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Abstract. Secondary ice production (SIP) strongly influences ice crystal number concentrations (ICNCs) and cloud
microphysical properties, with important implications for radiative forcing, thermodynamics, cloud evolution, and
precipitation. Here, we investigate four SIP mechanisms—rime splintering, collisional breakup, rain droplet shattering
during freezing, and sublimation breakup—in the Integrated Community Limited Area Modeling System, a specialized
version of the Regional Atmospheric Modeling System (RAMS-ICLAMS), during winter storms observed in November—
December 2024 as part of the Cleancloud Helmos OrograPhic slte experimeNt (CHOPIN). Activating SIP increases ICNCs
by two to three orders of magnitude and enhances ice water content by up to a factor of 23, substantially modifying cloud
structure, including a 25-35% reduction in liquid water path and a doubling of ice water path. These changes improve
agreement with observed radar signatures and precipitation patterns and alter the amount of precipitation reaching the
ground. Among the represented mechanisms, collisional breakup is dominant, followed by rime splintering. Sublimation
breakup is locally intense but at least one order of magnitude weaker, while droplet shattering is the weakest and is mainly
activated in regions rich in raindrops. The simulated systems encompass synoptic-scale, convective, and stratiform clouds,
including snowfall-producing and seeder—feeder configurations. These results highlight the importance of representing
SIP—particularly collisional breakup and rime splintering—for realistic simulations of diverse orographic clouds and

precipitation in weather- and climate-scale models.
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1 Introduction

Mixed-phase clouds play a profound role in the radiation budget and hydrological cycle of the Earth (Vergara et al., 2018;
Tan and Storelvmo, 2019) because small changes in the ice—liquid partitioning induce large changes in cloud albedo, lifetime
and precipitation efficiency (Miilmenstidt et al., 2015; Heymsfield et al., 2020). Accurately representing the processes
governing the generation and evolution of ice in mixed-phase clouds is essential for improving short-term weather forecasts,
seasonal predictions and long-term climate projections, and for providing a physically sound assessment of extreme
precipitation (Korolev and Field, 2008; Storelvmo, 2017; Georgakaki et al., 2024).

A persistent feature of polar and orographic mixed-phase clouds (especially in the warmer temperatures below -15°C) is that
observed ice crystal number concentrations (ICNCs) far exceeds the concentration of measured ice-nucleating particles
(INPs) (Korolev and Leisner, 2020, Huang et al., 2022). This implies that primary heterogeneous nucleation of ice cannot
alone account for the observed ice abundance (Crosier et al., 2011, Sotiropoulou et al., 2020; Georgakaki et al., 2022) and
that secondary ice production (SIP) mechanisms are responsible for this discrepancy. Substantial evidence from laboratory
experiments (James et al.,, 2021; Grzegorczyk et al., 2023), field observations (Korolev et al., 2022), and numerical
simulations (Qu et al., 2020; Sotiropoulou et al., 2021; Georgakaki et al., 2024; Grzegorczyk et al., 2025a,b) indicates that
the enhancement of ICNCs can be attribured to a range of SIP mechanisms.

Although SIP has been studied for over five decades (Field et al., 2017), yet no single mechanism reproduces the full
diversity of observed ICNCs across cloud regimes. The rime-splintering (or Hallett-Mossop) mechanism describes the
process upon which small ice splinters are ejected from supercooled droplets that are rimed on the surface of larger ice
particles (Hallett and Mossop, 1974). Laboratory studies have shown that this process is effective only within a narrow
temperature window (approximately —8 to —3°C) and under specific droplet-size/riming conditions (Hallet and Mossop,
1974, Heymsfield and Mossop, 1984). As such, Hallett-Mossop (HM) alone cannot explain the explosive ICNC observed at
temperatures as low as -27°C (Korolev et al., 2022). Collisional breakup (CBR) refers to the mechanical fracturing of fragile
ice particles during ice—ice collisions, operating over a much wider temperature range, with peak efficiency near —15 °C
(Takahashi et al., 1995, Phillips et al., 2017). Physically motivated parameterizations have been developed to predict the
number of fragments generated per collision. The most notable approaches are the temperature-scaling laws derived from
laboratory experiments (Takahashi et al., 1995), as well as the calculation of collision kinetic energy (CKE) of various ice
hydrometeors (Phillips et al., 2017). This formulation considers the sizes, terminal velocities and rimed masses of each
hydrometeor pair, for the calculation of secondary ice fragments. Droplet-shattering (DS) occurs when large rain droplets
interact with ice particles. Upon contact, the raindrops begin to freeze from the surface towards the center, resulting in
intense pressure build-up and shattering, followed by the creation of many ice fragments (Phillips et al., 2018). Another
potentially important process is the sublimation breakup (SUBBR) of large ice particles such as snow dendrites and graupel
(Deshmukh et al., 2022). This mechanism is particularly effective in convective or subsaturated environments where rapid

sublimation can occur.
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In recent years, several studies have incorporated parameterizations for SIP into cloud-resolving, mesoscale, and global
models, aiming to better represent observed ICNCs that frequently exceed available INP concentrations. SIP
parameterizations have been implemented across a range of modeling systems, including the Weather Research and
Forecasting (WRF) model (Sotiropoulou et al., 2020, 2021; Georgakaki et al., 2022, 2024), the Mesoscale Non-Hydrostatic
model (Meso-NH) (Hoarau et al., 2018), the Hebrew University Cloud Model (HUCM) (Phillips et al., 2017), the
Community Atmosphere Model (CAM6) (Zhao et al., 2021), the Global Environmental Multiscale (GEM) model (Qu et al.,
2025), the Icosahedral Nonhydrostatic (ICON) model (Waman et al., 2026), and the DEtailed SCAvenging and
Microphysics (DESCAM) 3D bin microphysics scheme (Grzegorczyk et al. 2025). CBR has been included in all such
modeling studies to date, reflecting its role as the most predominant SIP mechanism. DS has additionally been implemented
by Georgakaki et al. (2022, 2024), Zhao et al. (2021), Qu et al. (2025), Grzegorczyk et al. (2025) and Waman et al. (2026),
while sublimation breakup (SUBBR) has been incorporated by Georgakaki et al. (2024) and Waman et al. (2026). SUBBR
has been shown to be particularly effective in regions subsaturated with respect to ice, and populated by heavily rimed
hydrometeors, complementing the more ubiquitous influence of CBR. In general, these studies show that the inclusion of SIP
processes in mesoscale and climate models leads to increases in ICNCs by 2-3 orders of magnitude, with consequential
impacts on ice water content (IWC) path (IWP) (Georgakaki et al., 2024), radar reflectivity profiles (Grzegorczyk et al.
2025) and precipitation (Grzegorczyk et al. 2025a,b; Calderon et al.,, 2025; Floka et al.,, 2026). Beyond cloud-scale
applications, Floka et al. (2026) investigated the impacts of SIP processes on the evolution of the Mediterranean tropical-like
cyclone Qendressa (2014), demonstrating improved cyclone track prediction and more realistic precipitation patterns,
particularly in regions experiencing extreme precipitation. Within this body of work, Georgakaki et al. (2024) further
coupled SIP parameterizations with improved representations of primary INPs, demonstrating substantial improvements in
simulated ICNCs and yielding more realistic liquid—ice partitioning and radar signatures that better match observations.
Collectively, these findings highlight the critical role of SIP processes in reproducing observed cloud structures and
precipitation enhancement mechanisms such as seeder—feeder dynamics, particularly in orographic environments
(Georgakaki et al., 2022). In this context, the seeder—feeder mechanism refers to a precipitation enhancement process in
which ice crystals generated in an upper-level cloud layer (the seeder) fall into a lower-level, liquid-rich orographic cloud
(the feeder), where they grow efficiently by riming and aggregation. This mechanism strongly enhances precipitation
efficiency and is highly sensitive to ICNCs (Proske et al., 2021; Dedekind et al., 2024; Costa-Suros et al. 2026; Frostenberg
et al. 2026), making its realistic representation dependent on accurate treatment of SIP and ice—liquid interactions.

Regarding the impacts of SIP on precipitation, Sun et al. (2025) demonstrated that the inclusion of subgrid-scale ice
processes spatially modulates precipitation in tropical deep convective clouds simulated with the Unified Model.
Specifically, SIP produces a more localized and compact rainfall pattern near the convective core, while reducing domain-
averaged precipitation by approximately 8 %. Consistently, Grzegorczyk et al. (2025b) reported that incorporating SIP

decreases total precipitation by 15 % and diminishes the occurrence of intense rainfall events (accumulated precipitation
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>40 mm) by 25 %. Furthermore, using the DESCAM 3D bin microphysics scheme, they found that SIP influences both
convective dynamics and precipitation characteristics, reducing cloud-top heights by roughly 1.5 km.

