (section 2.6). It is also supported by positive Doppler
velocity observed below and withing the melting layer as in Fig. 6b (10:4919:40,
10:52:5010:53:20; 10:56:020:56:12). It is worth mentioning that the radar average
Doppler velocity has a higher sensitivity to larger drops. Therefore, even thdwegh t
average Doppler velocity is negative, small droplets driven by updrafts may have positive
vertical velocity.

2.9 High IWC cloud regions and vertical updrafts

Observations collected during the HAHBNC campaign showed that traversing through
convective updrafts was usually accompangdanincrease ofOw @ver 1g n13. Nearly all
convective regions witd 2 m st observed during the Cayenne campaign were associated
with enhanced IWC. The HIWC regianound convective updrafts extended from a few
hundreds of meters to tens of kilometers. A detailtddy ofthe statistics of horizontal spatial
scales of HIWC cloud regions is available from Strapp et al. (2021). However, in some cases no
convective updrafts were observed during transit through the HIWC regions.

The time series in Fig. 7 illustrates relationship betw&s @ndd described above
(AppendixAB). As it is seen, four of five HIWC cells (i.e-5#2 Fig. 7b) are associated with the
embedded convection observed somewhere within these cells (Fig. &julvertical velocity
measured on the flight level (Fig. 7c) correlates well with the Dopalecity (Fig. 7d), which in
some cases may extend to the cloud top of the MCS. However, no distinct convective updrafts
were observed within HIWC cell #1 (in Fig. 7b; ~:Q2@6). An encounter of the convective
updrafts during the transit through the HIWC region depends on the flight pattern and it is
possible that the aircraft trajectory did not intersect or came close enough to the convective
region. It is also possible that during sampling of the HIWC reg@uodnvection in this area
faded away.
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Figure 7 Time series of (a)band radar reflectivity, (b) IWC, (c) vertical velocity, (d) Doppler velocity measured by
the Xband radar. The numbers in (b) indicate HIWC cell number (see text). The measurements were collected
from the NRQConvair580 on 27 May 2015.

A comprehensive analysis of the relation betwd@iCand proximity to the center of the
nearest convection based on the combined analysis of thstinand satellite data was
conducted by Hu et al. (2021). It was found tf@to pon average, depends dhe distance
from the convective coré)( ), and thatOw @ecreagswith increasing . The
dependence of IWC on the distance from the convective core was also indicated in Lawson et
al. (1998).

The relationship betweef©w &nd™Y described above suggests that the convective
updrafts transport small ice particles to the upper levels. Due to the small fall velocity newly
formed secondary ice particles can be transported to high altitudes even with a relatively low
vertical velocity. During the ascent, ice crystals grow through water vapor deposition which
ultimately results in the formation of HIWC.
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3. Numerical simulations
600 The objective of this section is to summarize results of numerical simulations of HIWC in
tropical MCSs and explore the role of SIP in the vicinity of the melting layer on the formation of
HIWC environments.
3.1 Model configuration
3.1.1 Atmospheric model
605 Thenumerical model used in this study is the Global Environmental Multiscale (GEM)
atmospheric model (Coté et all998; Girard et al2014). GEM is the operational NWP model
2T 9YOPANRYYSYG FyR /EAYFGS / KFEy3aS /FYFRE 69/ 1/
ensemble NWP prediction systems. It is also capable at running at high spatial resolution
(including sukkm, nearcloud-resolving scales) for detailed atmospheric research purposes. The
610 dynamical core of GEM is formulated based on the-hgdrostatic, fullycompressible,
primitive equations with a terrafiollowing hybrid vertical grid. For the simulations described
below,the model dynamics and physics options are summarizégppendixB-C(TableBiCl).
A tropical MCS that was observed during the HHIMATC campaign was simulated using
guastidealized model configuration of GEM, similar to the simulations described in Qu et al.
615 OHNHHO® 1y FylfeadaAra az2dzyRAYy3a FNBY 9/// Qa 3IAf 206
initialize GEM on a domain with a 280horizontal grid spacing, with 256 x 256%and 183
unevenlyspaced vertical levels. The initial atmospheric conditions were horizontally
homogeneous, based on the sounding taken 1200 UTC 15 May 2015 at 6.769°N and 49.551°W
(AppendiXBC,_Figure C) The initial sea surface temperatusas set to 300.37 K. To initiate the
620 convection, the updraft nudging method of Naylor and Gilmore (2012) was used to force
convection during the first 15 min of the simulation with maximum vertical wind speed of 10 m
s1. Three distinct updraftd6 km apart from each other in the western part of the simulation
domain were initialized. The simulations were integrated for 3 h.
In order to examine the impact of SIP on HIWC from a modeling point of view, two
625 simulations were run. In the baseline (i.e. control) simulation, referred to BASE, four ice
categories in the microphysics scheme (see 3.1.2 below) were used and all SIP processes were
deactivated. In the second run, referred to as-SIR, the parameterized HM and FFD
mechanisms for SIP were activated (see 3.1.3 beldaw)mparison of the two simulations
allowsfor aninvestigation othe impacts of SIP processasHIWC.
630 Note that at 250 m, the simulatioronducted are neato what is conventionally regarded
asccloud resolvingor large eddy simulation (LES) sdaéh horizontal gridspacings of ~100
m or les3. At this scalea 3D turbulence parameterization should be used. GEM currently lacks
the capabilityto run in true LES modé¢hus the following results are not truly clowdsolving
simulations. However, GEM has been ussdgccessfully by other groups simulate deep
635 convection with a 250n horizontal grid spacing (e.g. Belair et 2018. Furthermore the
model resultsshownbelow are reasonablyclose tothe in-situ observations in terms of bulk
microphysical fieldand the model sensitivity with respect to the inclusion of SIP processes is
consistent with observational evidence. Hence, despite the limitations of the model, the
simulation results can be used with a sufficient degree of confidence to support theptaate
640 model proposed in section 5.
3.1.2 Microphysics scheme
Given the relative importance of the model microphysics in this study, some additional detail
on the P3 microphysics scheme is warranted. The P3 scheme was introduced in Morrison and
Milbrandt (2015). Since its inception there have been several major olewvents, summarized
18
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in Cholette et al. (2023). The ligydhase component of P3 uses a standard-4woment, two-
OFGS3I2NEB | LILINRIF OKXZ gAGK fAljdZAR K@RNRYSGS2NE LI
GNI Ayéd 9FOK fAljdzZAR OF 4S3I2NE A& NBLINBaSyadSR o
prognostic variables for the mass and number mixing ratios. AstBadize distribution of

each category goes from zero to infinity; however, for practical purposes a diameter of around

80 microns can be regarded as a de facto demarcation size between the two categories.

