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Abstract. Secondary ice production (SIP) plays an important role in tropical deep convection. This study im-
plements multiple SIP mechanisms, including droplet fragmentation and ice—ice collisional breakup, into the
CASIM microphysics scheme of the UK Met Office Unified Model, and evaluates their impacts through a real-
case simulation of a Hector thunderstorm. SIP enhances ice number concentration in upper cloud layers, with
values up to 3 orders of magnitude higher than the no-SIP case, particularly above —10 °C. Ice water content
(IWC) increases by a factor of 3-5 in the anvil region, contributing to more extensive upper-level cloud coverage.
These microphysical changes reduce outgoing longwave radiation (OLR) by ~3.2Wm™2 (1.3 %) and increase
outgoing shortwave radiation (OSR) by ~4.5 Wm™2 (1.8 %) over a 6 h analysis period and a 110km x 110km
domain. SIP modifies precipitation spatially, yielding a more localized, compact rainfall pattern near the con-
vective core, while reducing domain-averaged precipitation by ~ 8 %. Peak rainfall rates remain only slightly
affected, consistent with the minor changes (< 1 ms~!) in maximum updraft velocity. Among the tested mecha-
nisms, ice—ice collisional breakup shows negligible impact on simulated ice concentration, consistent with lim-
ited graupel-involved collision energetics under warm profiles. Ensemble experiments confirm that these effects
are robust and exceed the influence of meteorological variability. These results highlight the importance of rep-
resenting SIP processes in cloud-resolving models of tropical convection and accounting for their environmental

dependence.

1 Introduction

The formation of ice particles in mixed-phase and deep con-
vective clouds plays a central role in cloud microphysics, pre-
cipitation processes, and cloud-radiation interactions. Ob-
servational studies have consistently shown that the number
concentrations of ice particles in clouds often exceed that ex-
plained by primary ice nucleation alone (Hallett et al., 1978;
Hobbs and Rangno, 1985; Cantrell and Heymsfield, 2005;
Korolev et al., 2022). This discrepancy has been widely at-
tributed to secondary ice production (SIP) processes (Field et
al., 2017; Korolev et al., 2020), which generate additional ice
particles from existing hydrometeors through mechanisms

such as rime splintering (Hallett and Mossop, 1974), droplet
shattering during freezing (Dye and Hobbs, 1968; Keinert et
al., 2020; James et al., 2021), and ice—ice collisional breakup
(Vardiman, 1978; Takahashi et al., 1995; Grzegorczyk et
al., 2023; Gautam et al., 2024; Yadav et al., 2025). SIP pri-
marily occurs in the mixed-phase region of clouds. It can
significantly enhance upper-level ice crystal concentrations,
alter the hydrometeor size distribution, and affect cloud life-
time, precipitation efficiency, and radiative fluxes at the top
of the atmosphere (Lohmann, 2006; Kudzotsa et al., 2016;
Han et al., 2024; Waman et al., 2025). Understanding and
quantifying the effects of SIP using cloud-resolving models
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is crucial for improving the simulation of convective cloud
systems and their feedback in the climate system.

Despite significant progress in identifying and parame-
terizing SIP processes the application of parameterizations
across different cloud regimes remains uncertain. Most exist-
ing SIP schemes were originally developed based on midlat-
itude stratiform or polar mixed-phase clouds, where environ-
mental conditions such as temperature, liquid water content,
and hydrometeor types differ markedly from those in tropi-
cal deep convection (Phillips et al., 2017a; Zhao et al., 2021).
In deep tropical convection, warmer and more humid pro-
files, elevated freezing levels, and less abundant graupel may
inhibit the activation of certain SIP mechanisms. For ex-
ample, the classic rime-splintering mechanism (Hallett and
Mossop, 1974) requires a narrow temperature window (—3 to
—8°C) and the co-existence of supercooled cloud droplets
and graupel. These conditions may occur under favorable
thermodynamic environments (Bazantay et al., 2025), but are
not always present in tropical convective updrafts (Field et
al., 2017; Huang et al., 2022). Moreover, recent laboratory
studies found no experimental evidence of efficient rime-
splintering under convective conditions (Seidel et al., 2024),
suggesting that the relevance of this process and its param-
eterization remain uncertain. Other processes such as rain-
drop freezing fragmentation (Mode 1), drop—ice collisions
with splashing/shedding (Mode 2), and ice—ice collisional
breakup (BR) also exhibit strong environmental dependen-
cies related to turbulence intensity, hydrometeor interactions,
and liquid water availability (Lauber et al., 2018; Phillips
et al., 2018; Korolev et al., 2020). While all these mecha-
nisms have been implemented in various model microphysics
schemes, few studies have systematically compared them in
a unified framework (e.g., Hawker et al., 2021a, b). Conse-
quently, their relative contributions and possible interactions
remain poorly understood, limiting the physical realism and
environmental adaptability of current SIP parameterizations
(Han et al., 2024; Grzegorczyk et al., 2025a).

Beyond its role in modulating cloud microphysics, SIP
may also have important impacts on precipitation structure
and radiative fluxes, especially in tropical convective sys-
tems. By altering the number and type of ice-phase particles
aloft, SIP can influence cloud development and precipitation
formation (Qu et al., 2022; Waman et al., 2022). For instance,
some studies have suggested that SIP enhances localized pre-
cipitation near convective cores (e.g., Sullivan et al., 2018),
while others have reported reductions in domain-averaged
rainfall linked to reduced warm-rain contributions (Han et
al., 2024; Grzegorczyk et al., 2025b, c). However, these ef-
fects appear to be highly sensitive to the specific SIP mecha-
nisms involved, and the underlying thermodynamic environ-
ment. Moreover, the importance of different SIP mechanisms
may also be modulated by the availability and properties of
ice-nucleating particles (INPs), which affect primary ice for-
mation and the conditions favoring SIP activation (Hawker et
al., 2021a, b).

Atmos. Chem. Phys., 25, 18549-18569, 2025

M. Sun et al.: Secondary ice impacts on tropical deep convection

At the same time, SIP-induced changes to ice particle con-
centration and distribution, particularly in the upper-levels,
can modify anvil cloud optical thickness, thereby influenc-
ing top-of-atmosphere radiative fluxes (Young et al., 2019;
Zhao and Liu, 2021). Increased ice loading and the expansion
of anvil cloud area may lower outgoing longwave radiation
(OLR) due to colder and more extensive cloud tops, while
enhanced shortwave reflectivity (i.e., outgoing shortwave ra-
diation, OSR) may result from higher concentrations of small
ice crystals (McKim et al., 2024; Finney et al., 2025). Despite
these potential impacts, few modeling studies have explicitly
evaluated how SIP mechanisms affect both precipitation and
radiation in a coupled manner. Given the prominence of deep
convection in the tropical energy budget and climate system,
a more integrated assessment of SIP-driven changes to pre-
cipitation efficiency and radiative transfer is urgently needed.