Despite the efforts to date on SIP, there are still many important questions that persist regarding the findings of laboratory
and experimental studies. These include the sensitivity of SIP to key microphysical parameters, such as the rimed fraction
and the size and shape of the parent hydrometeor (Korolev and Leisner, 2020), as well as the representation of fragment size
distributions (Phillips et al., 2018), among others. Furthermore, environmental factors that trigger SIP in the atmosphere,
such as wind-driven INP fluxes and updraft structure, can complicate the evaluation and validation of model representations.
These open questions underscore the need for further research, particularly as many operational numerical weather
prediction and climate models either omit SIP entirely or represent it through simplified parameterizations, potentially
leading to systematic underestimation of ICNCs in regimes where SIP plays an important role.

While acknowledging these limitations, this study examines with RAMS-ICLAMS the impact of SIP on mixed-phase clouds
during two selected cases from the CHOPIN campaign, with a focus on quantifying changes in ICNCs, radar reflectivity, ice
and liquid water contents, and precipitation amounts. The model simulations are rigorously evaluated against in situ and
ground-based observations to assess the fidelity of SIP representations. This analysis explores how SIP modifies cloud

microphysics and precipitation production across distinct cloud regimes observed during the campaign.

2 Methods
2.1 CHOPIN campaign

The Cleancloud Helmos OrograPhic slte experimeNt (CHOPIN) was a field campaign funded by the EC Horizon Europe
Call “Improved knowledge in cloud-aerosol interaction” (https://www.epfl.ch/labs/lapi/chopin-campaign/) and took place
between 01/10/2024 and 04/06/2025 at Mount Helmos, Greece. The primary objectives of CHOPIN was to enhance the
current understanding of the processes governing the formation and evolution of mixed-phase clouds, as well as to refine and
develop algorithms for ground-based and satellite remote sensing of aerosols, clouds, and their interactions. Meteorological
observations were conducted at the Helmos Hellenic Atmospheric Aerosol and Climate Change station, namely (HAC)?,
situated near the summit of Mount Helmos at an elevation of 2314 m above mean sea level (AMSL) (37.984° N, 22.193° E).
Complementary aerosol, cloud, and boundary-layer measurements were performed at or near the Achilles Base (1760 m,
AMSL), located at the Kalavryta Ski Center (38.007° N, 22.196° E). The Achilles Base was equipped with three
meteorological radars, the MXPol X-band precipitation radar (9.41 GHz), the MIRA Ka-band cloud radar (35.2 GHz) and
the BASTA W-band radar (94.95 GHz). MXPol and MIRA are pulsed, spectral polarimetric scanning radars, whereas
BASTA is a bi-static frequency-modulated continuous wave (FMCW) cloud profiler. All radars provide at least the zeroth
and first radar moments, i.e. hydrometeor reflectivity and Doppler velocity, however this study focuses mainly on the
former, as changes in the simulated hydrometeor size distributions and number concentrations are directly reflected in the

radar signal (Georgakaki et al., 2024), making reflectivity a highly relevant metric. In addition, a HALO wind Doppler lidar
4
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(1.5 pm) operating system provided three-dimensional wind measurements, delivering detailed information on wind speed
and direction, along with the NTUA and EPFL/NTUA lidars providing profiles of the aerosol optical properties and
Planetary Boundary Layer Height (PBLH) (Papayannis et al., 2026). In-situ cloud microphysical measurements were
conducted using the Gerber PVM-100 cloud probe, which measures liquid water content and effective droplet radius of
ambient clouds by directing a diode-emitted laser beam along a 40-cm sampling path. The forward scattering produced by
cloud droplets passing through the open-air measurement volume was detected and converted to liquid water content.
Measurements of cloud condensation nuclei (CCN) were performed using the DMT CCN-100 counter, which determines
CCN number concentrations by exposing aerosol particles to controlled supersaturation conditions within a continuous-flow
thermal gradient chamber (Roberts and Nenes, 2005). Aerosol particles that activate into droplets were detected and counted,
allowing the determination of CCN concentrations as a function of supersaturation. Furthermore, measurements of ice-
nucleating particles were obtained with the Portable Ice Nucleation Experiment (PINE), the first fully automated instrument
designed for laboratory ice nucleation studies and long-term field observations of INPs across a wide temperature range
(Mohler et al.,, 2021). The instrument operates based on a pumped expansion principle to generate water- and ice-
supersaturated conditions for aerosol particles sampled either from laboratory setups or natural environments. During
operation, the system performs repeated measurement cycles by sampling aerosol particles into a pre-cooled cloud chamber,
activating them as supercooled droplets or ice crystals through controlled expansion of the chamber air, and subsequently
refilling the chamber with fresh aerosol for the next cycle. The site was also equipped with radiometers, UAV probes, and

the EPFL Helikite platform, further enhancing observational capabilities (Fig. 1).

Kalavryta
Ski Center Sites

Figure 1: CHOPIN sampling locations on Mount Helmos. (HAC)? located near the mountain top (left), campaign instruments and
probe location “Achilles Base” at the Kalavryta Ski Center (right).

2.2 Model description

The model framework used is the Integrated Community Limited Area Modeling System (RAMS-ICLAMS; Solomos et al.,
2011), a specialized version of the Regional Atmospheric Modeling System (RAMS) (Pielke et al., 1992; Cotton et al. 2003;

Saleeby and van den Heever, 2013) (version 6.0: http://www.atmet.com/software/rams_soft.shtml and version 6.3.04
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https://github.com/RAMSmodel/RAMS) developed in part by the Atmospheric and Weather Forecasting Modeling Group
(AMWFQ) at the National and Kapodistrian University of Athens (NKUA). RAMS-ICLAMS is a non-hydrostatic mesoscale
model in operational use at NKUA and has been applied in research over the last three decades
(https://forecast.uoa.gr/en/forecast-maps/high-resolution). It resolves eight hydrometeor types—cloud drizzle and rain
(liquid), pristine ice, snow, snow aggregates (solid), and graupel and hail (mixed-phase)—which interact through processes
such as riming, aggregation, collection, evaporation, and growth. RAMS-ICLAMS also incorporates algorithms for the
production, transport, and removal of mineral dust (8-bin) and sea salt (2-bin) aerosols (Spyrou et al., 2010), as well as their
cloud- and ice-nucleating properties (Meyers et al., 1992; Nenes and Seinfeld, 2003; Fountoukis and Nenes, 2005; Field et
al., 2006; DeMott et al., 2010; Solomos et al. 2011), although these aerosol processes are not explicitly employed in this
study, as CCN and INP distributions are directly constrained by observations (consistent with the approach used by
Georgakaki et al., 2024). This approach was adopted to simplify the experimental setup and reduce computational cost,
while retaining a physically evolving representation of CCN and INP within the cloud model. The explicit prognostic
simulation of dust and sea-salt aerosol populations and their coupling to CCN and INP concentrations is left for future work.
Such an approach would allow for a more detailed investigation of how the evolution and distribution of aerosol populations
regulate primary ice production (PIP) through ice nucleation, and how changes in the resulting primary ice population may
subsequently SIP, which is governed by hydrometeor processes but remains coupled to PIP.

Within this study we extended RAMS-ICLAMS to integrate multiple SIP schemes, including the CBR parameterizations of
Phillips et al. (2017), which was further refined by Gautam et al. (2024), the DS parameterization of Phillips et al. (2018),
and the SUBBR scheme of Deshmukh et al. (2022). Detailed descriptions of the microphysics scheme and the newly
implemented SIP mechanisms are provided in the Supplementary Material Section 1. SIP impacts are evaluated using
modeled microphysical and remote-sensing proxies, including vertical ICNC profiles, radar Doppler/spectral signatures,
reflectivity statistics, and liquid/ice water path (LWP/IWP), with observational data from the CHOPIN campaign.

Simulations are focused on periods of storm outbreaks where mixed-phase clouds frequently occur.