The ice phase, on the other hand, is treated much differently in P3 than in traditional
schemes which typically partition frozen hydrometeors into several predefined categories (e.g.
LINRAGAYS aAO0SE3T adayz2eés &3NI dzltdSptescibe hisioab 0 6 A G K
properties (e.g. density). Rather, P3 has a4s¢JS OA FASR ydzYoSNJ 2F ISy SNA
each of whose physical properties can evolve freely and continuously in time and space due to
the choice of prognostic variabléslilbrandt and Morrison, 2016)The PSD for each ice
category is a complete gamma function. The following six mixing ratio variables for each ice
category are predicted: the total mass, rime mass, liquid mass, total number, rime volume, and
the sixth moment. With these prognostic vaslas, which are advected by the GEM dynamics
and whose values are updated due to microphysical process in the P3 scheme itself, bulk
physical properties (of each ice category) including density, mean size, rime fraction, liquid
fraction (thereby allowing for mixeghase particles), PSD spectral width, etc. are all predicted
independently. Fields such as bulk fall speeds, radar refiggtatc. can also be computed and
benefit from the degrees of freedom.

2 KATS SIFOK aAOS¢ OFiGS3aA2NER Aa 3ISymdasd O ' yR Ol y
hydrometeor particles, it can only represent a single dominant mode or particle type (e.g.
lightly-rimed small aggregates) for the population of particles that it represents. In order to
represent multiple modes of ice particles at a given point in spaeeniodel grid point) and
time, two or more ice categories must be used. Thus, in order to model SIP using P3 at least two
ice categories must be used since SIP can result in the production of numerous small crystals in
the presence of prexisting larger ice, such as graupel in the case of the HM SIP process. The
P3 microphysics scheme, therefore, is an appropriate and useful tool for the examination of the
impacts of SIP in an atmosphericmodeldz SG Ff ® O0HAHHO &K2gSR | ySI
model solutions with P3 using three ice categories. In the simulations in this study, four ice
categories were used.

The Doppler velocities were calculated offline by subtracting the masghted fall speed of
hydrometeors from the vertical wind speeshd-particlesize distribution{see-Meorrisen-and
Milbrandt—2015 Heymstield et al-200) In the P3 scheme, the mag®ighted fall speed for
each ice category geterminedcomputedbased on thdall speed for an individugarticle of a
givensize and set gbredicted bulk propertiegfollowingHeymsfield et al., 20QAnd
integrated oveithe particle size distributiofiseeMorrison and Milbrandt, 201%or details) The
overall massveighted fallvelocityspeedferal-ceis then obtained by summing the
velocitiedulk fall speedsf all four ice categorieand for rain weighted by their respective
masses.

3.1.3 Parameterization of SIP processes

Two SIP mechanisms were examined, HM and FFD, and are activated in@¢ SIP
simulation. The parameterized HM process producesthdce splinters with maximum
number of 350 crystals per mg of collected liquid cloud drogigtgraupelduring riming within
a temperature range of3 C >T>-8 C, with the peak value ab C and varying linearly to 0 at
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690 the extreme temperature range$n the P3 scheme, ice properties evolve freely within a free
ice cateqgory, as there is no predefined graupskgory. For this study, graupel is defined as ice
gAGK I NAYS FTNIOGA2Y 06SG¢6SSYy nodn FYR mMdPaz | o
mean mass diameter greater than 2 mm.
For FFDthe number of ice splinters produced is calculated based on the number of
695 raindrops with diameters between 100 and 3500 um colliding with ice particles with diameter
| smaller than 100 unThis parameterized process follows theuristicrelationship proposed by
Lawson et al. (2015), based on agreement of parcel model results wsttuiaircraft
observations
0 0¢d pm O Q)
700 where( is the number of ice splinters produced by the freezing of rain drops of a given
diameterO. 0 is the number of drops with diametéD collidingwith ice particles with
diameter smaller than 100 um. The total number of ice splinter produced by FFD process will be
the integral of EQ. 1 ovéd between 100 and 3500 uni.o prevent extreme values of ice
YdzZYo SNJ YAEAY I NI} GA23 + YIEAYdzY G2GFHf @FfdzS 27
705 imposedin the simulations.
Based on Keinert et al. (2020), the FFD process exhibit activity within a specific temperature
range of-25°C <Y< -2°C. Their findings india@that among supercooled liquid drops, the most
| frequent splitting and ejection eventsseuroccurat -12.5°C. However, thedependence othe
total number of small ice splintersersus temperature and drop sizemains uncleafrom
710 laboratory studies to dateThe observational evidence suggests that SIP production is
particularly active within 2 km above the melting layer. In this study, the maximum FFD rate
0 s setto occur at¥-4°C. Beyond this point, the FFD rae@ssumed talecrease linearly
from its peak at4°C to zero at the two temperature extreme2%°C and2°C).
In the analysis in the following sections, various quantities are computed from direct model
715 output fields from the GEM simulations. The raw model output fields include mixing fatios
hydrometeor mass and total number for cloud droplals &ndd ), rain 0 and0 ), and each
categoryx for ice 0 ; and0 ). For0 f,, this is the total (for categony) of the deposition
mass, rime mass, and liquid (for mixgkdase particles) mass, each of which are independent
prognostic model variabledVith the air densityra, the mass contents are computed as
720 0 w6 " 0,0 w6 "0 ,andOwd ” 0 Ofp Op Of andthetotal
number concentrations a$ 0,0 " 0 ,and0 " 0 0Op O
0 j . However, for consistency with the observations, which exclude ice particle sizes smaller
than 40/m, eachl j was recomputedfrom the ice PSD as the incomplete integral from 40

mm to infinity. The mearmass patrticle sizes were computed@s _

725 0O _ , andO _ , where” and’ are the bulk densities

of water and ice, respectively. Note thBt icerepresents the diameter of an equivalentass

sphere. In P3, is a predicted variable (for each category), however since we examine

primarily small, unrimed ice a value of 917 kg imassumed, for simplicitfhe model

reflectivity, @, is computed idine (within the microphysics scheme); see Cholette et al. (2023)
730 for details.The total SIP rate¢Q 0 j ‘Q §) are computed idine and output for analysis.
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Figure 8 Vertical cross section domains of different parameters of GEMilations for SHON (left column) and

735  BASE (right column) setups: (ajb) ; (c,d)O ;(e,N0 ©® 6 ; (9,h)Owm B(i,j)®; (k)Y . The cross sections
were performed for the same vertical plane at 90 minutes on the modelled time. Horizontal dashed lines show
levels corresponding toY=0°C {O=4.9km) and¥-40°C [{O=11.1km) levels.