To address these uncertainties, this study implements
multiple SIP mechanisms, including droplet-freezing frag-
mentation (Mode 1 and Mode 2) and ice—ice colli-
sional breakup, into the double-moment cloud microphysics
scheme (CASIM) of the Unified Model (UM), which already
includes rime splintering by default. A Hector-type tropical
convective system (Crook, 2001; Connolly et al., 20006) is
simulated, and multi-source observational datasets are used
to benchmark the model outputs.

We begin by examining how SIP modifies the storm’s ra-
diative and dynamical characteristics, including OLR, OSR,
and upper-level anvil development. Next, we assess SIP-
induced changes in the spatial distribution and intensity of
precipitation. Finally, we analyze the microphysical path-
ways by comparing vertical profiles of ice-phase hydrome-
teors, enabling us to interpret the macro-scale responses in
terms of specific SIP mechanisms. A set of sensitivity ex-
periments is conducted to assess the effects of individual
and combined SIP processes under tropical convective con-
ditions. The model setup, experiment design, and evaluation
metrics are described in the following sections.

2 Methodology

2.1 Model description

We use the Met Office Unified Model (UM) to conduct simu-
lations of Hector thunderstorms over the Darwin region, dur-
ing research as part of the ACTIVE campaign. The UM can
be applied at a range of scales and geographical regions for
weather forecasting.

The UM uses the ENDGame semi-Lagrangian dynamical
formulation to solve the non-hydrostatic equations of mo-
tion (Wood et al., 2014). For regional-scale modeling at res-
olutions of order 1km presented there is no parameterized
convection. The SOCRATES scheme (Manners et al., 2025)
is used for radiative transfer based on Edwards and Slingo
(1996). Boundary layer turbulence is represented with a
“blended”, three-dimensional turbulent mixing scheme. This
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boundary-layer parameterization (Boutle et al., 2014; Bush
et al., 2023) includes any non-local contribution from the
scheme of Lock et al. (2000).

Cloud microphysics is described by the Cloud-AeroSol
Interacting Microphysics (CASIM) module (Miltenberger et
al., 2020; Field et al., 2023). CASIM is a multi-moment bulk
scheme, which in this study is configured to be double mo-
ment. It can predict the mass and number of five hydrom-
eteors species (cloud droplets, raindrops, ice crystals, grau-
pel, and snow) prognostically. The size distribution of dif-
ferent species is assumed to be a generalized gamma distri-
bution. Specific hydrometeor parameters including the ter-
minal fall speed velocities, shape and mass dimension are
shown in Table A1 of Field et al. (2023). In our configura-
tion, the ice-cloud optical properties used by SOCRATES
(Manners et al., 2025) are diagnosed consistently from the
CASIM-predicted ice water content and ice-phase number
concentrations, so changes in ice amount and size distribu-
tion associated with different SIP mechanisms tend to be re-
flected in the simulated radiative fluxes. In CASIM, the cloud
droplet number concentration (Ng) can be either diagnosed
from background aerosol via explicit cloud condensation nu-
clei (CCN) activation or prescribed as a fixed droplet number.
To isolate and examine SIP-induced responses, we adopt a
fixed Ng =400 cm ™ in this study. This value falls within the
CCN activation range reported for Hector storms in the pre-
monsoon period (Connolly et al., 2013) and gives the best
overall agreement with the available observations in this case
(figures not shown). CASIM considers homogeneous freez-
ing of cloud droplets, heterogeneous freezing, aggregation of
ice crystals, sedimentation of ice-phase hydrometeors, and
rime splintering. Homogeneous freezing of cloud droplets
happens when temperatures is below the temperature thresh-
old (—38 °C) and cloud water mass exceeds 10~ gkg’l, fol-
lowing Jeffery and Austin (1997). The parameterization of
heterogeneous ice nucleation given by Cooper (1986) is used
in this study. It is independent of the aerosol concentration
and calculates the freezing rate based on temperature. Het-
erogeneous freezing of rain is represented following Bigg
(1953). SIP from riming-splintering is parameterized follow-
ing Hallett and Mossop (1974). We describe this together
with other newly implemented SIP processes in Sect. 2.2.

2.2 Implementation of secondary ice production in the
CASIM

In addition to the existing SIP process (i.e., riming splinter-
ing), we have implemented three new SIP mechanisms in the
CASIM, including ice—ice collisional breakup, droplet shat-
tering during symmetrical freezing, and droplet shattering
during asymmetrical freezing, based on previous laboratory
and theoretical research (Phillips et al., 2017a, 2018; James
et al., 2021, 2023). The corresponding equations are repro-
duced below to explicitly show the parameterizations applied
in our simulations.
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2.2.1 Rime splintering

CASIM microphysics already includes the ice splinter pro-
duction through riming (RS), which is known as the Hallett-
Mossop process. The number and mass of secondary ice par-
ticles are produced during the accretion of water droplets by
graupel and snow. The ice production rate is based on a tri-
angular function (Hallett and Mossop, 1974):

Piha = 3.5 x 1081‘/110(})gacw + Psacw) frs(T) (D

where Pjha is the splinter production rate (units:
number kg_ls_l), Pgacw and Py are the riming rate
of cloud droplets by graupel and snow, respectively, and
My is the mass of each splinter. The temperature-dependent
function, frs(7'), has a maximum value of 100% at
T = —5°C and falls off linearly to zero at T < —2.5°C or
T >—-7.5°C. A maximum splinter production per rimed
ice is set at 3.5 x 10% fragmentskg™' at —5°C, based on
laboratory experiments (Hallett and Mossop, 1974; Mossop,
1985).