2.3 Model Setup, Constraints and Observational Data Used

Initial and boundary conditions were provided by the ERAS global atmospheric reanalysis dataset, sourced from the
European Centre for Medium-Range Weather Forecasts (ECMWF) (Hersbach et al., 2020), available every hour at a spatial
resolution of 0.25°%0.25°. Furthermore, aerosol measurements from the CCN-100 and the PINE instruments were used to
constrain and calibrate the background concentrations of CCN and INPs employed in the simulations. Meteorological
observations collected at the (HAC)? observatory were used for model evaluation (see Section 2.6), while reflectivity
observations from the MIRA cloud radar were used for comparison with the simulated radar fields derived from the model
output using a specialized radar simulator (Section 2.5). The MIRA radar provides measurements at a temporal resolution of
5 s, with a range-bin spacing of approximately 31.18 m. To facilitate a direct comparison with the model output, the radar

measurements were temporally resampled to 10-min intervals, corresponding to the model output frequency, and

6
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interpolated onto the model levels. Cloud-top height was estimated consistently from both the radar observations and model
output, defined as the altitude at which reflectivity falls below —35 dBZ for four consecutive vertical cells.

The model has been set up with three one-way nested domains using a polar stereographic projection (Fig. 2), with a
horizontal resolution of 12, 3, and 1 km, respectively. The parent domain (D1) comprises 180x180 grid points and covers the
Balkan Peninsula, while the second domain (D2) includes 202x202 grid points, encompassing most of continental Greece.
The innermost domain (D3) consists of 293x293 grid points, focusing on the Peloponnese region, where Mt. Helmos is
located. The default terrain-following (c,) vertical coordinate system has been applied, with the model level thickness
starting from Az=50 m at the surface with a stretching ratio R=1.04 and Aznm.x=400 m. A total of 85 vertical levels have been
employed, reaching up to 20.7 km. Given the horizontal and vertical resolutions of the three nested domains, the Mellor—
Yamada level 2.5 turbulence closure scheme was selected which treats turbulent kinetic energy (TKE) as a prognostic
variable. Cumulus convection is parameterized using the Kain—Fritsch (1993) scheme in the outer domain (D1), while
convection is explicitly resolved in the inner domains (D2 and D3). Radiative transfer is represented using the Harrington
radiation scheme, which accounts for the radiative effects of aerosols and hydrometeors by explicitly calculating their
associated optical depths. All simulations were configured using the model two-mode CCN representation (NAMELIST
option JAEROSOL~=1) and an INP field described by the formulation of DeMott et al. (2010) (NAMELIST option IIFN=2),
initialized with exponential vertical profiles that satisfy the mass transfer equations, with no additional sources or sinks
except for regeneration and removal by hydrometeors (NAMELIST option IAERODEP=1). This approach was adopted to
minimize uncertainties and numerical noise in the case study. Based on the analysis of time series (not shown in this study)
of CCN and INPs measured by the DMT CCN-100 (at supersaturation 0.3%) and PINE instruments (at -25°C), all model
simulations were configured with CCN number concentration profiles of 600 mg™ (fine mode) and 0.01 mg™!' (coarse mode),
and an INP profile of 0.003 mg™ at the model surface, assuming an exponential decrease with model height. A summary of

the model setup and its main characteristics is presented in Table 1.

Table 1: Configuration of the RAMS-ICLAMS modeling system

Simulation characteristic Selected parameter/option

Model domains D1: 180x180 points - Ax=12 km
D2: 202x202 points - Ax=3 km
D3:293%293 points - Ax=1 km

Vertical level structure 85 levels, Azy=50m, Az,,,=400m, R=1.04
Integration time — timestep 60h, 15s (D1), 3.75s (D2), 1.25s (D3)
Microphysics scheme Meyers et al., (1997), Saleeby et al., (2013)
Aerosols - CCN Fine-Coarse Mode (IAEROSOL~=1)

INP parameterization DeMott et al., (2010)

Cloud droplet activation scheme Walko et al., (1995), Fountoukis and Nenes, (2005)
Turbulence closure scheme Mellor-Yamada 2.5, Mellor and Yamada, (1992)
Radiation scheme Harrington, (1997)



215

220

225

230

235

240

https://doi.org/10.5194/egusphere-2026-4645
Preprint. Discussion started: 1 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Convective parameterization scheme Kain and Fritsch; 1993 (only for D1)
Initial & boundary data assimilation ERAS Reanalysis (0.25°x0.25°) Hersbach et al., (2020)
Topography U.S. Geological Survey (1996).

GTOPO30: Global 30-Arc-Second Elevation
Vegetation/Land use MODIS Land Cover 2015-2019 Raster 100m Global
Soil texture FAO-UNESCO Soil Map of the World (0.5°x 0.5°)

Regarding the implemented SIP mechanisms, the CBR process is activated upon ice-ice collision; RAMS-ICLAMS,
however, does not explicitly track the rimed fraction of hydrometeors. Following Georgakaki et al. (2024), a characteristic
rimed fraction of y=0.25 was prescribed for CBR and this mechanism was limited to hydrometeors with a characteristic
size exceeding 100 pm. Pristine ice self-collection was assumed not to produce secondary ice, owing to its small particle size
and negligible differential terminal velocity. Activation of CBR in the model requires the presence of liquid hydrometeors
(raindrops or cloud droplets) in the same instant (timestep) and location (grid cell) as the ice particles. All secondary ice
fragments generated by CBR are assigned to the pristine ice category.

The DS process incorporates two distinct fragmentation modes associated with ice multiplication. The first mode occurs
when a supercooled raindrop either collides with a smaller cloud ice particle or freezes through immersion nucleation
initiated by an INP. In this mode, two families of ice fragments are generated: small fragments, which are assigned to the
pristine ice category, and larger fragments, which, according to Phillips et al. (2018), may span a relatively broad size
spectrum. In the present study, however, all large fragments produced through this mechanism are assumed to be transferred
to the hail category. The number of fragments generated in this mode depends on the product of the droplet freezing
probability and the shattering probability. The freezing probability is set to unity for temperatures below —6°C and to zero
above —3°C, with a cubic interpolation applied between these temperature limits. The shattering probability is parameterized
as a function of raindrop diameter, with a value of zero for diameters below 50 um and unity for diameters above 60 um,
with a smooth transition between these limits. The second fragmentation mode occurs when supercooled raindrops collide
with larger ice particles, such as snow or graupel. These collisions also produce ice fragments; however, following
Georgakaki et al. (2024), all fragments generated through this mechanism are assumed to belong to the pristine ice category.
Thus, unlike the first fragmentation mode, no distinction between small and large fragments is made in their subsequent
categorization in the present study.

Apart from SIP from hydrometeor collisions, SUBBR has also been included in RAMS-ICLAMS. This process occurs when
dendritic or heavily rimed ice particles undergo sublimation under subsaturated conditions within downdrafts, leading to the
detachment of branches or other fragile protrusions. In RAMS-ICLAMS, SUBBR is restricted to temperatures between
—10°C and —20 °C, a range that aligns with the preferential growth habit of dendritic snow particles. More details can be
found in Supplementary Material S1.4.
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Figure 2: Model domains D1, D2 and D3 over southeastern Europe (a), central-south mainland Greece-D2 (b) and the
Peloponnese-D3. Color contours indicate terrain heights in meters. The experimental site is indicated by the black triangle.

10°E

2.4 Case studies & sensitivity simulations

During the CHOPIN campaign, two meteorologically active periods were selected to investigate cloud and precipitation
processes under conditions favorable for ice formation and SIP. The first case (namely Convective Cloud Case: CC) spans
from 11 November 2024 at 00 UTC to 13 November 2024 at 00 UTC, and the second case (namely Stratiform Cloud Case:
SC) from 6 December 2024 at 00 UTC to 8 December 2024 at 00 UTC. Both cases are characterized by ice-rich cloud
systems driven by a combination of large-scale forcing and orographic lifting, but they represent distinct cloud regimes
commonly observed over the region.

CC is dominated by a mature mid-tropospheric cut-off low centered at approximately 500 hPa over the Balkans (Fig. S1a),
with temperatures in the low core reaching about —33°C. The nearly symmetric geopotential height and temperature fields
indicate strong thermodynamic instability and sustained upward motion, and predominant convective cloud structures
(Galani et al., 2003). The Peloponnese lies south of the low center, where westerly flow advects moist air masses into the
region, supporting deep convective cloud development with cloud tops reaching up to ~10 km above ground level ( )  and
producing significant precipitation. In contrast, SC features a well-defined mid-tropospheric trough over the central-western
Balkans (Fig. S1b), with minimum temperatures of approximately —27°C along the trough axis. This configuration induces
strong northwesterly flow upstream and southwesterly flow downstream of the trough, enhancing moisture transport and
orographic uplift over southern Greece. Residual influences from a prior disturbance south of Crete further modulate the
thermodynamic environment, favoring the formation of shallower (up to 6 km AGL), predominantly stratiform orographic
clouds that nevertheless produce substantial precipitation.