21



1.1 Comparisons of SI®N and BASE simulations
The two sets of vertical crosections of SHON and BASE in Fig. 8 show stark differences
740 Dbetween the model fields of the SIPN and BASE simulations. To facilitate comparison, both
SIRON and BASE cressctions were produced along the same vertical planes at 90 min
simulationtime¢ KS (2L) OASgs 2F (KS ONR&Aa aSOliAzyaqQ f 2
in Fig.D1 (Appendix D).
In the BASE simulatiah increases by approximately two orders of magnitude within a
745 short distance above an altitude of 10 km (Fig.8b). A similar rapid vertical changes of ice particle
sizes is seen abov® 10 km, wheréO  decreases from approximately15mm atO< 10
km to 106400mm atO> 10 km (Fig.8d).

The vertical behaviour af and’O  in BASE is in contrast with those in the-SI¥

simulation. As seen from Fig. 8ajc, andO  experience only modest changes in the

750 vertical direction and they change in a smaller range compared to the BASE run. In@ SIP
simulation, ice witHargehighconcentrations (~19L?) is present in the cloud domain right
above the melting layer (=5 km) and tfield of 0 remains relatively uniform up to the cloud
top (Fig. 8a)lce particle siz® , on average, exhibits relatively minor changes between the
melting layer and the cloud tog-{g. 8c)Thed w 6 field has broader horizontal extent (at

755 least in most locations) and extends higher in BASE compared to t@N\Sditnulation (Figs.
8e,f).Figures 8g,h shows that the SIN simulation has much higher values of IWC than BASE.
Maximum IWC in the SIBN run approaches 4 gHin some regions (Figs. 8g), whereas in BASE
the maximum IWC barely reaches 2.5 g (fig. 8h). The area with high IWC (> 1.9 in SIP
ON (Fig. 8g) has considerably more horizontal and vertical eztenpared to BASE (Fig. 8h).

760 Figures 8i and j show that the radar reflectivity is noticeably lower in th®©S8IBimulation
than in the BASE simulation. Such behavioub sfreversed to that ofOw 0The domains of
the Doppler velocity (Figs. 8k,l) show that-8IR clouds are more dynamically active than those
in BASE. The pattern of the Doppler velocity field in Fig. 8k also indicates significant transport of
condensed-watehydrometeorsfrom the melting layer to the cloud top in the STIN

765 simulation. The intense dynamics and vertical transport of ice will stimulate vertical mixing and
homogenizing fields af and"Ow @n the SIPFON simulation (Figs. 8a).

While Fig. 8 provides a qualitative comparison of the results of th©SIBnd BASE runs, a
more definitive comparison of the two simulations can be examined through temporal and
spatial averaging of the modeling results, as shown in Fig. 9. The tenaperaing was done

770 over 1 h, from 75 to 135 min of the model cloud lifetime, which include 13 modeling domains
separated by 5 min. The spatial averaging was computed over the area of precipitation. The
selection of the averaging domain above the melting layer was aimed at excluding the outflow
anvil area, which may extend to large distances from the convectiverregid is significantly
affected by entrainment and mixing. Another reason for the choice of averaging was to mitigate

775 biases when comparing with-gitu airborne observations, which were collected mainly in the
vicinity of the convective parts of the MCSs.

Figure 9a shows that below 11 km the mean IWC in th€O8IRimulation is up to two times
higher than that of BASE. However, lt> 11 km the average IWC in the -€IR and BASE
simulationsare approximately equal. The 9ercentile’'Ow 6 in SIPON remains systematically

780 higher from the melting layer up to the cloud top. Maximum of the mean IWC occurs between 8
and 9 km. LWC in BASE remains consistently higher than thatOiNSdetween the melting and
homogeneous freezing levels (F3dp).
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As seen from Fig 9c, the behavioulNat is very different between the two simulations. In
the SIPON run, the mea® increases up to ~@ Lt in the first kilometer above the freezing
785 level and then remains moderately constant, varying betwe@d B' and 700 L up to the
homogeneous freezing level (~11 km). After the minimum at 11.5kmyeaches maximum of
~1000 ! above 14 km
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Figure 9 Average profiles of the results of SIN (red) and BASE (blue) simulations. @&y dsolid) andOw 6

790 (dashed) (b)0 w &(solid) (c)0  (solid) and0 (dashed), (dO  (e) & (solid)and & (dashed) (f) 7Y
(solid) and™Y (dashed) (g) ice crystal production rates for FFD (solid) and HM (dashed) for tHeNsIP
simulation. The profiles spatially averaged over the cloud domain above the precipitation below the melting layer.
The cloud domain was determined #se environment with"Ow ¢ 0.001 g n¥. The temporal averaging was
performed over 13 modeling domains with time step 5 min within the time frame from 75 to 135 min.

795

The vertical distribution ad  in BASE contrasts withe SIPON simulationln the BASE run,

0 increases monotonically with altitudfellowing a nearly exponential law and its values

change from~0.5L1 at the freezing level to 2200L! at an elevation of approximately 14 km.

The rapid increase af  from 100 [ to 2000 t! between 10 km and 13.7 km occurs due to
800 homogeneous freezing of cloud droplets in convective updrafts. As seen frofbkigboth SIP

ON and BASE, convective updrafts are capable of maintaining liquid water up to the

homogeneous freezing level. This results in an enhancemeént othrough the freezing of cloud

droplets. The fact that the BASE becomes larger than in S(®Nabove 11.5 km is explained

by the larger number of cloud droplets transported by convection to the homogeneous freezing
805 level in BASE compared to €)R, which turn into ice and enhance ice concentratiather than

evaporate due to the WegendergeronFindeisen (WBF) procesEhis can also be seen in Fig.

9h, which shows a larger LWC in BASE abokenldompared to the SIBN.

Figure 9d shows profiles of mean mass diamé&er ,. As seen in botBASE and SIPN,

O  decreases monotonically with increasing height up to 11 km,’@nd in BASE always
810 remains larger than iBIRON However, above 11 ki@  in both simulations is approximately
equal and remaianearly constant up to the cloud top.