2.2.2 Ice—ice collisional breakup

Parameterization of ice—ice collisional breakup (BR) is based
on energy conservation principle (Phillips et al., 2017a), in
which collision kinetic energy (CKE) is the fundamental
governing variable of fragmentation in collisions of micro-
physical species (e.g., ice crystals, graupel, snow, or freezing
drops). The production rate of ice particles number concen-
tration (6'{?[@ |cB, units: number m—3s71) is calculated as fol-
lows:

x

on; b4

%|CB = ZE//NCB(Dl,Dz)(Dl + Dy)*
0

x [v(D1) — v(D2)| f(D1) f(D2)dD1d Dy, 2

where E is the collisional efficiency (assumed constant), D
and D, represent the diameters of the colliding ice-phase
particles (ice crystals, snow, or graupel), and v(Dp) and
v(D») are the fall speeds of these particles with diameters D
and D». The functions f(D;) and f (D7) denote the size dis-
tributions, defined as f(D) = fi”Din , and similarly for f (D).
Ncp represents the breakup number of fragments per colli-
sion and is calculated as follows:

Y
Nep = aA <l—exp{—|:%:| }) 3)

in which o = 7 D? is the equivalent spherical area of the col-
liding particle, A is the number density of the breakable as-
perities in the contact region, C is the asperity-fragility coef-
ficient, and y is a parameter of riming intensity. Ko(cp) rep-
resents the CKE between two colliding ice particles and is
calculated as follows:

1 mimy
KO(CB) = Em(vl - Uz)zs “4)
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Table 1. List of experiments.
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Type of secondary ice production

Rime splintering
(Mode 1)

Droplet shattering

Ice—ice collisional
breakup

Droplet shattering
(Mode 2)

all-SIP Hallett and Mossop (1974)
RS Hallett and Mossop (1974)

RS +M1 Hallett and Mossop (1974)
RS+ M2 Hallett and Mossop (1974)
RS +BR  Hallett and Mossop (1974) -
no-SIP - -

Phillips et al. (2018)

Phillips et al. (2018)  Phillips et al. (2017a)

Phillips et al. (2018) — -

Phillips et al. (2018) —
- Phillips et al. (2017a)

Note: Mode 1 (M1) represents fragmentation during spherical drop freezing, and Mode 2 (M2) represents collisions of supercooled raindrops with

more massive ice (Phillips et al., 2018).

where m (and m»), v (and v;) are the mass and fall speeds
of both. Three broad types of collisions are categorized in
Phillips et al. (2017a), in which Type I represents the colli-
sion of graupel with other graupel, Type II is the collision
of ice crystals or snow with graupel, and Type III is the col-
lision of crystals or snow with other crystals/snow. The pa-
rameters A, C and y depend on the collisional type. Further
details are provided in Table 1 and the Appendix of Phillips
et al. (2017a). This parameterization is related to CKE, rimed
fraction, temperature, and size of ice particles. For colli-
sions without graupel (e.g., ice—ice and ice—snow), we pre-
scribe a representative rime fraction of 0.1 based on ACTIVE
observations; collisions involving graupel follow Phillips et
al. (2017a) Table 1 and are independent of rime fraction. In
addition, numerical simulations indicate that snow—graupel
collisions account for the majority of breakup fragments un-
der convective conditions (Phillips et al., 2017b). The inte-
gral is evaluated online using a numerical integration rou-
tine within the CASIM scheme, and the collection efficien-
cies and terminal fall-speed parameters are given in Field et
al. (2023), Appendix A, Tables A3 and Al, respectively.

2.2.3 Droplet shattering during rain freezing

Ice multiplication during fragmentation of freezing raindrops
has also been implemented in the CASIM, using the param-
eterization proposed by Phillips et al. (2018). Two modes
of droplet shattering were identified based on the relative
weight of raindrops and ice particles.

In Mode 1 (M1), raindrops freeze due to immersion INPs
and then shatter into smaller ice fragments. These drops are
typically more massive than the ice particles they collide
with. The predicted fragment numbers are significantly en-
hanced near —15°C. By fitting the Lorentzian distribution
to the laboratory data, the number of total (NyT) and large
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(NMmiL) fragments are given as:

tn?
Nt = F(DR)SAT) | —— 4 87|, 5
miT = F(Dr)S( )|:(T—To)2+n2+'3 } &)
Naiiz = min | F(DR)QUT) _mm |y (6)
MIL = R (T — TB0)2 i ]’]% s IVT ¢

where the parameters ¢, 1, B, {B, To, Ipo are derived from
Phillips et al. (2018). The onset functions for fragmen-
tation are defined as F(DR) = A\(DrDoDo+ ADg) and
QT) = A(l)(—T —T. —T.+ AT), where F =0 for sizes be-
low Dg=50um and F =1 above Do+ AD =60 um; sim-
ilarly, Q=0 for T >T7.=—-3°C and Q=1 if T <T.—
AT =—6°C. Here, Dr is the drop diameter just before
freezing, and 7 is the freezing temperature of the raindrop.
More details are provided in Table B1 and Appendix B of
Phillips et al. (2018).

_The total rate of secondary ice production due to M1
(d’;i;‘e [m1, units: number m—3s~!) includes two contribu-
tions. The first term represents the freezing of supercooled
raindrops via heterogeneous nucleation and the subsequent
generation of fragments from each freezing event. The sec-
ond term accounts for the collisional breakup between falling
raindrops and less massive ice crystals, given as follows:

on; ©
altcelMl,f=/ (Nmit + NmiL) f (Dr)dDg, @)
0
on; T Di=D; thresh 00
= Mic = —E/ / (Nmit + NmiL)
Jat 4 0 0
x (Dr + Di)*|v(Dg) — v(Dy)|
x f(Dr) f(Dj)dDrdD;, (®)
ONijce 0nijce Nice
=< — , 9
5; M » Im1,f + Y IM1,c )

where DR and D; are the diameters of raindrops and ice par-
ticles, Dj mresh denotes the diameter of an ice particle whose
mass equals that of the colliding raindrop, v(Dgr) and v(D;)
are the fall speeds, and f(DRr) and f(Dj) represent size
distributions of freezing raindrops and ice particles, respec-
tively. A corresponding equation for the secondary ice mass
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production rate has the same structure but integrates the frag-
ment mass. These are calculated numerically in CASIM.

For Mode 2 (M2), a theoretical approach is taken to con-
sider the collisions of supercooled raindrops with more mas-
sive ice. By assuming the fragmentation is controlled by the
ratio of initial CKE and surface energy, the number of frag-
ments generated due to M2 is given as follows:

N2 =30(T) x [1 = f(T)] x max(DE — DEri, 0),  (10)

where @ is the empirical fraction of the drop fragments from
the splash contain ice. Following James et al. (2021), a value
@ =0.3 is used in this study. The function f(T") represents
the mass fraction of drop frozen and is given as:

—cwT
L

f(T)= ; )
where ¢y =4200Jkg™' K~ is the specific heat capacity of
liquid water, and L = 3.3 x 10° Tkg™! is the specific latent
heat of freezing. DE is dimensionless energy and is calcu-
lated as:

K,

DE= -0, (12)
Se

Se = yiq7 D3, (13)

where K is the initial CKE defined in the preceding sections,
Se is the surface energy, with yj;q =0.073 Jm~2 being the
surface tension of liquid water, and D the drop diameter.
DE, is the critical value of DE for onset of splashing on
impact and is set to be 0.2 (Phillips et al., 2018).