For each case, two simulations were performed to isolate the effects of SIP on cloud and precipitation evolution: one
including the newly implemented SIP mechanisms — HM, CBR, DS, and SUBBR - and one excluding these processes.
Simulations with SIP enabled are referred to as ALLSIP, while those without SIP are denoted as CONTROL. Although the
original RAMS-ICLAMS code incorporates HM, this mechanism is deactivated for the CONTROL simulations.
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2.5 The CR-SIM Forward Radar Simulator

To evaluate the model simulations and gain insight into the cloud microphysical processes over the region of interest, the
Cloud Resolving Model Radar Simulator (CR-SIM, version 4.0) (Oue et al., 2020) was coupled to the output of the RAMS-
ICLAMS simulations. CR-SIM is a forward-modeling operator that emulates ground-based radar and lidar observables from
high-resolution cloud-resolving model output, enabling direct and consistent comparisons between simulated atmospheric
fields and remote-sensing measurements. The simulator combines microphysical model variables with pre-computed
electromagnetic scattering properties to generate synthetic radar observables, including reflectivity, Doppler velocity,
spectral width, and polarimetric variables, as well as lidar backscatter and extinction profiles. Synthetic measurements are
produced separately for each hydrometeor category, accounting for their particle size distributions and dielectric properties.
The scattering characteristics of both frozen and liquid hydrometeors are calculated using the T-matrix method and stored in
look-up tables that are subsequently used to derive radar observables. The simulator has been extensively utilized in recent
studies (Vignon et al., 2019; Vignon et al., 2021; Georgakaki et al., 2024) to study the importance of SIP mechanisms and
their predicted signature in the cloud radar spectra.

In this study, CR-SIM was driven by the outputs from the CONTROL and ALLSIP simulations (representing convective and
stratiform conditions) performed with RAMS-ICLAMS. The simulator was configured to reproduce the observational
characteristics of the in-situ cloud radar MIRA cloud radar located at the Achilles Base (Fig. 1). The simulated radar
operated at a frequency of 35.4 GHz, corresponding closely to the Ka-band frequency of the instrument. The radar elevation
angle was set to 90°, representing a vertically pointing configuration. Although the MIRA radar operated in scanning mode
during several observational periods, only measurements acquired when the radar was pointing vertically were used in the
analysis to ensure consistency with the simulator setup. The radar beamwidth was set to 0.5°, matching roughly the
characteristics of the deployed instrument. In addition, the field of view of the collocated Microwave Radiometer was
represented with a 0.53° viewing angle. CR-SIM calculations were performed using the model grid cell located closest to the
Achilles Base. The resulting synthetic radar variables—corrected for total hydrometeor attenuation—were produced at each

vertical model grid level, facilitating direct comparisons with the corresponding radar observations.

2.6 Model Evaluation

Model evaluation was performed for the CC and SC CONTROL experiments using meteorological observations from the
(HAC)? weather station, including basic meteorological variables such as the near surface temperature and relative humidity,
as well as wind speed and wind direction (retrieved at approximately 10m AGL) (Fig. S2). Model outputs extracted from the
nearest grid point and interpolated to the corresponding level are compared against the observed values. For both periods, the
model was initialized at 12:00 UTC on the preceding day and integrated for a 12-hour spin-up period. The spin-up period
was excluded from the analysis, and the results presented in the manuscript correspond only to the aforementioned examined

periods.
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In CC, the observed temperature shows a very small variation from 0 to 4°C which is also captured well by the modeled
values (Fig. S2a). The root mean square error (RMSE) for temperature is RMSE1=0.91°C. Relative humidity ranges at 80-
100%, however the model predicts drier conditions during the 12/11 00-08 UTC, with RMSErg=15.65%. In SC both
temperature (T) and relative humidity (RH) are well represented by RAMS-ICLAMS, with RMSEr=1.29°C and
RMSERru=6.15%. Temperature spans between -4 to +1°C and relative humidity remains at 90-100%, indicating conditions
close to saturation (Fig. S2¢). Wind speed poses significant variation in both cases. In CC, the Smin average value rises from
5ms™! at 2024-11-11 06 UTC to 15ms™ at 2024-11-12 18 UTC, however there is a significant variance of up to 15ms!
between 2024-11-12 10 UTC and 18 UTC, indicating turbulent conditions. The wind direction changes rapidly from 280°
(W) to ~150° (SE) at 2024-11-11 06 UTC, which is attributed to the passage of a frontal system (Fig. S2b). The modelled
wind speed captures the overall temporal evolution well, although it exhibits a systematic underestimation of up to 2 ms-'.
The resulting RMSE for wind speed at 10 m AGL is RMSEws=3.25 ms™!. The transition of the modelled wind vector is also
smoother compared to observations, an expected behavior given the complex topography of the region and the model’s
inherent spatial smoothing.

A similar pattern is found in SC. The observed wind speed gradually decreases from 10 ms™! at 2024-12-06 00 UTC to 4 ms'!
at 2024-12-06 20 UTC, followed by an increase to 17 ms™! by 2024-12-08 00 UTC. The period from 2024-12-07 06-16 UTC
is marked by strong fluctuations (Fig. S2d). Wind direction also shifts slowly from 100° (ESE) to 230° (SW). The model
successfully reproduces these general trends in both wind speed and direction, although it overpredicts wind speed by about
7 ms™! at 2024-11-07 12 UTC, with RMSEws=3.61 ms"'. Despite these discrepancies, mainly induced by the site’s complex

terrain, the model demonstrates overall robust behavior, reliably capturing the key features of the observed wind field.

3 Results and discussion

In the following section, each case study (CC & SC) is presented individually following a consistent framework. The
analysis begins with the evaluation of changes in the vertical evolution of ICNC profiles between the CONTROL and
ALLSIP simulations, followed by an assessment of the corresponding modifications in radar reflectivity. Subsequently,
time—height distributions of IWC and LWC are compared, together with time series of an area-averaged IWP and LWP. The
next subsections address the contribution of individual SIP mechanisms, highlighting the spatial and temporal domains
where each mechanism predominates, and summarizing their overall contributions using pie charts. The final subsection

concludes with an examination of the temporal evolution of accumulated precipitation.

3.1 Comparison of ICNC evolution: Convective Case (CC)

Figure 3 illustrates the temporal evolution of the vertical profiles of ICNC, defined as the sum of all solid hydrometeor
number concentrations (Nice + Ngnow + Naggregates T Ngraupel + Nhail), presented on a logarithmic scale spanning 1072 (dark blue)

to 10* L' (yellow), for CC. Superimposed are the vertical temperature fields (black dashed and solid contours) and the mean
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hydrometeor aggregation rates over selected time intervals (colored curves). Temperature ranges from +6°C near the surface
to -55°C at the cloud top. Both the CONTROL and ALLSIP experiments exhibit pronounced cloud development during the
second 24-hour period (12—13 November), with cloud layers extending from the surface to approximately 10 km. Most of
the cloud mass resides above the freezing level (solid black line) and is characterized by elevated ice crystal number
concentrations on the order of 1-1000 L!. The most substantial differences between CONTROL and ALLSIP occur within
the lower cloud layers, where SIP processes are taking place (Fig. 6) and liquid water is also available for riming with ice
particles (Fig. S3). In ALLSIP, ICNC increases by up to two orders of magnitude from the surface to ~5 km, accompanied
by an expansion of regions with enhanced hydrometeor aggregation. These enhancements are particularly evident on 12
November between 08—14 UTC and 18-23 UTC and are conducive to intensified hydrometeor growth and subsequent
precipitation formation, consistent with previous studies (Sotiropoulou et al., 2021; Georgakaki et al., 2022). The
temperature field remains largely unchanged between the two simulations, while a modest reduction in ICNC is detected in

the upper cloud layers.
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Figure 3: Simulated ICNC (L) from the a) CONTROL and b) ALLSIP experiments for CC, with red, cyan, and yellow contours
depicting different aggregation rate levels (L™ s™). Black dashed contours indicate temperature in 5 °C intervals, and the solid
orange line marks the height of the (HAC)? station. This time-height cross section is centered over the Achilles Base.
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The temporal evolution of the relative contributions of the different ice hydrometeor populations is shown in Figure S4. In
CONTROL, pristine ice dominates the ICNC during the main convective period, with snow and aggregates contributing
substantially at later times, while the total ICNC peaks at around 80 L!. In ALLSIP, the ice population is generally more
variable and includes larger contributions from snow, aggregates, and graupel, with pristine ice still dominant during much
of the active period. The ALLSIP simulation reaches a slightly higher peak ICNC (about 80—85 L") and exhibits stronger
temporal variability and over higher values, except from the period 12/11 06-12 UTC, indicating that the treatment of SIP

substantially modifies both the magnitude and composition of the ice hydrometeor population.