Comparisons of the radar reflectivity in Fig. 9e show that in both BASE aBiN&ifecreass
monotonically with altitude from the freezing level to the cloud top. However, the BASE
remairs larger up to 11.5 km and then it becomes lower before reaching the cloud top. The

815 difference inZbetween BASE and SIIN in the lower part of the cloud does not exceed 10 dBZ.
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Figure 9f shows vertical changes of the Doppler velddity . The meanyY in BASE
remains smaller than in SIPN up to ~11 km and then both become approximately equal. The
99" percentilesY  follow the same pattern as meaY  , i.e. BASE 9%ercentile”Y
is lower than SHON 99 percentile™Y in the lower part of the cloud and they become equal
820 above 11.5 km. Analysis of the vertical wind velotity shows that mean and 99percentiles
of BASE and SIBN'Y remain approximately equal thought the cloud depffig.S2D2in
Appendix€D). This indicates the dynamical similarity of the BASE an@ISI8imulated clouds.
Therefore, the lower values of they in BASE can be mainly attributed to the presence of
large particles and therefore, larger fall speeds compared to those #®BIF his conclusion is
825 also supported by larger BABE compared to SHONO  (Fig. 9d).
Figure 9g shows the production rates of the FFD and HM processes in {0& Sifulation.
Note that these processes were shut off in the BASE simulation. In t@N\6itBn, the FFD rate
is much higher than that of HM and is therefore the main contributothe production of
secondary ice. The peak of the FFD rate occurs at approximately 6-8 K (
830 It is worth noting that both SHON and BASE simulations show distinct differences in the
behavior of cloud microphysical parameters below and above the homogeneous freezing level
(~11 km). Thu®w $O ,and’Y in both BASE and SN are approximately equal above
11 km. In contrast, below 11 km the change§b g0 O , ®and™Y with altitude are
vividly different between the two runs. This suggesssgnificant difference in dominant physical
835 processes responsible for the formation of the cloud microstructure.

1.2 Comparisons with observations
In this section the results of the SON simulation are compared with the measurements
collected from theNRQCV580 and SAFIRE F20 during the HANIC Cayenne field campaign.

840 The outflow norprecipitating cloud segments and anvil regions identified from the onboard
X-band radar were excluded from the CV580 statistics. The riea , meanO® 6, 99"
percentilesOw 6,andO  from the CV580 data, presented below, were sampled within the
altitude range of 6 to 7.3 km and averaged over a total horizontal distance of 5374 km. The F20
"Ow 0, Ow 6 and median mass diametér 0 ‘'O for various altitudesvere brought from

845  Strapp et al. (2018, 2021).

The CV580 data were averaged over 1 s, corresponding to approximately 115 m spatial
averaging at the average CV580 speed. WhereaB2f@alata were averages ovestn-NM
(~930 m). The averaging scales of CV580, and F20 are close enough to that of the GEM model
(250 m) to address the purposes of the comparisons. The differences in spatial averaging may

850 affect the 99 percentile values. However, the mean values are expected to experience a minor

effect.

For the purposeof comparisons, the results of the GEM simulations were averaged over a
1-K LISNA2R FNRY 71vp (2 wmMop YAYS & Ay CAIDP pd ¢ |
simulated MCS after the maximum IWC has been reached, at approximatgy/@. During

855 the averaged period, the cloud remains dynamically active with maximum updrafts peaking at
Y  15m st, although the convective area is diminishing over tiffiee choice of the
averaging time of the simulation was aimed to align with thsito airborne Cv580 and F20
sampling, which was typically extended oves B.

Figures 10a shows comparisons of the observed and mod@ked and"Ow 0. The CV580
860 IWC were measured by the IKP and calculated from composite PSDs measured by 2DS and PIP.
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The F20 IWC was measured by the IKP (Strapp et @0, 2021). The difference between

measured and simulate®®w 6 and"Ow 6 does not exceed 6% and 20%, respectively.

Figure 10b shows comparisons of the simulabed 0 to that calculated from the FSSP and
CDP measurements. The difference between the modélead and that measured by the FSSP
and CDP is 38% and 9%, respectively.
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Figure 10 Comparisons of the average microphysical parameters from the GEM simulation aitdh in
measurements collected from CV580 (circles) and F20 (squares). (a) sini@latédred, solid)and"Ow 06, (red,
dashed), measured by IKP (blue circles ) and 2D probes (green circle) (b) mean nibdefiged), measured by
FSSP (green circle) and CDP (blue circle) (c) mean m@aelpend measured (blue circle) concentration oflice
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was modified to match the size range of ice

particles measured by the 2DSince the first three size bins in 2DS measurements were omitted
due to the uncertainty of the deptlof-field definition and large errors in sizing of small particles,
the 2DS measured did not include ice particles smaller than dfh. In order to make direct
comparisons of observed and modeléd , the ice particle sizes smaller than @ were also

excluded from the modelled

and observed)
As mentioned in section 3.1, the modeléd

and measured ice particleizes, the simulatedO

relationthat for unrimed ice in the original P3 microphysics schem®to

is 35%.

by recomputing the concentration from the model ice PSD but
with an incomplete gamma function, starting at . Figure 10c showsraasonableagreement
between of the corrected modelled and measuned , and the deviation between the modeled

is the diameter of an equivalemhass sphere.
However, the measured ice particle sizes represent one dimension of randomly oriented
projections of norspherical particles. In order to make direct comparisons between the modeled

—0

was modified fromthe—masssize

where ®and are parametersrom-in the masssizeparameterizatiomelation, V(D) = aP(e.q.,
Brown and Francjs{1995). The comparisons ekluesmeasured from the CV580 aritie

corrected simulatedD

is shown in Fig. 10d.
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895 Figure 10d also shows median mass 8ize O measured from F2@ 0 ‘O andO  may
be quite different depending on the shape of a PSD, which makes the comparisons of these two
sizes not strictly valid. As seen from Fig. 10d, the mod@led and measured) 0 ‘O differs
from each other from 2 to 4 times above 9 km. However, despite these differences in definitions
of the modeled and measured sizes, the observed O profiles show a general trend in size

900 reduction towards the cloud top, which is similar to the behaviour of simul@ed profile.

Comparisons in Fig. 10e show that the modeled mesis systematically larger than the
measured values, with differences reaching 10 dBZ. This is an overly large difference. The analysis
of the model setupsuggeststhat the complete gamma function for the ice PSDs in the
microphysics scheme overestimatthenumber of large particle sizes, for which higher moments

905 such as radar reflectivity are sensitive. At the time of writing, a solution for this diagnostic
problem is being examined and the problem will be corrected in a future version of the P3
scheme. Note that small errors in the tail of the PSD can create relatively large errors in higher
moments of the PSD (including but only small errors in lower moments, such as those
associated with the fields of interest (elp. ,0 0 ‘O ,"Ow Petc.), which appears to be the case

910 in the simulations presented. Also, ndteat the model reflectivity field is computed as a simple
diagnostic, not an instrument simulator per se; it is calculated based on Rayleigh scattering
assumptions and does not account for Mie scattering for large particles for the caseanidX
radar.

Despite the significant difference in reflectivity, the modeled and observed Doppler velocity

915 values have a surprisingly good agreement. One of the explandbossch a good agreement
is the weak dependence of particle fall velocity on particle size for diffusion grown ice particles
(Pruppacher and Klett, 1997). In this case the presence of artificially large particles may not have
a significant effect on the Doppler velocity.