The corresponding secondary ice production rate due to
M2 (% |M2, units: number m~3s~1) is calculated as:

on; T o o
— Iz = ZE/ / N2 (DR + Dy)?
ot Di=D; thresh v DR=DR thresh

x [v(Dr) — v(Dy)| f(DRr) f(Di), dDrd Dy, (14)

where DR thresh = 0.15 mm is the minimum raindrop diame-
ter for Mode 2 (Phillips et al., 2018). This integral is eval-
uated numerically using the CASIM (Field et al., 2023). It
accounts for collisions between raindrops and ice particles,
where the ice category includes cloud ice, snow, and graupel.
All other variables have been defined above.

2.3 Observation and case description

In this study, we focus on the Hector thunderstorms observed
during the Aerosol and Chemical Transport in troplcal con-
VEction (ACTIVE) campaign (Vaughan et al., 2008). Hector
is an isolated maritime continental thunderstorm that occurs
regularly over the Tiwi Islands, north of Darwin, Australia
(Fig. 1), during the pre-monsoon wet season. These tropi-
cal deep convective storms are primarily triggered by cold
air pool interactions and the convergence of penetrating sea-
breeze flows, making them some of the deepest convective
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Figure 1. Overview of the model orography (terrain height, unit: m)
and the domains used to generate radar and satellite datasets. The
simulated area is a square domain centered at (12.4°S, 130.8°E)
with a side length of 1350 km. In this panel, we only show the anal-
ysis domain for the radar data and simulated results (white box).
The radar range is represented by the circle centered at (12.25°S,
131.05°E).

systems observed globally (Connolly et al., 2013). The re-
peatable occurrence of Hector, featuring extensive mixed-
phase cloud structure, supported by multi-platform observa-
tions from ACTIVE, provides a controlled setting to eval-
uate SIP processes. For this study, we selected the severe
Hector thunderstorm that developed on 30 November 2005,
coinciding with the early phase of the ACTIVE campaign.
The 00:00 UTC Darwin sounding (Fig. 2) indicates a low
lifted condensation level (LCL) near 900 hPa and high con-
vective available potential energy (CAPE) of ~ 2590 Jkg~!,
with cloud tops extending above 200 hPa.

The radar reflectivity data were obtained from a C-band
polarimetric (CPOL) radar, which was located at Gunn Point
(12.25°8S, 131.05°E) and updated every 10 min. Figure 1 il-
lustrates its position relative to the Tiwi Islands, with the
circle indicating its coverage range. The vertical and hori-
zontal resolutions are 0.5 and 2.5 km, respectively. To com-
pare with the model, we utilized the “Statistical Coverage
Product”, which represents the time-height distribution of the
fraction of a defined domain exceeding a threshold of 10dBZ
(May et al., 2008). This threshold was selected to capture the
overall precipitation distribution, and the analysis domain is
shown in Fig. 1. The rainfall data at 10 min intervals was
also derived from CPOL radar with a horizontal resolution
of 1 km. CPOL-based quantitative precipitation estimates are
considered reliable for tropical rainfall, with residual uncer-
tainties arising from reflectivity/differential-reflectivity cal-
ibration and C-band attenuation (Louf et al., 2019; Jack-
son et al., 2021). The equivalent Outgoing Longwave Radi-
ation (OLR) was calculated from the Multifunctional Trans-
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Figure 2. Sounding profiles from Darwin Airport station (12.42° S,
130.89°E) at 00:00 UTC on 1 December 2005. The red and green
solid lines represent temperature and dew point, and the blue line
represents the parcel lapse rate.

port Satellites (MTSAT) channel 1 brightness temperature, at
1.25 km horizontal and 30 min temporal resolution.

2.4 Model configuration and sensitivity experiments

The regional simulations presented have a horizontal grid
spacing of 1.5km (900 x 900 grid points), centered over the
Darwin region (12.4° S, 130.8° E). There are 90 levels in the
vertical stretched to 40km (52 levels below 10km, 33 lev-
els below 4 km, and 16 levels below 1km). The simulations
began at 00:00 UTC on 30 November 2005 and were inte-
grated for 36 h. The initial and lateral boundary conditions
are from European Centre for Medium-range Weather Fore-
casts (ECMWF) reanalysis data at 6 h intervals. The spin-up
period is approximately 3 h and the time step is 75 s. We uti-
lize Shuttle Radar Topography Mission (SRTM) dataset as
ancillary input to improve terrain representation. For anal-
ysis, we select an approximately 1° x 1° latitude-longitude
domain over the Tiwi Islands (white box in Fig. 1) to avoid
analyzing data influenced by boundary effects.

A detailed description of the model sensitivity experiments
and the included SIP mechanisms is provided in Table 1.
The all-SIP experiment incorporates all SIP mechanisms,
while additional experiments isolate specific combinations
or exclude SIP entirely to evaluate their individual and col-
lective effects. For example, the RS, RS+ M1, RS + M2,
and RS 4 BR experiments activate subsets of SIP processes,
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whereas the no-SIP configuration disables all SIP processes.
These simulations aim to quantify how different SIP path-
ways influence cloud microphysics, convective dynamics,
and precipitation. For each simulation, a time-lagged ensem-
ble of four members with different initial conditions was
performed. The simulations were initialized at 00:00, 06:00,
12:00, and 18:00 UTC on 30 November 2005 (hereafter re-
ferred to as T0O, T06, T12, and T18), to ensure the result-
ing differences can be attributed to the SIP processes rather
than model perturbations (Mittermaier, 2007; Miltenberger
and Field, 2021). The ensemble mean and standard deviation
were then calculated for each case. Observational data from
field campaigns are used to evaluate and validate the model
outputs.

3 Results

3.1 Model evaluation: storm evolution and radiation

To evaluate the model performance in simulating the Hector
thunderstorm, Fig. 3 compares visible satellite imagery from
MTSAT and simulated outgoing longwave radiation (OLR)
at different times during the storm’s evolution. In the initial
stage, shallow convective clouds are triggered along the sea-
breeze fronts over the Tiwi Islands, consistent with the Hec-
tor initiation described by Connolly et al. (2013). As convec-
tion intensifies, multiple convective cells develop and begin
to merge, resulting in the rapid growth of the storm and the
formation of a deep convective core (Fig. 3a, d, and g). The
model reproduces the organization of convective cells and
captures the timing and location of the primary updrafts, as
indicated by the observed cloud fields.

During the mature stage, the storm exhibits a well-
developed anvil outflow, with the all-SIP simulation captur-
ing the spatial coverage of deep convection more realistically
(Fig. 3d and e). This is reflected in the broader area of cold
cloud tops and extensive low-OLR regions. In contrast, even
when the no-SIP experiment produces its most organized
cloud system, it remains smaller and less persistent compared
to the all-SIP case, with reduced anvil coverage and dura-
tion (Fig. 3f). As the storm decays, both simulations show
gradual reduced cloud coverage. However, the all-SIP simu-
lation maintains a more extensive anvil cloud during the late
stage, in better agreement with observations. Overall, these
results demonstrate that including SIP processes improves
the model ability to capture the initiation, intensification, and
full life cycle of the Hector storm, especially the spatial and
temporal evolution of its convective and anvil cloud compo-
nents.