3.2 Comparison of radar signatures: Convective Case (CC)

Figure 4 displays the temporal evolution of reflectivity (dBZ) profiles for (a) CONTROL, (b) ALLSIP, and (c) MIRA
measurements for CC. During the first 24 hours, observed reflectivity ranges from —30 to +20dBZ below 4 km (Fig. 4c), but
this shallow cloud structure is not well captured by either CONTROL or ALLSIP. The second 24-hour period is more
informative, as clouds become more vertically developed, with reflectivity reaching up to 38 dBZ on 12 November between
10-14 UTC and 18-21 UTC, extending from the surface to about 6 km AGL. Both CONTROL (Fig. 4a) and ALLSIP (Fig.
4b) reproduce this structure more accurately. Nevertheless, a qualitative comparison indicates that reflectivity is generally
overestimated in the main cloud volume, with a more pronounced overestimation in regions of enhanced sedimentation,
signified by high reflectivity values below 1.5 km, at 12/11 09-15 UTC and 19-21 UTC.

To quantify these differences, time-averaged and maximum reflectivity profiles were calculated over the Achilles Base for
the period 12 November 06 UTC to 13 November 00 UTC (Fig. S5a), selected because of the elevated reflectivity values
especially below 1-1.5 km AGL, indicating notable sedimentation during this period (Fig. 4). The time-averaged MIRA
profile exhibits a gradual decrease in reflectivity with height, from approximately 10 dBZ within the lowest 1 km AGL to
around 0 dBZ between 3 and 5 km AGL, and below —15 dBZ at 8—9 km AGL. CONTROL substantially underestimates the
observed mean reflectivity in the lowest 3 km AGL, with differences of approximately 5-10 dBZ, while overestimating
reflectivity aloft by approximately 3—10 dBZ. In contrast, ALLSIP produces systematically higher mean reflectivity values
throughout most of the cloud profile and is, on average, approximately 2 dBZ higher than CONTROL, with a local
difference of up to approximately 5 dBZ near 1.5 km AGL. This enhancement occurs in a temperature range of
approximately —5 to —10°C, where the full set of SIP mechanisms is active, suggesting that the enhanced reflectivity in
ALLSIP is linked to the activation of SIP-related microphysical processes and their impact on the simulated hydrometeor
population. Apart from the time-averaged values, the maximum reflectivity profiles provide additional insight into the
strongest observed and simulated hydrometeor signatures. Both CONTROL and ALLSIP consistently exhibit higher
maximum reflectivity than MIRA within the lowest approximately 6 km AGL, with differences generally ranging from 3 to
6 dBZ. ALLSIP further increases the maximum reflectivity relative to CONTROL by approximately 0—5 dBZ over this

layer, with an average difference of approximately 1.8 dBZ. These results indicate that, while the inclusion of SIP processes
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improves the overall representation of the observed reflectivity structure and sedimentation-related variability, it also tends
to enhance the strongest reflectivity signatures beyond those observed by MIRA.

The statistical evaluation of the time-averaged reflectivity profiles further supports these findings. The mean bias is reduced
substantially from —3.11 dBZ in CONTROL to —0.34 dBZ in ALLSIP, indicating a considerable improvement in the overall
agreement with observations following the inclusion of SIP processes. The corresponding MAE decreases from 7.09 to 6.31
dBZ, while the RMSE decreases from 7.80 to 7.35 dBZ. Thus, although the improvement in the overall error metrics is
moderate, the strong reduction in mean bias suggests that ALLSIP provides a more balanced representation of the vertical
reflectivity distribution. Overall, these results suggest that the activation of SIP processes improves the representation of the
cloud's vertical reflectivity structure and sedimentation-related features, while also introducing a tendency toward enhanced
reflectivity. Regarding the cloud tops, observations indicate a steady fluctuation between 3.5-5Skm during the first 24h and a
sharp transition to 8-8.5 km during the development of the convective clouds, during the last 24h. Although, the structure
exhibits discontinuity, with cloud gaps between 12 November 00 and 10 UTC. Both CONTROL and ALLSIP simulations

overestimate the cloud tops by up to 1 km and predict a more compact cloud structure.
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Figure 4: Simulated radar reflectivity (dBz) from CR-SIM, generated using RAMS outputs for the CONTROL (a) and ALLSIP
(b) experiments, alongside MIRA in-situ reflectivity observations (c). Black dashed contours in (a) and (b) represent temperature
in § °C intervals. Black squares indicate cloud-top height. Time—height cross section is centered over the Achilles Base.
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3.3 Spatiotemporal distribution of IWC and LWC - Comparison of IWP and LWP: Convective Case (CC)

The spatiotemporal evolution of IWC and LWC is shown in Fig. S3. In the CONTROL run, the main hydrometeor
development occurs on 12 November, when a vertically developed cloud structure forms. IWC remains relatively modest,
with peak values reaching approximately 0.6 gm> (November 12, 10-14 UTC), primarily concentrated within the lower
mixed-phase region between ~0.5 and 1.5 km AGL. Above this level, ice particles extend intermittently up to ~8—9 km
AGL, although the associated IWC values remain below 0.2 gm™ (Fig. S3a). The corresponding LWC field indicates a
shallow liquid layer confined mostly below ~1.7 km AGL, with maximum values of about 0.8—1.0 gm occurring near 1-1.5
km AGL around 12 November, 06-18 UTC (Fig. S3c).

The ALLSIP simulation exhibits substantially enhanced IWC and a more vertically coherent cloud structure. Maximum [IWC
increases to approximately 0.9-1.0 gm3, nearly doubling the peak values obtained in the CONTROL run. These maxima
occur at similar times but are centered slightly higher, around ~0.8—1.2 km AGL. Ice particles are distributed more
continuously throughout the column, extending from the lower mixed-phase region to ~8—9 km AGL, indicating a more
persistent and vertically developed ice phase (Fig. S3b). The liquid phase is not significantly changed in ALLSIP, with peak
LWC values reaching ~0.9 gm; a small reduction is present around November 12, 12-20 UTC.

Overall, the most pronounced differences between the simulations occur within the ~0.8-2 km AGL layer, corresponding to
the mixed-phase temperature regime, where ALLSIP produces higher IWC relative to CONTROL. This results in a thicker
and more persistent mixed-phase cloud layer and a more continuous vertical distribution of ice, suggesting that the ALLSIP
configuration substantially strengthens cloud microphysical development compared to the baseline simulation.

Figure S6 presents the time series of IWP and LWP. The IWP represents the vertical integral of the mass concentration of all
ice-phase hydrometeors (cloud ice, snow, aggregates, graupel, and hail), while the LWP corresponds to the vertical integral
of all liquid-phase hydrometeors (cloud droplets, drizzle, and rain). These quantities are also averaged in a 5x5 km? region
around Achilles base (Fig. 1) to reduce the impact of spatial shifts of the cloud structure. During CC, a substantial amount of
IWP is present between 2024-11-12 06 UTC and 2024-11-13 00 UTC (Fig. S6a), with three distinct peaks occurring near 12,
14 and 22 UTC on 12 November.

Overall, the ALLSIP simulation consistently produces higher IWP values than the CONTROL run. The first peak reaches
1.35 gm? in ALLSIP compared to 1.32 gm? in CONTROL, while the second peak is 2.67 gm? in ALLSIP versus 1.49 gm™
in CONTROL, and stays consistently higher during the next hours. On average, the IWP increases by about 35% in the
ALLSIP scenario, highlighting the influence of SIP processes. During the same period, the LWP exhibits two pronounced
peaks on November 12, 14 and 22 UTC, varying between 0 and 1.32 gm™ (Fig. S6b). The differences between the
CONTROL and ALLSIP simulations are small, with the ALLSIP run showing an average decrease of about 10% during the
first peak, and a follow-up decrease of approximately 10% in the second peak. Furthermore, there is an average reduction of

~5% for the whole experiment. This slight reduction is expected, as liquid water is depleted through enhanced ice growth
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processes, such as collection, contact freezing, and riming, associated with the increased ice hydrometeors in the ALLSIP
simulation.