Another set of comparisons is shown in Hifj. Figure 11a shows modeled and observed ice

920 number concentration versus IWC. The latter was shown earlier in Fig. 4a. For comparison
purposes, the particles < 4@m were excluded frond  to be consistent with the measured
values. As seen in Fil, the median observed and modeled ice concentrations reasonably agree
to approximately 2 g M The model produces a higher ice number concentratioriGos & 2 g
m3 than those observed in situ.

925 Figure 11b shows comparisons of the modeled mean volume diameter of ice particles with
those obtained from observations. In order to match the definition of the modeled ice size, the
measured mean volume diameter was calculated @s 7 . As seen, the
measured and modeled medi&d  agree within 3%. However, the modeled sizes have large
scatter compared to the measured ones.

930 We emphasize that there are many limitations in this study and these clearly illustrate the
need for further laboratory, numerical and field studies. On the measurement side, there are
challenges with irsitu observations such as limited sampling statistics, limitations of flight
operations, and instrumentation uncertainties and errors. For mioenerical model, there are
challenges and limitations that include unresolved turbulent air motion, hydrometeor size

935 distribution assumptions in the bulk microphysics scheme, incomplete knowledge of natural
cloud microphysics to constrain the parameterization of individual processes, and the use of a
gquastidealized model setip. Overall, however, the GEM model simulations using the P3
microphysics scheme yields a reasonably good agreement with #ilinbservations, with the
caveat that observations themselves were used to derive the FFD parameterization. This provides
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940 a strong motivation to establish better FFD formulations as a potential leading mechanism of
formation of HIWC environment in tropical MCSs.
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Figure 11 Comparisons of modeling results and in situ observatioil®@@fO and( . Fields of modeled (a)
|945 concentration of ice particles >4@n vs IWC and (b) equivalent volume diameter of ice particles vs IWC. Observed
median (thick) and B5and 95" percentile (thin) values are shown in bladke modeling data were averaged over

time periodfrom 75 to 135 min and the range of altitudes betweBr8 and 7.4 km corresponding to the CV580
sampling altitudes

950 1.3 SIP initiation.
The results of the SIBN simulation show that the cloud environment above the melting
layer is densely populated with small ice crystals (Figs. 8a,c and 9c,d). Thus, within 1 km above
the melting layer the average in the SIFON run exceeds that of BASE by two orders of
magnitude (Fig9c). Since the inclusion of the FFD and HM processes in #@N\S$imulation is
955 the only difference between the SIPN and BASE configurations, the enhanced concentration
of ice particles above the melting layer in the-8IR simulation is unambiguously attributed to
the secondary ice processes.
Of the two additional processes included in the-SIR simulation, the Halleflossop (HM)
process was found to be significantly less efficient in producing secondary ice compared to FFD
960 (Fig.8g). Therefore, the main contribution to the ice concentration is from the FFD. Equation 1
shows a strong dependence on the drop size, which suggests that the FFD rate will be most

efficient in presence of large drops. This raises the question of the source of large drops inside
deep glaciated MCSs.
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The set of diagrams in Fig. 12 presents vertiéaB&m fields of the main microphysical
fields of interest intersecting a convective updraft in the vicinityhefmelting layer. As seen
from Fig. 12a, the vertical updraft starts at approximately 3 km and extends above 7 km. The
convective updraft results in supersaturation over water (Fig. 12n) and activation of cloud
droplets (Fig. 12e,h,k). The boundary of the water supersaturatiommggiig.12n) and newly
formed cloud (Fig. 12e,h,k) follows the pattern of the convective plume (Fig. 12a).

The Doppler velocity field in Fig. 12b shows that the majority of cloud particles above the
melting layer are moved upward within this convective updraft. The depression of Soffrtise
Doppler velocity field with respect to the neighboring region below the melting layer indicates
that precipitation size drops witD > 2mm ardifted by the updraft. Smallesize drops will have
higher upward velocity in the updraft, and they will be brought up by the updraft to higher
altitudes during the same time period. This is consistent with@he field (Fig. 12i), which
shows that 1 mm drops did not ascend through the melting layer because of the slow vertical
velocity of their ascent. However, drops wiihx 500nm have small enough fall velocity to be
moved by the convective updraft above the melting layer.

Figure 121 shows how a convective updraft affects the field of the concentration of raindrops
0 . Itis worth noting that the top of the melting layer is densely populated with a large
number of smalkized rain and drizzle drops, the concentration of which may reach several
hundred per liter. The small sizes of these small drops explained by the melting of small
secondary ice particles, which melt rapidly below the freezing level. dineeatration of
raindrops in the melting layer of BASE is lower, because of the lower ice concentration, and the
size of raindrops is larger because of larger ice particles compared to t@N\Ssinulation.

The upward transport of rainwater through the melting layer (Figs. 12a,f) eventually
manifests in the disturbance of the bright band (Fig. 12c). Similar disturbances of the bright
band are observed in situ (Figs. 6a and 7a). Note that the patterns aiettde bf0 w6
o ,0O do not coincide with thatob w6, 0 , O ; this suggests that the rain
water is primarily transported by the updraft from underneath of the melting layer, rather than
being formed locally though the collisimoalescence process of cloud water. However,
accretion of cloud water may contribute to the enhancement of raindrop sizes.

The high value d2 0 | 'Q @esults in the increase @f (Fig.12j; location indicated by the
arrow). As expected, the newly formed particles in the region with enhanced concentration
have smaller sizes (Fig. 12g, indicated by arrow) due to their smaller age.

Figure 12m shows that the field of the high SIP @t | Q ¢peak location indicated by the
arrow) occurs inside the fields 6fw o6 ,0 ,0 in Figs. 12f,i,l, but it does not
necessarily coincides with their peak values. The areas maximi@w of ‘Q pindicated by
rectangles in Figs. 12f,i,l, are offset from the local maxima@fé6 ,0 ,andO . One
of the reasons for that is that besides the droplet size, the FFD rate also depends on
temperature, the concentration of large drops, the ice particles sizes, and their concentrations.
Consequently, combinations of these five fields may result in local maxii@ajof ‘Q pwhich
are not necessarily coincident with the individual maxima of ,'O ,0 ,andO

Freezing of cloud and rain drops and depositional growth of numerous secondary ice
particles result in the release of latent heat, which will subsequently lead to positive
temperature perturbations. The local temperature perturbation near the top of the updraft
reaches approximately & (Fig. 120). Such higgmperature fluctuations will result in the
invigoration of convection above the melting layer.
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1010 Figure 12 Model microphysical and thermodynamical fields illustrating the effects of recirculating rain drops in
convective updrafts on the FFD process. (a) vertical veldtjtgb) Doppler velocityY ; (c) radar reflectivityy,
(d)OwHE)d wé ;MO wd ;(g)mean mass diameter of id® ; (h)mean mass diameter of cloud
droplets’O ; (il mean mass diameter of rain droj@ ; (j) ice particles number concentratiégn ; (k)
cloud droplets number concentratiai ; (I) rain drops number concentratian  ; (m) SIP rat® 0 7Q p(n)