We further compared the Contoured Frequency by Al-
titude Diagram (CFAD) of radar reflectivity derived from
CPOL radar observations and simulations, as shown in
Fig. 4. CFAD represents a time—height plot of the fraction
of a defined domain that has a radar reflectivity exceed-
ing a certain threshold (5dBZ in this paper; Connolly et

https://doi.org/10.5194/acp-25-18549-2025
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Figure 3. MTSAT visible channel images at (a) 05:30 UTC, (d) 06:30 UTC and (g) 08:30 UTC, and simulated outgoing longwave radiation
(OLR, unit: Wmfz) of the (b, e, h) all-SIP and (c, f, i) no-SIP experiments at 04:30 UTC, 05:30 UTC, and 07:30 UTC on 1 December 2005.
The simulated convection was earlier than the observation by about 1 h. All panels share an identical color scale. The rectangle in panel (e)

denotes the region where the results are analyzed.

al., 2013). The domain used to calculate the statistical cover-
age is shown in Fig. 1. The observed CFAD (Fig. 4a) is char-
acterized by a distinct convective core below ~ 8km and a
broad distribution in upper levels, which is associated with
the extensive anvil outflow typical of Hector storms. This
anvil region indicates a large amount of ice particles spread-
ing horizontally between 10 and 16 km.

The all-SIP simulation (Fig. 4c) captures both the vertical
extent and horizontal spread of the anvil, showing a broader
and more persistent layer of weak reflectivity aloft, consis-
tent with observations. This indicates that the inclusion of
multiple SIP processes enhances the generation and lofting
of small ice crystals, which are lifted to the higher levels
and contribute to the development of an extensive anvil. In
contrast, the no-SIP simulation (Fig. 4d) exhibits a much
weaker anvil layer, with lower frequencies of reflectivity
above 10 km, suggesting a limited ice production and upward
ice transport. In this case, SIP yields a higher cloud top and
closer agreement with observations, consistent with previous
simulations (e.g., Qu et al., 2022). Cloud top responses can
vary across configurations. For example, an idealized single
cloud study reported lower tops when SIP produced small
ice that depleted cloud droplets and limited upper-level ice
formation (Grzegorczyk et al., 2025b).

The comparison of vertical profiles of average radar re-
flectivity is shown in Fig. 4b. It demonstrates that the inclu-
sion of SIP leads to a reduction in mean reflectivity values
in middle levels, which can be explained by the presence of

https://doi.org/10.5194/acp-25-18549-2025

more numerous small ice-phase particles aloft. Ice particles
formed by primary freezing are expected to grow at com-
parable rates when ice—ice collisional breakup is inefficient,
and the additional SIP-generated ice particles shift the overall
size distribution toward smaller diameters, leading to weaker
reflectivity. In our simulations, the all-SIP experiment ex-
hibits averaged values that are ~2 dBZ lower than those in
the no-SIP one between 5 and 12 km. The lower reflectivity
in the all-SIP case, together with the extensive anvil region
above 10 km, highlights the role of SIP in controlling the mi-
crophysical properties and spatial extent of the anvil cloud,
which is consistent with findings in previous studies (Con-
nolly et al., 2013; Qu et al., 2022). Below 3 km, the model
underestimates the frequency of reflectivity values exceed-
ing 5 dBZ (Fig. 4c and d). This likely reflects uncertainties in
the representation of warm-rain processes, including cloud-
to-rain autoconversion, accretion of cloud water by rain, rain
evaporation, and the assumed particle size distributions. Dif-
ferences between the model reflectivity diagnostic and the
observational product near the melting layer could also con-
tribute to the underestimation. The bias is similar in the SIP
and no-SIP experiments and therefore does not affect the
SIP-related conclusions. Nonetheless, the simulated precip-
itation totals later in the storm evolution are broadly consis-
tent with observations.

The impact of SIP on the top-of-atmosphere radiative
fluxes is shown in Fig. 5, which includes the time series of
domain-averaged OLR and OSR for various simulations. The
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Figure 4. Comparisons between the observation and simulations
for radar reflectivity. Panels (a), (c¢), and (d) show the time-height
plots of CFADs (fraction of radar reflectivity > 5dBZ): derived
from observation, all-SIP, and no-SIP simulations. Panel (b) shows
the vertical profiles of averaged radar reflectivity during 05:00—
07:00 UTC (04:00-06:00 UTC for simulations), 1 December 2005.
Shaded areas in panel (b) show the standard error of each parameter.
The 0, —20, —40, and —60 °C isotherms are shown by the dashed
lines in panels (c) and (d).

Table 2. Comparison of radiation under different SIP configura-
tions.

Mean OLR Min OLR Mean OSR Max OSR

Wm™2) Wm2) (Wm?2) Wm?

all-STP 236.20 198.39 250.95 353.58
RS 239.99 205.27 245.39 346.60
RS + M1 237.36 199.96 248.45 348.52
RS +M2 240.66 205.85 243.18 341.29
RS + BR 239.94 205.41 24445 340.60
no-SIP 239.36 202.92 246.47 339.54

Note: All values are calculated over the analysis region shown in Fig. 1, during
02:30-08:30 UTC on 1 December 2005.

inclusion of SIP processes leads to a marked reduction in
OLR during the mature stage of convection (Fig. 5a), corre-
sponding to the development of extensive and optically thick
anvil clouds. The enhanced ice particle number concentration
generated by SIP produces more persistent and horizontally
widespread anvil clouds, which efficiently reduces outgoing
longwave radiation and results in colder OLR signals. For the
analysis region shown in Fig. 1 during 02:30-08:30 UTC on
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1 December 2005, the mean OLR in the all-SIP simulation
is reduced to 236.2 Wm™2, compared to 239.4 Wm~2 in the
no-SIP case, indicating a decrease of 1.3 %. Similarly, the
minimum OLR is 198.4 Wm™2 in the all-SIP simulation and
202.9 W m™2 in the no-SIP case, as illustrated in Table 2.