The analysis continues by focusing on (HAC)?, where the in-situ measurements of LWC derived from the PVM-100 probe
are available (Fig. 5). Observations show generally low LWC values during the first part of the period, followed by an
increase from approximately 0.1-0.2 gm™ on 11 November to 0.2-0.3 gm™ on 12 November, with substantial short-term
variability and occasional peaks reaching ~0.5 gm=. Toward the end of the period, observed LWC remains highly variable,
with values generally around 0.1-0.3 gm™ and brief peaks of up to ~0.5 gm=. CONTROL exhibits a similar overall temporal
evolution but tends to produce higher LWC values, particularly during the later part of 12 November, when values frequently
reach ~0.4-0.5 gm™ and peak at approximately 0.8 gm™. In contrast, ALLSIP generally predicts lower LWC, with values
mostly around 0.2-0.4 gm™ during the main cloud period and occasional peaks of ~0.6—0.7 gm™. Thus, despite discrepancies
between both simulations and the observations, ALLSIP generally yields lower LWC values and is, overall, somewhat closer

to the PVM-100 observations than CONTROL.
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Figure 5: Timeseries of LWC for the convective case (CC). The blue line represents the CONTROL, the red line the ALLSIP
simulations and the black line observations at (HAC)2 with the PVM-100 instrument.

3.4 Comparison of SIP rates and precipitation: Convective Case (CC)

The spatial variability of ICNC can be interpreted by identifying where the different SIP mechanisms are activated within the
cloud. Figure 6 presents the temporal evolution of ICNC together with the SIP rates associated with the four SIP processes,
CBR, HM, DRS, and SUBBR, for CC. Among the mechanisms, CBR emerges as the most efficient, with production rates
typically ranging from 10 to 102 L' (purple contours). CBR activation is most pronounced within the lower cloud layers at
temperatures between -25°C and -5°C, consistent with established theoretical and observational studies by Phillips et al.
(2017) and Korolev et al. (2022). CBR exhibits a distinct maximum on 12 November 2024 between 12-23 UTC, with rates
reaching 103-102 L. The second most influential mechanism is HM (red contour) also exhibiting production rates of 10-

102 L' but in a narrow region, about 1.5km AGL, where temperature ranges in -8 to -3°C. SUBBR (magenta contours) is the
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third strongest, which is restricted primarily to the -20 to -10°C layer within the lowest ~4 km of the atmosphere and is
associated with regions of low ice supersaturation (not shown), in accordance with the Deshmukh et al. (2022)
parameterization. Mean SUBBR production rates are on the order of 10 L-'. The DS mechanism plays a comparatively
smaller role in this study. It is activated within the lowest ~2 km of the cloud at temperatures between -10°C and 3°C (cyan
contours). In this case (CC), DS is characterized by isolated hotspots. Average production rates range from 107 to 107 L.
Overall, the spatial and temporal correspondence between regions of active SIP and elevated ICNC is evident, although
transport and precipitation processes also influence the resulting ICNC distributions.

Regarding accumulated precipitation at the site, as shown in Fig. S7, the value increases substantially during the last 12
hours of the experiment (2024-11-12 12 UTC to 2024-11-13 00 UTC), reaching a maximum of 8.7 mm in the CONTROL

run. In contrast, the ALLSIP scenario produces consistently higher precipitation, reaching 13.8 mm (+58.6%).
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Figure 6: Simulated ICNC (L") and SIP production rates from the CC ALLSIP experiments. Solid purple contours indicate areas
where BRrate>10"2 L'1s7, solid red contours indicate areas where HMrae>10"2 L !s"!, dashed red contours areas where HMae>107 L
1571, solid cyan contours areas where DSra>10"5 L''s!, and solid pink contours areas where SUBBRate>10"* L's”'. Black dashed
contours indicate temperature in 5°C intervals, and the solid orange line marks the height of the (HAC)? station. This time-height
cross section is centered over the Achilles Base.

Beyond the spatiotemporal evolution of SIP, we quantify the relative contribution of the individual SIP mechanisms (Fig.
7a). Percentages were calculated by integrating the contribution of each interaction pair within a 5x5 km? area centered on
Achilles Base and vertically summing from the surface to the model top. CBR processes are grouped into five categories
according to the interacting hydrometeor types: (i) graupel/hail-graupel/hail, (ii) snow/aggregate—graupel/hail, (iii) pristine
cloud ice—graupel/hail, (iv) cloud ice—snow/aggregate, and (v) snow/aggregate—snow/aggregate. The two modes of droplet
shattering (DS) are combined into a single category.

CBR dominates the total SIP budget, accounting for 72% of the ice particles produced secondarily. Within this category, the

largest contributions arise from snow/aggregate—graupel/hail collisions (~26%), followed by snow/aggregate—
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snow/aggregate collisions (~22%) and cloud ice—snow/aggregate interactions (~19%). Collisions between cloud ice and
graupel/hail contribute approximately 6—7%, while interactions involving the largest hydrometeors (graupel or hail) account
for only ~4%, with graupel/hail-graupel/hail collisions contributing <2%. The HM mechanism represents the second most
important source of secondary ice, contributing approximately 24% of the total SIP. In contrast, SUBBR contributes about
4%, while DS provides a negligible contribution (<1%). Overall, the partitioning of SIP mechanisms is broadly consistent
with previous studies, including Phillips et al. (2017b) and Grzegorczyk et al. (2025), despite differences in cloud dynamics
among the simulations. Nevertheless, the relative importance of these processes is expected to vary under different
environmental conditions, particularly in environments characterized by warmer temperatures, stronger updrafts, and

enhanced supercooled liquid water content.
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Figure 7: Total contribution by SIP mechanism for (a) CC and (b) SC. CBR mechanisms (dark blue hues/yellow/orange), HM
(red), DS (cyan), and SUBBR (magenta). Percentage labels shown only for contributions > 2%.

3.5 Comparison of ICNC evolution: Stratiform Case (SC)

Figure 8 illustrates the temporal evolution of the vertical profiles of ICNC, the vertical temperature fields, and the mean
hydrometeor aggregation rates over selected time intervals. Temperature ranges from +5°C near the surface to -55°C at the
cloud top. During the first 24-hour period, a compact cloud layer is evident between 4 and 9 km, exhibiting ice crystal
number concentrations of 10-1000 L' (Fig. 8a). Additional cloud structures also appear at lower altitudes between 0003
UTC and 12-18 UTC. During the second 24-hour period, the cloud field becomes temporally intermittent and shifts to lower
levels, extending from the surface to approximately 6 km. Nevertheless, high ice crystal concentrations of 100-1000 L

persist within these layers. In the ALLSIP experiment (Fig. 8b), ICNC again increases by up to two orders of magnitude,
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primarily within the lower troposphere (up to ~4 km), while a slight reduction is noted at higher altitudes. Correspondingly,

hydrometeor aggregation rates are enhanced within these regions.
a

12

CONTROL

Height AGL (km)

104

1103

07/12

06/12 a7z 07/12 Q7112 08/12 10

06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00 T
Datetime 101 =
b Q
g
ALLSIP Q
10°
_______ 107t
102

Height AGL (km)

0%!12 06/12 06/12 06/12 a7/12 07/12 07/12 07/12 08/12
00:00 06:00 12:00 18.00 00:00 06:00 12:00 18:00 00:00
Datetime

—— Aggregation > 1075L"1s71
Aggregation > 10~4 ~1s-1
Aggregation > 1073L 1571
(HAC)? level

Figure 8: Simulated ICNC (L) from the a) CONTROL and b) ALLSIP experiments for SC, with red, cyan, and yellow contours
depicting different aggregation rate levels (L-'s1). Black dashed contours indicate temperature in 5°C intervals, and the solid
orange line marks the height of the (HAC)? station. This time—height cross section is centered over the Achilles Base.

Figure S9 illustrates the temporal evolution of total ice crystal number concentrations (ICNCs) and the relative contributions
of the different ice hydrometeor categories. In the CONTROL simulation, pristine ice particles constitute the dominant
hydrometeor population, accounting for approximately 20-90% of the total ICNC. Snow contributes between 5% and 40%,
with its relative abundance particularly enhanced during 07/12 03—18 UTC. Snow aggregates briefly dominate the ice
hydrometeor population during the 2-hour period from 06/12 02—-04 UTC; however, total ICNCs remain relatively low
during this interval. The total ICNC exhibits three distinct peaks in the CONTROL simulation: approximately 60 L' at 06/12
00 UTC, 40 L! at 06/12 15 UTC, and 36 L' at 07/12 12 UTC, followed by a secondary peak of approximately 20 L' at 17
UTC. These periods of enhanced ICNC generally coincide with an increased relative contribution from pristine ice particles.
In comparison, the ALLSIP simulation generally produces higher total ICNCs, with increases of up to approximately 20%,
particularly during the periods of peak concentrations. Pristine ice remains the dominant hydrometeor category throughout
much of the period; however, the ALLSIP simulation exhibits a substantially higher peak ICNC of approximately 80 L-!,

together with greater temporal variability and generally elevated concentrations. The relative contributions of snow and snow
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aggregates are also enhanced, indicating that the inclusion of SIP substantially modifies both the magnitude and composition
of the ice hydrometeor population. Graupel and hail generally account for less than 5% of the total ice hydrometeor
population in both simulations, except for brief episodes lasting less than one hour, during which their relative contributions
can reach approximately 40%. The relative abundance of graupel is enhanced in ALLSIP, suggesting that larger ice particles
may also benefit indirectly from SIP through enhanced aggregation with smaller ice particles. In contrast, the relative

contribution of hail is reduced in the ALLSIP simulation.