1015 relative humidity over liquidy "O; (0) temperature perturbatio’y”Y The rectangles in (f), (i), (I) indicate locations
of the active SIP regions shown in (m).
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The analysis of the numerous cases similar to that in Fig. 12 across the model domain
suggests that convective updrafts play a key role in transporting precipitation size drops across
the melting layer. The presence of large drops proswmiee of the necessary conditions for
initiating the FFD process. However, just the presence of the large drops is not sufficient for
triggering the FFD chain reaction; the four other criteaquired for efficient SIP production,

i.e. (1) dop concentration(2) size of ice particleg4)concentration of ice particles and)
temperature must be also met. The optimum conditions for the BRD j ‘Q dnay not

necessarily occur inside the updrafts intersecting the melting layer, but rather they may happen
somewhere in their vicinity of the convection, when the outflow of large drops mixes with the
pre-existing ice outside of the convective plume.

1.4 Spatial and temporal characteristics of SIP regions

One of the important aspects of HIWC formation is understanding where, when, and at what
rate ice initiation occurs. This sectianalyzeshe rates of ice production and spatial distributions
of SIP regions in the model domain. Given that the FFD SIP process is the main contributor to ice
production, for the sake of conciseness, the following analysis is focused on the FFD regions, and
the discussion of the role of the Higlomitted.

Figures 13a,b show a horizontal and vertical cross sections of the FFD rate fields inside the
modeled MCS. The horizontal cross section in Fig. 13a refers to the altitude of 5:8 &n (
indicated by two arrows in Fig. 13b, and the vertical section in Fig. 13b was done along the dashed
line in Fig. 13a. As seen from these diagr&ms TQ &aries within several orders of magnitude
and may reach Im3s?.
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Figure 13 Cloud regions with active SIP simulated at 90 min. (a) Horizontal cross section of the SIP rat®freld at
5.8 km,"Y=-5 C. (b) Vertical section of SIP rate field along the line indicated by the dashed line in (a). Arrows in (b)
indicate the level of the horizontal section shown in (a). Thin black lines in (a, b) indicate cloud boundaries at the
isoline of ice concentratioat the thresholdd = 0.01 t. (c) vertical profilesf the number of spatially isolated

SIP regions at different SIP rate thresholds for the cloud shown in (a) and (b).

Both panels in Fig. 23 show that regions of secondary ice production have highly clustered
spatial structures. The vertical changes of the number of the isolated SIP regionsntegrated
over each model level in Figs. 13a,b is shown in Fig. 13c. As seen from Eig. #ldpends on
the threshold ofQ 0 ¥Q 0The general trend of the vertical changeséof for all three SIP
thresholds remains the same and they all reachaimum at the same altitude ~5.8 kr5 (C).
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The production of secondary ice extends up to 9.2 km, which correspon@% G, the lowest
temperature of the FFD process (Keinert et 2020).
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Figure 14 Frequency distributions of vertical and horizontall lengths of SIP clouds regions with SIP rate’ rifs™.
The spatial averaging was performed over thelioud layer 5.0<H<9.2 km at 90 minutes of modeled cloud. Dashed lined
are parameterization of the frequency distributions.

Figure 14 shows frequency distributions of horizof@a and verticalO0 lengths of the
SIP regions. These distributions were integrated over the cloud layer between 5.2 km and 9.2 km
(30 model levels). The mean valuestofand 0 are equal to 340 and 190 m, respectively.
However, in terms of the modeled grid cell dimensions (i.e., horizontal = 250 m and vietdi&al
m) themean values ob and0 are 1.36 and 1.31, respectively. That is, in the modeled space
the shapes of SIP regions are isometric, with 0 . This suggests that the resolution of the
model may not be sufficient to resolve the actual dimensions of the SIP regions and that SIP is an
essentially a subgrid process (within the context of a model with en25@rizontal grid spacing).

Both™O0 and™O0 can be well parameterized by an exponential functiod ¢ ©°
where® =-8.2 10% @ =0.024;% =-4.7 10 & =0.089.As follows from Fig. 14, approximately
75% of active SIP regionsand0 have scales of approximately one grid cell, i.e. 250 m and 145
m, respectively.

The'™O0 and™O0 distributions were calculated for the SIP regions with the @te 7Q 0
> 16 m23 st Calculations clO0 and™O0 for other SIP threshold in theange10' m3 st <
Q0 TQ & 10 m2 st showed, that it does not have any significant effect on the shape of the
distributions in Fig. 14 and the mean value®ofand0 vary within only 7% .

Another important characteristic of SIP regions is their spatial occurrence. Figure 15 shows
vertical profiles of the area fraction and the average distance between SIP regions. The area
fraction is defined as the ratio of the area of all SIP regionsanrbdeled layer to the area of
the horizontal cloud cross section at that level. The cloud esestional area was calculated for
the environment withb > 0.01 t (e.g., Fig. 13a). As seen from Fig. 15a, the SIP area fraction
varies between 0.2% and 2% depending on the SIP rate threshold, and its maximum occurs
between 5.5 and 5.8 km. This altitude corresponds to the maximum rate of SIP (Fig. 8g) and
maximum numbenof SIP regions (Fig. 13c).

The average distance between SIP regidng.15b) depending on the SIP threshold, varies
from approximately 30 to 100 km at the level of maximum SIP occurrence (5.5 to 5.8 km). Above
and below this altitude the average distance between SIP regions rapidly increases.
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Endurance of the individual SIP regions is an important parameter affecting the formation and
maintenance of the HIWC environment. The lifetime of individual SIP cloud regions can be
estimated from the animations of the modeled cloud regions with the&H#PQ 0 TQ & 10°m
3 st available from Supplementary Materials. Visual analysis of the animations allowed a rough
assessment that the endurance of the SIP regions is of the ordé€f ofl0?swith an average of
close to 23 minutes. Typically, small SIP regions with a horizontal extent of a few hundred meters
have a relatively short lifetime of 20 to 40 seconds. Meanwhile, the lifetime of SIP regions over a
few kilometers may reaclover 10 minutes. The lifetime of the FFD SIP regions is primarily
determined by the presence of large drops, which are depleted with time due to freezing on
impact with secondary or preexisting ice particles, precipitating out of the cloud volume, of
evaporatian due to the WBF process.

The primary findings of this section can be summarized as follows. The FFD SIP regions are
shortliving cloud objects (~£8) with spatial scales of the order of hundreds of meters. The area
fraction of SIP regions is quite small and typically less than 1%. At the level of their maximum SIP
occurrence, the average distance between the SIP regions is of the order of termudté&ils.
Altogether, the spatial sparsity and short lifetime make the SIP regions challenging objects for in
situ observations.