Meanwhile, SIP also has a significant influence on OSR
(Fig. 5f). As highlighted in Finney et al. (2025), the cloud
albedo and thus OSR, are highly sensitive to microphysical
properties such as ice particle number and size. The increase
in small ice particle number concentration within the anvil
leads to greater cloud optical thickness and higher short-
wave reflectivity. Accordingly, the all-SIP simulation yields
a mean OSR of 250.9 Wm™2, higher than the no-SIP value
of 246.5 Wm™2, representing an increase of 1.8 %. The peak
OSR also rises, from 339.5Wm~2 in the no-SIP case to
353.6 Wm™2 in the all-SIP simulation. It should be noted
that these changes in radiation could arise from a combina-
tion of factors, such as variations in cloud area or cloud top
temperature. Nonetheless, the overall changes in OLR and
OSR remain consistent across SIP simulations, suggesting a
substantial influence of SIP on the radiative characteristics of
tropical convective systems.

3.2 Impacts of SIP on precipitation

Figure 6 presents the spatial distribution of accumulated
precipitation during the simulation period, alongside radar-
based observations. The observed precipitation field is char-
acterized by an intense convective core over the Tiwi Islands,
with accumulated rainfall exceeding 60 mm, surrounded
by weaker stratiform precipitation extending northeastward.
Both simulations reproduce the main features of this struc-
ture to varying degrees. The no-SIP simulation produces a
broader and more diffuse precipitation field, with rainfall
spread over a wider area (Fig. 6¢). For spatial diagnostics, we
define a heavy-rainfall region as the area with accumulated
rainfall > 40 mm (black contours in Fig. 6b and c; Grzegor-
czyk et al., 2025b). This heavy-rainfall region is more spread
out in the no-SIP than in the all-SIP case. In contrast, the all-
SIP simulation shows a more localized and compact precip-
itation field that better matches the observed spatial pattern
(Fig. 6b), although both simulations underestimate the ob-
served surface precipitation amount and areal coverage. Sev-
eral aspects of the configuration may contribute, including
km-scale grid spacing (1.5 km), parameter choices in the bulk
microphysics scheme, and uncertainties in the environmental
forcing. On the observational side, CPOL-based precipita-
tion data also carry documented uncertainties (see Sect. 2.3).
Nevertheless, our analysis focuses on the contrasts between
SIP and no-SIP runs, which remain robust across the sensi-
tivity tests. Comparing the two simulations, the no-SIP case
yields a slightly higher domain-averaged accumulated pre-
cipitation than the all-SIP one (Fig. 6d). Relative to no-SIP,
all-SIP run encloses a smaller area within the 40 mm con-
tour and features fewer, more compact heavy-rainfall regions
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(Fig. 6b and c), indicating a more localized precipitation pat-
tern.

Figure 7 presents the spatial distribution of accumulated
precipitation for the different SIP combinations and the cor-
responding deviations from the no-SIP simulation. The RS
simulation produces a precipitation pattern broadly similar
to the no-SIP case, with relatively small deviations (Fig. 7a
and b). Adding the Mode 1 process (RS +M1) yields in-
creases within and adjacent to the convective core, includ-
ing the northeastern band (Fig. 7c and d). The >40mm
contour indicates a more compact heavy-rainfall region than
in the RS case. The RS + M2 experiment produces local-
ized enhancement that are more fragmented and slightly dis-
placed downwind compared with RS + M1 (Fig. 7e and f).
The heavy-rainfall region (> 40 mm) appears as separate ar-
eas along the band. Including ice—ice collisional breakup
(RS 4 BR) forms a narrow zone of increased heavy precipita-
tion without obvious suppression in the surroundings (Fig. 7g
and h). Overall, the deviation maps show that individual SIP
pathways modify rainfall differently: rime splintering alone
has a limited impact, whereas adding Mode 1, Mode 2, or
collisional breakup introduces stronger localized increases
and primarily reorganizes the spatial distribution.

The domain-averaged precipitation time series in Fig. 8a
complements the spatial distributions shown in Fig. 7, pro-
viding additional context for the impact of different SIP
mechanisms on total rainfall. During 03:00-07:00 UTC,
RS +M2 and RS 4 BR maintain higher domain-averaged
rainfall, yielding larger increases in total precipitation
(Fig. 8a). The RS + BR simulation shows the highest to-
tal amount, suggesting that ice—ice collisional breakup has a
comparatively strong effect on overall rain production among
the SIP mechanisms tested. The all-SIP simulation produces
the lowest domain-averaged precipitation among all exper-
iments, as shown in Fig. 8a. Its time-averaged precipita-
tion rate is 0.63 mmh~!, approximately 8 % lower than the
0.69 mmh~! in the no-SIP case over the same period (03:00—
07:00 UTC). This result underscores the non-linear interac-
tions among SIP pathways in deep convection. When mul-
tiple SIP processes act simultaneously, the resulting increase
in upper-level ice particle concentration may suppress warm-
rain production by diverting condensate into small ice parti-
cles that are less likely to precipitate efficiently. Addition-
ally, enhanced ice aloft can inhibit the growth of larger rimed
hydrometeors and reduce the mass flux toward the surface
(Dedekind et al., 2021; Grzegorczyk et al., 2025¢). Together,
these factors help explain why the all-SIP simulation yields
less total rainfall than cases with only one or two active SIP
mechanisms. This is consistent with previous studies that
emphasized the complex and sometimes competing roles of
SIP in cloud microphysics and precipitation efficiency (e.g.,
Han et al., 2024; Grzegorczyk et al., 2025b, c).

Figure 8b shows the time series of the domain-maximum
precipitation rate, representing the evolution of localized ex-
treme rainfall events. All simulations, including no-SIP and
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those with various SIP mechanisms, produce similar peak
magnitudes and timing. The peak rate reaches 199.6 mmh~!
in the no-SIP and 186.6mmh~! in the all-SIP case. The
RS + M2 and RS + BR experiments produce slightly higher
maxima near 04:00 UTC, but the differences among all cases
are relatively small and within modelling variability. In this
case, SIP has limited impact on the domain-maximum pre-
cipitation rates. While certain SIP processes slightly enhance
localized intensities, their effect on the most extreme point-
scale rainfall events remains modest. This contrasts with the
more substantial differences seen in accumulated precipita-
tion fields and deviation maps (Fig. 7, right column), sug-
gesting that SIP more strongly modifies spatial distribution
and total precipitation amount rather than intensifying single-
point extremes. It is worth noting that previous studies have
reported varying impacts of SIP on precipitation intensity.
For example, Grzegorczyk et al. (2025b, c) found that SIP
can reduce heavy rainfall (> 40 mm), whereas Sullivan et
al. (2018) reported localized enhancement of convective re-
gions.