3.6 Comparison of radar signatures: Stratiform Case (SC)

This case also exhibits noteworthy observed features. During the first 24 hours, apart from near-surface clouds, an organized
cloud structure spans across 3 and 8 km AGL, with reflectivity values ranging from —30 to +15 dBZ (Fig. 9c¢). This structure
is captured by both the CONTROL (Fig. 9a) and ALLSIP (Fig. 9b) simulations; however, both runs produce excessively
high reflectivity (+10 dBZ locally) between 2024-12-06 12 and 18 UTC, indicating intense precipitation not supported by the
MIRA observations. During this first 24-hour period, the modeled cloud tops are also overestimated by up to 1 km compared
with the observations. The following 24-hour period shows improved agreement, with a well-defined core of high
reflectivity (up to 35 dBZ) between 2024-12-07 06 and 18 UTC. As in CC, the ALLSIP simulation yields elevated
reflectivity values below 4 km and reproduces the observed spatiotemporal pattern more accurately, suggesting a more
realistic representation of hydrometeor growth and sedimentation processes. Similar to CC, time-averaged and maximum
reflectivity profiles were calculated over the Achilles Base (Fig. S5b) for the period 7 December 03—21 UTC, encompassing
the period of enhanced reflectivity and precipitation. The MIRA time-averaged profile exhibits a pronounced decrease in
reflectivity from approximately 15 dBZ near the surface to around 0 dBZ between 1 and 3 km AGL, followed by a gradual
decrease with height. CONTROL underestimates the observed mean reflectivity by approximately 1-5 dBZ between 1.5 and
2 km AGL, but overestimates it above approximately 3 km, with differences reaching up to 10 dBZ and averaging around 6
dBZ over the 3-7.5 km AGL layer. In comparison, ALLSIP consistently produces higher mean reflectivity values than
CONTROL, by approximately 2 dBZ on average, with the largest difference reaching approximately 7.5 dBZ near 1.5-2 km
AGL. Thus, while the activation of SIP processes increases reflectivity in the lower part of the cloud, it also contributes to a
larger positive reflectivity bias relative to MIRA in this layer. The maximum reflectivity profiles provide a somewhat
different perspective. During the lowest ~2.5 km AGL, ALLSIP produces maximum reflectivity values that are slightly
lower than CONTROL, with differences ranging from approximately 0 to —3 dBZ. Above this level, however, ALLSIP
produces increasingly higher values, indicating that the activation of SIP processes primarily enhances the strongest
simulated hydrometeor signatures at higher levels within the cloud. This vertical redistribution of maximum reflectivity is
consistent with the impact of SIP processes on the simulated hydrometeor population and suggests that their inclusion
modifies not only the overall reflectivity magnitude but also its vertical distribution. The statistical evaluation of the time-
averaged reflectivity profiles provides further context for these differences. Relative to MIRA, CONTROL has a mean bias
of 1.97 dBZ, with an MAE and RMSE of 4.84 and 5.50 dBZ, respectively. For ALLSIP, the mean bias is increased to 3.72
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dBZ while the MAE and RMSE also increase to 4.87 and 6.14 dBZ, respectively. Therefore, in contrast to the CC case, the
inclusion of SIP processes does not lead to an overall reduction in the magnitude of the profile-based errors for this period.
Instead, ALLSIP modifies the vertical reflectivity distribution, producing enhanced values in the lower cloud layers and
stronger maximum reflectivity signatures aloft, while simultaneously providing a closer qualitative representation of the
observed spatiotemporal evolution. These results highlight the case-dependent impact of SIP processes and indicate that their
inclusion does not uniformly improve the agreement with observations across all reflectivity metrics. During this period,
both simulations capture the observed fluctuations in cloud structure more accurately, with cloud-top heights showing better
agreement with the observations. Cloud tops are accurately captured by both CONTROL and ALLSIP during the last 24 h of
the simulation. A gradual shift from 8 km to 6.5 km is evident between December 7 03 and 10 UTC, followed by
intermittent cloud spikes from 11 to 19 UTC, when cloud tops fluctuate rapidly between 2.5 and 6 km.
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Figure 9: Simulated radar reflectivity (dBz) from CR-SIM, generated using RAMS outputs for the CONTROL (a) and ALLSIP
(b) experiments, alongside MIRA in-situ reflectivity observations (c¢) for SC. Black dashed contours in (a) and (b) represent
temperature in 5 °C intervals. Black squares indicate cloud-top height. This time—height cross section is centered over the Achilles
Base.

3.7 Spatiotemporal distribution of IWC and LWC - Comparison of IWP and LWP: Stratiform Case (SC)

The spatiotemporal evolution of IWC and LWC is displayed in Fig. S8. In the CONTROL run, the main hydrometeor
development occurs on two stages, on December 6 12-18 UTC and December 7 08-18 UTC, with corresponding cloud
structure formation. IWC values peak at approximately 1.4 gm= (December 07, 12-16 UTC), primarily concentrated within

the first 2.5 km AGL. Above this level, ice mass is significantly reduced (Fig. S8a). The corresponding LWC field indicates
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a rich liquid layer confined mostly below ~1.5 km AGL, with maximum values over 1.8 gm occurring around December 7,
12-16 UTC (Fig. S8c).

Similar to CC, the maximum IWC increases to approximately 1.8-2.0 gm™ in the ALLSIP run, with an average increase of
40%, compared to the CONTROL run. The maxima occur with small temporal shifts, within 0.8-2 km AGL, and are also
associated with a broader region of elevated ice content. However, in contrast to CC, LWC is significantly reduced in
ALLSIP, with peak LWC values reaching ~1.2—1.4 gm™, opposed to ~1.6—1.8 gm™ in the CONTROL run. The most robust
differences between the simulations occur within the ~0.8—2 km AGL layer, corresponding to the mixed-phase temperature
regime.

Figure S10 demonstrates the time series of IWP and LWP. During the SC CONTROL run, the IWP is characterized by two
outbursts, reaching 1.90 gm on December 6, 16 UTC and 3.75 gm2 on December 7, 16 UTC, with smaller secondary peaks
around that time (Fig. S10a). The ALLSIP run shows a significant increase of IWP, reaching 3.78 gm? during the first peak
and over 4.00 gm™ during the second peak (Fig. S10a). The average increase throughout the whole period exceeds 40%.
These findings highlight the influence of SIP processes. During the same period, the LWP exhibits two pronounced peaks
across the same time windows, varying between 0 and 3.55 gm2 (Fig. S10b). The differences between the CONTROL and
ALLSIP simulations are profound, with the ALLSIP run showing an average decrease of about 45% during the first peak,
and an average increase of up to 50% in the second peak, however there is an average reduction of ~35% for the whole
experiment. This amount of reduction is explained by the intense consumption of liquid upon ice growth processes, such as
collection, contact freezing, and riming, associated with the increased ice hydrometeors in the ALLSIP scenario.

Focusing on (HAC)?, observed LWC varies between 0 and 0.35 gm™ on 6 December and between 0.15 and 0.75 gm™ on 7
December (Fig. 10). During the first day, the CONTROL simulation is generally in good agreement with the observations,
except for two pronounced peaks at 06/12 14 UTC (0.85 gm™) and 16 UTC (0.55 gm™). The corresponding peaks in the
ALLSIP simulation are substantially reduced. On 7 December, both CONTROL and ALLSIP showed good agreement with
the observations during 00—10 UTC and 18-24 UTC, when observed LWC ranges between approximately 0.25 and 0.75 gm~
3. The largest discrepancy occurs during 10-18 UTC. In this period, observations indicate relatively low LWC values,
decreasing to approximately 0.15 gm- between 12 and 14 UTC, whereas both simulations predict a pronounced increase,
reaching 1.80 gm™ in CONTROL and 1.45 gm in ALLSIP. Nevertheless, ALLSIP consistently produces lower LWC

values than CONTROL and is therefore in closer agreement with the observations.
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Figure 10: Timeseries of LWC for the stratiform case (SC). The blue line represents the CONTROL, the red line the ALLSIP
simulations and the black line observations at (HAC)2 with the PYM-100 instrument.