10 - - - 10 - -
a| | b |
5 -3 -1

—SIPrate>10"m”s | |
— SIP rate>10° mi’s”’

\. |=SIP rate>10" m%"| |

0 0005 001 0015 0.02 10"  10*>  10®  10°
SIP area fraction mean distance (km)

Figure 15 Vertical profiles of (a) the area fraction and (b) mean distance between the SIP cloud regions.

Existing observational techniques do not allow for measurements of SIP rates. However, the
spatial scales of the cloud regions that experienced SIP in the recent past could be estimated
from the measurements of horizontal lengths of cloud regions with enhanced concentrations of
small facetted ice crystal®©( <100nm). Such small ice crystals, due to their small age, are still
associated with the location of their origin, and the dimensions of the cloud regions affected by
SIP have not yet been significantly changed by turbulent diffusion. Therefore, the dimenfsions o
the cloud regions with enhanced concentrations of small ice particles can be used as a proxy of
the active SIP regions. Thus, Korolev et al. (2020 Figs. 5a, 23a) showed that typical horizontal
dimensions of such cloud regions are of the order of a few heshaneters. The same study
showed that SIP regions are separated by tens of kilometers. Therefore, spatial scales, clustering
of SIP cloud regions, and distance between them obtained in simulations are generally consistent
with the in-situ observations.
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2. Summary of observations and modeling

Prior to the formulation of the conceptual model of HIWC, we summarize the main

outcomes of irsitu observatios (section 2) anshumerical simulation (section 3\hich are
relevant to the understanding of the formation of HIWC:

(1) Small facetted hexagonal prisn® ( <10Gym) with measured number concentrations
uptold ~1CGL'were observed above the melting layer at temperatui¥s -2 C. The
enhanced concentrations of small ice particles were attributed to the massive production
of secondary ice (section 2.2).

(2) The secondary ice production cloud regions with enhanced concentration of small
facetted ice were frequently accompanied by observationsugpfercooled large drops
(O< 300mm), deformed frozen drops and fragments of frozen drops. This eadide
hypothesis that the main mechanism of SIP is the fragmentation of freezing drops (FFD).
(section 2.2)

(3) Cloud regions experiencing SIP were sparce and had small horigetetdk (i.e., of the
order of 1Gm). SIP regions were typically associate with convective regions (section 2.2).

(4) The dominating ice shapes in tropical MCSs has a distinct pattern in the vertical direction
Fo2@S GKS YStGAy3a &SNy aavltt KSEFI2yl f
Such vertical changes of the ice particle habits can be explained by metam@rphas
particles when they experience successive columnar growtic(<T < -2 C) followed by
plate growth (22 C <T<-9 C) regimes. The observed changes of ice particld®in
vertical direction suggest the small ice particles formed in the vicinity of the melting layer
were transported upwards by the convective updrafts and went through columnar and
then plate growth regimes. (section 2.3).

(5) The HIWC cloud regions on average have significantly higher concentrations and smaller
ice particles compared to the cloud regions with low IWC. (section 2.33fH4gS.able 1)

(6) Mixed-phase cloud regions in mature MCSs are sparce and occupy only a few percent of
in-cloud space a5 C. Mixedphase cloud regions were primarily observed in convective
updrafts which can force coexistence of ice and liquid phase (section 2.5).

(7) Spatially sparce large drops (L0 <O < 300mm) with number concentratiorc 103 L2
were observed at-R km above the melting layer in the vicinity of updrafts. In absence of
any significant LWC layers the only source of these large drops could be precipitating size
drops formed below the melting layer and then transported upward by eotive
updrafts (section 2.6)

(8) The disturbance of the bright band was typically observed in convective regions and is
explained by vertical transport of melting ice along with precipitation dib@sthrough
the melting layer iran upward direction (section 2.8)

(9) HIWC cells are associated with convective updrafts existing somewhere inside these cells
(section 2.9)

The numerical model simulation (SO configuration) reproduced the observed large

concentration of ice particles above the melting layer, with an average ranging froir &0
10°L! and peaking up to ¥@-1. The main mechanism of ice initiation was related to the FFD
process.

The model was able to reproduce high clustering and sparsity of SIP regienausing a

parameterization that was based on previous aircraft measuremdiriis typical horizontal
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dimensions (1810° m) and distances between SIP regions{llf km) are generally
consistent with observations. The model qualitatively and quantitatively reproduced trends of
vertical profiles ofOw 0 w0 , 0 , & and’Y (Fig. 10) and general relations
between0 andO  versusOw @Fig. 11).

The numerical modeling confirmed the hypothesis of transpigst of precipitation size
drops through the melting layer by convective updrafts (Korolev ¢2@20). The model also
reproduced the disturbance of the bright band and justified the hypothesis of disturbance of
the bright band by convective updrafts. The vertical transport of precipitation size drops creates
an environment above the melting layenarable for the SIP FFD process.

The agreement between isitu observations and numerical simulations creates a basis for
the following conceptual model of the formation of HIWC cloud regions in tropical MCSs.

3. Conceptual model of HIWC

The combination ofri-situ observations and numerical simulations enahlis to makehe
following generalconclusiors regarding formation of HIWC in oceanic tropical MT$8s.
process begins with forming a melting layer in a convective environment duringitizéearly
stage of MCS. Updrafts generated by regular convection or gravity waves transport
precipitation sized drops fromnrderneathbelowthe melting layer to above it. Above the
melting layer, large supercooled drops create a favorable environment for the FFD SIP process.
FFD yields a massive production of secondary ice particles within 1 to 1.5 km above the melting
layer with a maximum of arounds C to-8 C. Freezing drops and rapid depositional growth of
large amounts of ice particles result in enhanced release of the latent heat and invigoration of
the convection. During the subsequent updraft, the ensemble of smatstalsrapidly
depletes the supersaturated water vapor, increasing IWC, thereby forming the HIWC
environment. High concentrations of secondary ice particles lead to intense competition for the
water vapor, which hinders their growth. As a result, ice particles constituting the HIWC
environment remain smalhisize. The convective updrafts transport small ice partides
higher altitudes and distribute them throughout the stratiform regions.

Convective updrafts across the@@domain periodically pump small ice crystals to high
altitudes, maintaining the HIWC environment there. The maintenance of HIWC is also facilitated
by small sizes of ice particles, which may remain suspended in the cloud for a longer time due
to the small fall speeds. Overall, HIWC environments are dynamic cloud objects that form due
to a balance between particle sedimentation and IWC brought up by convection.