3.3 Impacts of SIP on microphysical properties
3.3.1 Ice number concentration

Figure 9a shows the vertical profiles of horizontally av-
eraged ice crystal number concentration (Nje) from var-
ious sensitivity experiments. The averages are calculated
over grid boxes within the analysis region (Fig. 1) where
IWC > 0.01 gm~3. The all-SIP simulation exhibits peak val-
ues of Nj at approximately 8km, where the tempera-
ture T > —20°C. At T = —5°C (around 6 km), Njce reaches
~15L71L, compared to 0.5 x 1073 L~! in the no-SIP case
over regions with IWC > 0.01 gm™3, representing an in-
crease of more than 3 orders of magnitude. This enhancement
reflects the cumulative contribution of multiple SIP mecha-
nisms in generating secondary ice particles aloft.

Among the individual SIP experiments, RS +M1 sim-
ulation (which includes rime splintering and Mode 1
droplet fragmentation) shows an increase in Njce between 8
and 10km, reaching ~49% of the all-SIP values. At
T ~ —20°C, the RS+ M1 simulation exceeds the no-SIP
case by ~ 2 orders of magnitude, with peak enhancements of
~ 150 times. The RS 4+ M2 simulation (rime splintering and
Mode 2 droplet-ice collisions) also increases Njce relative to
no-SIP, with the enhancement mainly between 6 and 8 km
(around T = —5 °C), consistent with the expected activation
of Mode 2 in lower layers where supercooled raindrops are
more abundant. Its peak at 6 km exceeds 2L}, more than
3 orders of magnitude above the no-SIP case at the same
level. By contrast, the RS 4+ BR experiment (including ice—
ice collisional breakup) differs little from the RS-only case
across the column: the profiles are nearly identical and fall
within the ensemble spread (Fig. 9a and e). This indicates a
limited contribution from breakup under the present condi-
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Figure 7. The left column shows the spatial distribution of accumulated precipitation (unit: mm) during 02:30-08:30 UTC in the simulations:
(a) RS, (¢) RS + M1, (e) RS + M2, and (g) RS + BR. Black contours show areas with accumulated rainfall > 40 mm. The right column shows
the deviations of accumulated precipitation (unit: mm) between four of the simulations with the SIP parameterizations in place, and the no-

SIP simulation.

tions. A further contribution may arise once concentrations
are elevated by other SIP processes. As shown in Fig. 9b,
graupel number concentrations below 8 km (~ 1-10 L") fall
within the spread reported by convection-permitting stud-
ies (e.g., Phillips et al., 2017b), but are on the high side
of aircraft-based observations for tropical convection (e.g.,
Lasher-Trapp et al., 2016). Higher graupel number generally
implies smaller mean size and reduced fall-speed differences,
which lowers the graupel-involved collisional kinetic energy
and likely explains the limited breakup in this case (Phillips
et al., 2017b).

Figure 9c further illustrates the combined number concen-
tration of ice crystals and graupel. The SIP-induced increases
in ice number remain evident at T ~ —20 °C, with all-SIP

https://doi.org/10.5194/acp-25-18549-2025

and RS 4+M1 cases showing clear separation from the no-
SIP simulation. For example, at ~ 8.5 km, the all-SIP reaches
a peak value approximately 20L~!, while RS + M1 yields
about 2.5L~!, both higher than the no-SIP case (~ 0.5 L b
in regions with IWC > 0.01 gm™3. This indicates that SIP
processes not only enhance ice particle production but also
help maintain elevated ice amounts at upper levels (see
Fig. S1 in the Supplement), consistent with the extensive
anvil clouds in Fig. 3.

In contrast, snow number concentration (Fig. 9d) exhibits
limited sensitivity to SIP processes. Snow is produced mainly
between 8 and 12km, and the differences among experi-
ments are minimal, indicating that snow production is dom-
inated by aggregation rather than SIP-induced ice multipli-
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Figure 8. Time evolution of (a) domain-averaged precipitation rate,
and (b) domain-maximum precipitation rate (unit: mmh_l) from
CPOL observations and model simulations. For simulations, the
solid line represents the ensemble mean, and the shaded area in-
dicates the standard error of each parameter across the 4-member
ensemble. The gray dashed line in panel (a) shows a fitted curve
to the observations. To facilitate comparison, the time axis for the
observations has been shifted by 1h to align with the simulation
results.

cation. Because snow varies little across experiments, Snow-
involved breakup is likely similar in magnitude across runs
and cannot explain the contrasts in ice number. Under warm
profiles, graupel-involved collisions exhibit limited energet-
ics, with smaller mean sizes and weaker mass-weighted fall-
speed contrasts, which reduces the collisional kinetic en-
ergy required for efficient breakup (Phillips et al., 2017b).
Consistent with this, the simulation with breakup enabled
(RS 4 BR) shows ice-number profiles similar to the RS-only
run (Fig. 9a and e). Figure 9e summarizes the total ice-phase
particle number concentration (sum of ice crystals, graupel,
and snow). Although including snow reduces the relative dif-
ference between SIP and no-SIP experiments, the all-SIP
case (~20L~") remains up to 5 times higher than the no-
SIP simulation (~4L’1) at 8km, owing to sustained en-
hancements in ice and graupel. Overall, under the present
convective conditions, SIP processes, particularly those in-
volving drop fragmentation (Mode 1 and Mode 2), play the
dominant role in increasing ice crystal number, whereas col-
lisional breakup contributes little. These changes in ice par-
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ticle populations modify the cloud microphysics and can in-
fluence cloud dynamics and radiative properties. Consistent
with this, the reflectivity decrease in Fig. 4 is mainly asso-
ciated with the increase in small ice crystal number; graupel
contributes minor changes relative to crystals, whereas snow
remains weakly sensitive to SIP.

3.3.2 Ice water content and updraft velocity

Figure 10 presents the vertical profiles of horizontally aver-
aged ice water content (IWC) and maximum updraft velocity
from the different SIP sensitivity experiments.

Figure 10a shows IWC including ice crystals and graupel.
The all-SIP simulation exhibits the highest IWC values at
~8km (T > —20°C), with a clear enhancement compared
to the no-SIP case. This enhancement explains the improved
representation of radar reflectivity compared to observations,
particularly above 6 km (Fig. 4). The IWC in the all-SIP run
is approximately 0.16 gm™3, compared to 0.03 gm~> in the
no-SIP case, reflecting a more than 400 % increase. Among
the individual SIP experiments, RS + M1 shows IWC lev-
els similar to all-SIP between 8 and 11 km, indicating the
strong role of Mode 1 droplet fragmentation in enhancing
upper-level ice mass. At 9 km, the IWC in RS 4 M1 reaches
~0.10 gm™3, over 3 times higher than the no-SIP value. The
RS + M2 case also increases IWC relative to no-SIP but with
a more confined impact between 6 and 10 km. Its peak IWC
near 7km (~0.12 gm’3) lies between RS + M1 and all-SIP,
suggesting that Mode 2 is particularly effective in the lower
region. In contrast, RS 4+ BR and RS-only experiments pro-
duce nearly overlapping IWC profiles throughout the col-
umn, with values at 7 km remaining below 0.06 gm™3, sug-
gesting that ice—ice collisional breakup remains inactive un-
der the present conditions.