3.8 Comparison of SIP rates and precipitation: Stratiform Case (SC)

In this experiment (SC), CBR emerges as the dominant SIP mechanism, as displayed in Fig. 11, with two distinct periods of
enhanced activity reaching production rates of 10-10"2 L': on 6 December 2024 (12-18 UTC) and 7 December 2024 (10—
18 UTC). The second most important mechanism is HM, which also exhibits production rates in the range of 10-4-102 L1,
The SUBBR process (pink contours) is mainly confined to the —20 to —10°C temperature layer within the lowest ~4 km of
the atmosphere and occurs in regions characterized by low ice supersaturation (not shown), consistent with the
parameterization of Deshmukh et al. (2022). Mean SUBBR production rates are approximately 10# L!. By contrast, the
DRS mechanism plays a more limited role in this study. It is activated in the lowest ~2 km of the cloud, at temperatures
ranging from —10°C to 3°C (cyan contours). Average production rates for DRS lie between 10-10 L', Overall, there is a
clear spatial and temporal correspondence between regions of active SIP and enhanced ICNC, although transport and

precipitation processes also contribute to shaping the resulting ICNC distributions.
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Figure 11: Simulated ICNC (L") and SIP production rates from the SC ALLSIP experiments. Solid purple contours indicate areas
where BRrate>102 L1s7!, solid red contours indicate areas where HM ate>10"2 L-'s”!, dashed red contours areas where HMae>107 L~
151, solid cyan contours areas where DSrae>10" L!s”!, and solid pink contours areas where SUBBRrate>10"* L-'s”\. Black dashed
contours indicate temperature in 5°C intervals, and the solid orange line marks the height of the (HAC)? station. This time—height
cross section is centered over the Achilles Base.

Building on the previously discussed spatiotemporal evolution of SIP, we further quantify the relative importance of the
individual mechanisms (Fig. 7b). CBR remains the dominant contributor to the total SIP budget, producing 72% of
secondary ice. Within this mechanism, snow/aggregate—graupel/hail collisions contribute the most (~37%), followed by
snow/aggregate—snow/aggregate (~18%) and cloud ice—snow/aggregate (~18%). Collisions between cloud ice and
graupel/hail account for roughly 7%, while interactions involving the largest hydrometeors (graupel or hail) contribute ~3%,
with graupel/hail-graupel/hail collisions below 2%. HM is the second-largest source, responsible for ~27% of SIP. SUBBR
contributes around 4%, and DS is negligible (<1%). This SIP partition is very similar to CC. Overall, the distribution of SIP
mechanisms aligns with prior studies, including Phillips et al. (2017b) and Grzegorczyk et al. (2025a,b), despite variations in
cloud dynamics across simulations.

Figure S11 indicates that cumulative precipitation peaks during 06 December (12—16 UTC) and 07 December (09—17 UTC),
reaching 78 mm in the CONTROL run versus 66 mm in the experiment (15% reduction). Except for a brief interval on 07
December (12-16 UTC), the CONTROL consistently exceeds the experiment, contrasting with the first experiment and
highlighting the nonlinear response of precipitation to SIP. The result is consistent with the studies of Grzegorczyk et al.
(2025a,b) and Sun et al. (2025), reflecting the combined influence of cloud dynamics, hydrometeor size distributions, and

shifts in the spatiotemporal precipitation pattern.

4 Conclusions

This study presents the successful implementation of three major SIP mechanisms - CBR, DS, SUBBR - within the RAMS-
ICLAMS regional modeling system, expanding its capability to represent mixed-phase cloud processes more realistically.
The updated model demonstrates substantial improvements in the simulation of ice-phase microphysics, including large
increases in ice crystal number concentrations, more accurate vertical cloud structures, and radar reflectivity signatures that
show closer agreement with observations from the CHOPIN field campaign. Despite exhibiting broadly similar SIP-induced
enhancements in ice water path and hydrometeor aggregation, the two CHOPIN cases - convective and stratiform -
responded markedly differently to SIP activation. In the convective case, SIP led to a notable increase in precipitation,
whereas the stratiform case experienced a suppression of surface precipitation. These divergent outcomes were accompanied
by distinct vertical signatures in radar reflectivity. Furthermore, the spatial distribution of ICNC enhancements differed
between the two cases, reflecting case-specific SIP rates and environmental conditions. Collectively, these results
demonstrate that SIP processes play a critical role in shaping cloud evolution in alpine environments and that their explicit

representation can materially improve the agreement between modeled and observed cloud properties. These results
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demonstrate that SIP processes play a critical role in shaping cloud evolution in alpine environments and that their explicit
representation can materially improve the agreement between modeled and observed cloud properties.

Several limitations and sources of uncertainty remain. Systematic biases in the simulated radar reflectivity fields point to
unresolved uncertainties in particle size distributions, sedimentation rates, and local dynamical processes. The adopted SIP
parameterizations also rely on laboratory-derived constants and assumptions, such as fixed rimed fractions and constraints on
fragment sizes, which may not fully represent the natural variability of hydrometeor properties in real clouds. In addition, the
model resolution does not explicitly resolve fine-scale turbulence, boundary-layer heterogeneity, or microphysical sub-grid
variability, while the use of bulk microphysics may introduce further uncertainties in the conditions controlling SIP
activation. Finally, the two case studies examined here, although informative, represent only a limited sampling of
meteorological regimes and therefore cannot fully characterize the range of SIP impacts across diverse cloud environments.
Nevertheless, the results provide clear evidence that the inclusion of SIP processes leads to a more realistic representation of
mixed-phase cloud evolution and precipitation in alpine environments. Importantly, the response to SIP obtained here is
consistent with the findings of Georgakaki et al. (2024), who reported similar improvements using the independent WRF-SIP
modeling framework. The agreement between two different modeling systems demonstrates that the influence of SIP is not
merely a model-specific response but reflects a robust physical signal: explicitly representing SIP substantially alters ice-
phase microphysics, cloud structure, and hydrometeor evolution, leading to a better representation of observed atmospheric
conditions. The present study provides additional confidence in these findings through the detailed microphysical framework
of RAMS-ICLAMS, in which the relevant hydrometeor categories and microphysical processes are explicitly represented.
This comprehensive representation provides a well-defined basis for implementing the CBR, DS, and SUBBR mechanisms
and offers an advantage over more simplified microphysical approaches with less ice hydrometeor species, by reducing some
of the uncertainties associated with representing the interactions among hydrometeors and the resulting SIP processes.

The coherent response of the model to SIP, together with the improvements in ice crystal number concentrations, vertical
cloud structure, ice water path, hydrometeor aggregation, and radar reflectivity, demonstrates that the inclusion of these
processes leads to a physically meaningful improvement in the simulated atmosphere. While uncertainties in particle
properties, sedimentation, sub-grid variability, and SIP parameterizations remain, the overall SIP signal is clear and is
consistently supported by the available in-situ and radar observations. In particular, the improved agreement with
observations from the CHOPIN field campaign provides strong evidence that incorporating SIP enables the model to better
capture the complex evolution of mixed-phase clouds and, more broadly, to provide a more realistic description of
atmospheric conditions in alpine environments.

These findings highlight the importance of explicitly accounting for SIP in regional atmospheric modeling and provide
further support for considering SIP processes when simulating cloud systems in complex orographic environments. Future
work should extend the validation to a broader range of synoptic conditions, seasons, and geographic regions to better
constrain the behavior and importance of SIP across different cloud regimes. Such efforts should combine high-resolution

simulations with polarimetric radar observations, in-situ microphysical measurements, data assimilation techniques, and
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improved representations of turbulence and microphysical sub-grid variability. In particular, turbulence parameterizations
that account for the anisotropic nature of flow in orographic regions may further improve the representation of the
environmental conditions controlling SIP activation. Ultimately, the consistent SIP response obtained across independent
modeling frameworks, together with the added value of the detailed microphysical process representation in RAMS-
ICLAMS, supports the further development and implementation of SIP parameterizations in operational forecasting and
climate-scale modeling systems. This will be essential for improving the prediction of precipitation and cloud properties and

for better quantifying the role of mixed-phase clouds in cloud-radiative interactions and long-term climate projections.
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