The conceptual model of the HIWC formation is illustrated in Fig. 16.
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Figure 16lllustration of a conceptual model of HIWC formation in tropical MCSs

While the proposed conceptual model is basedalatively limited number oin-situ
observatiors (focused orone specific geographical locatioahd quastidealizednumerical
modelsimulations both of which have limitations and challengdse central pointof the
conceptual modeis that HIWC environments in tropical MCSs form as a resgigetive
intensiveproduction of secondary ice particles at temperatujest below freezingprimarily-

10 C<T<-2 C),which arethen transported to high altitudes (~¥H<15km) by convective
updrafts. This part of the conceptual model is well justified based @itinobservations and
can be considered as an established experimental fact.

However, despite observational evidence indicating that the FFD process is the major
contributor to the production of secondary ice, this part of the conceptual model requires more
in-situ observations and especially laboratory studies. The latter isatfocidetailed studies of
the dependence of FFD rates on environmental conditions and the development of physically
based parameterizations that can be used in numerical simulations. The simulations examined
in this study support the hypothesis that FFD SIP alone is sufficient to explain the large amounts
of ice generated without involving other SIP mechanisms (Koesid\Leisner, 2020; James et
al., 2021). That said, the authors acknowledge that the FFD mechanism is not well established
in the laboratory, and the contribution of other mechanisms also remains uncertain and
requires further study

4. Concluding remarks

The mechanism of HIWC formation described above is specifically relevant to tropical
oceanic MCSs, which are characterized by a low aerosol load and relatively moderate
convection with vertical velocities peaking at 15 to 20-fin 8Ve emphasize that the roles and
contributions of different cloud processes in HIWC depend on the initial environmental
parameters, and it may be different for continental and midlatitude cotivecsystems
compared to HIWC in maritime tropical MCSs. Results of the baseline simulation, with SIP
processes off, suggest that any convective system, if strong enough, may generate a HIWC
environment. However, the bulk properties of the population of ice particles comprising HIWC,
such as MMD, reflectivity, and IWC, may be different from those observed in the tropics. For
example, as discussed in Lawson et al. (2015, 2023), high aerabol lmantinental convective

35



1235

1240

1245

1250

1255

1260

1265

1270

1275

1280

systems may suppress SIP. One of the consequences of SIP suppression is the high production
of graupel/hail, increased radar reflectivity, and relatively low ice number concentration. This
case would be equivalent to the HIWC environment in the BASE simulations as described in
section 3.2 (Figs.8). Due to the larger particle sizes and, therefore, higher fall velocity, the
endurance of the HIWC environment in such clouds will be shorter cadpa those in

tropical MCSs with smaller ice particles.

We reiterate that while the numerical simulations presented in this study support the
proposed conceptual model for the importance of SIP in the production of HIWC in tropical
convection, no claim is made regarding the fidelity of the model in accurately simulating the
fundamental processes involved in SIP. Besides the modepdating gastidealized, the FFD
parameterization itself in the microphysics scheme is ad hoc and is essentially constructed to
give good results. The original FFD formulation in Lawson €04l5)(is essentially an
empirical parameterization based on observations; in this study we have adjusted it further to
produce peak FFD rates at relatively warm temperatures (in contrast to laboratory studies) in
2NRSNJ (2 AYLINRGS GKS &AYdz TéA 2lyLALONE FeKKS Adad AlE KALGU
have insufficient knowledge of the fundamental physics on which a credible FFD
parameterization can be based, we can at least introduce what may be considered a
compensating model error such that the end result (i.e. the numerical simulation with SIP on) is
sufficiently close to the ksitu microphysical observations that we can use the simulation to
examine further the model storm and to lend support to the ldygebservatiorbased
conceptual model.

The significance of the initial environmental conditions for the bulk properties of the HIWC
environment was supported by the recentsitu observations of the HIWC cloud regions in
cold season midatitude frontal clouds (Rugg et al., 2022). Despite the small data set, it was
found that in the midlatitude winter clouds, MMD in HIWC regions (Hi@, in Rugg et al.,

2022) was higher compared to those in tropical MCSs (Fig. 17, in Strapp et al., 2021). These
comparisons indicate the need for more observational and modeling studies of bulk properties
of HIWC cloud regions in different geographical regions with different environmental
backgrounds. An especially high priority should be placed on furthering reproducible
laboratory-based parameterizations of FFD and other SIP mechanisms.

Data availability In situ data are available from the Earth Observation Laboratory (EOL) archive
https://doi.org/10.26023/PSCZTOS390A The GEM code model is available at
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simulations are available upon request.
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Figure A1 Zoomedin images of cloud particles in Fig.1a showing details of shapes of secondary ice
(highlighted in blue) and frozen drops (highlighted by grizames).
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TIME (BMT)
10: 28

10: 30-10: 37

1310

| FigureA1Bl. GOES3 satellite infrared and visible images with the Con®80 flight track for the flight
segments shown in (a,b) Fig. 6 and (c,d) Fig. 7.
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| TableBiCl: Summary of GEMonfigurations details.

Dynamics/Numerics
1 Nonhydrostatic primitive equations
1 Limitedarea grid on a latitudgongitude projection
1 Uniform horizontal grid spacing of 0.00225 longitude (~ 250 m)
1 183 vertical levels
1 Upperboundary nesting above 10 hPa
1 Timestepofl0s
1 Terrainfollowing GalChen vertical coordinate
1 Twotime-level semiimplicit time differencing
1 3D semiLagrangian advection
! n“*horizontal diffusion(® for potential temperature)
Physics
1 Planetary boundary layer scheme based on turbulence kinetic energy
statistical representation of subgrstcale cloudiness (MoiSTKE)
1 Kucctransient shallow convection scheme
1 P3 microphysics (with tripfemomentice and liquid fraction options on)
1 LigBarker correlateek distribution radiative transfer scheme (called every 3 n
1 Interaction SeBiosphéreAtmosphere (ISBA) land surface scheme
1 Distinct roughness lengths for momentum and heat/humidity
1oov‘-‘ ‘ ‘ . ‘\ &
\‘ | \ \ A__
1\ A% o=
| (‘\\ \ %
200 NN
7
%
a | =
-10 40
335 Temperature (°C)
1\ FigureB1Cl. Initial atmospheric profiles for thelealized simulations. The blue line represents the dew

point temperature, the red line represents the environment sounding (temperature), and the magenta
‘ line represents the parcel lapse rate. (Qu et2022)

40



1340
APPENDIXD

| FigureGlD1. Brightness temperaturat 11.2um (a) and ice water path (b) of the GEM simulated cloud
1345 system at 90 min. Black lines indicate the cross sections of the microphysical fields shown in Fig. 8.

350 _
1\ Figure&2D2 Average ertical profiles of GEM simulated Doppler velocy  and vertical wind velocity

Y. The averaging was performed over time period from 75 to 135 min.
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