When snow is included (Fig. 10b), column IWC increases
across all simulations, with the largest enhancements above
~9km (T ~ —20°C) where snow dominates the mass bud-
get. In this layer, snow is both more numerous than grau-
pel (Fig. 9b and d) and larger in size than ice crystals, so it
contributes a greater share of IWC. Once snow is accounted
for, the inter-experiment differences that mainly arise from
crystals are partly diluted (Fig. 10a and b), as graupel re-
mains limited. Even so, SIP still yields a net IWC increase
between 8 and 12 km. At 10 km, all-SIP reaches 0.43 gm’3
compared to 0.39 gm™3 in no-SIP (~ + 10 %), with differ-
ences of 5 %—15 % across 8—12 km despite the mitigating ef-
fect of snow.

These patterns are consistent with the number concentra-
tion profiles (Fig. 9d and e). SIP substantially increases ice
crystal numbers (and to a lesser extent graupel) in the upper
troposphere and anvil, whereas snow shows weak sensitiv-
ity to SIP. Consequently, adding snow reduces the contrast
among experiments, yet the SIP-driven shift toward more
numerous small crystals remains evident, explaining the de-
crease in mean reflectivity aloft (Fig. 4b).
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Figure 9. Vertical profiles of horizontally averaged number concentration of (a) ice crystals (Njce), (b) graupel (Ngraupel), (¢) ice-phase
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the standard error of each parameter across the 4-member ensemble. Dashed lines indicate the 0, —20, —40, and —60 °C isotherms.

The differences in IWC are accompanied by variations in
updraft velocity, as shown in Fig. 10c. Figure 10c presents
the vertical profiles of the domain-maximum updraft veloc-
ity (Wnax). Above 9km, all SIP experiments have Wp,x
~ 10 % higher than the no-SIP simulation, with the largest
enhancements in the all-SIP and RS + M1 cases, particularly
between 10-12km. This enhancement can be attributed to
the increased ice crystal number concentrations induced by
SIP processes (Fig. 9a), which promote more efficient de-
positional growth and freezing of supercooled water in the
upper layers. These processes enhance latent heat release,
thereby reinforcing local buoyancy and supporting stronger
updrafts (Qu et al., 2022; Grzegorczyk et al., 2025b). Be-
low 8 km, the differences among experiments are minimal,
which is likely because the low-level updrafts are primarily
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driven by dynamical processes such as boundary-layer con-
vergence and cold pool outflows, and are therefore less sen-
sitive to microphysical modifications induced by SIP. Given
the km-scale grid (1.5km) used here, the peak vertical ve-
locities are smaller than in higher-resolution large-eddy sim-
ulations (e.g., ~ 100 m; Dauhut et al., 2015). This likely re-
flects resolution effects that weaken intense updrafts, for ex-
ample through numerical diffusion and subgrid-scale treat-
ment. The contrasts between SIP and no-SIP simulations re-
main robust, as demonstrated by the sensitivity experiments.

Overall, these results demonstrate that SIP processes, par-
ticularly those involving droplet fragmentation (Mode 1 and
Mode 2), substantially enhance ice mass and ice crystal num-
ber concentration in the upper troposphere and anvil region.
While the inclusion of snow reduces the relative difference
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Figure 10. Vertical profiles of (a) ice water content (IWC) from the combinations of ice crystals and graupel, (b) IWC including ice
crystals, graupel, and snow, and (¢) maximum updraft velocity (Wmax). Profiles are calculated from 02:30 to 08:30 UTC, 1 December
2005. Panels (a) and (b) show horizontal averages calculated over regions with IWC > 0.01 gm_3, and panel (c¢) depicts the domain-wide
horizontal maximum at each height level. Solid lines represent the ensemble means, with the shaded areas indicate the standard error across
the 4-member ensemble. The dashed lines represent isotherms of 0, —20, —40, and —60 °C.

between SIP and no-SIP cases, the enhancement of ice-phase
particles by SIP remains evident, highlighting its important
role in modifying cloud microphysical structure in the con-
vective and anvil regions.

4 Discussion

Based on model simulations, our results demonstrate that SIP
processes significantly enhance both the ice particle popula-
tion and IWC in the upper cloud layers (Figs. 9 and 10). For
instance, at —5 °C (~ 6 km), the ice crystal number concen-
tration increases from 0.5 x 1073 L~! in the no-SIP case to
1.5L~! in the all-SIP simulation, representing an enhance-
ment of over 3 orders of magnitude. At ~ 8.5km, all-SIP
and RS + M1 cases reach peak values of 11.5 and 2.5 LL,
compared to 0.86 L~ in the no-SIP case. The RS 4+ M2 in-
creases ice number concentrations primarily between 6 and
8km (T = —5°C), consistent with Mode 2 activation in re-
gions rich in supercooled raindrops. For the IWC, SIP pro-
cesses increase values at 8-9 km from 0.03 gm~3 in the no-
SIP case t0 0.10 gm™ in RS + M1, and 0.16 gm ™2 in the all-
SIP simulation, representing an enhancement of over 400 %.
These results highlight the dominant role of SIP, especially
Mode 1 and Mode 2 droplet fragmentation, in generating
high concentrations of small ice particles and increased IWC
in the upper troposphere.

These microphysical changes lead to modifications in ra-
diative fluxes. The reduced OLR is mainly attributed to the
colder and more optically thick cloud tops. With higher con-
centration of small ice particles (Fig. 4b), OSR is enhanced
due to the increased shortwave scattering and cloud reflec-
tivity. The mean OLR decreases from 239.4 Wm™2 in the
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no-SIP case to 236.2 Wm™2 in the all-SIP simulation, with a
minimum as low as 198.4 Wm~2, Similarly, OSR increases
from a mean of 246.5Wm™2 in no-SIP to 250.9 Wm™? in
all-SIP, with a peak value of 353.6 W m™2. As emphasized by
Finney et al. (2025), even a 1 %-3 % increase in high cloud
albedo can produce substantial radiative feedback. While
we do not explicitly calculate cloud albedo, the observed
changes in longwave and shortwave reflectivity suggest that
SIP could play an important role in modulating the radia-
tive forcing of convective systems, potentially influencing re-
gional and large-scale climate feedback. Further work evalu-
ating these effects across different events and environments,
and using long integrations with parameterized SIP, would be
helpful for quantifying their climate relevance.

SIP processes, particularly those involving droplet frag-
mentation (Mode 1 and Mode 2), also affect precipitation
structure in the Hector storm. By increasing ice crystal con-
centrations and IWC in the upper levels, SIP promotes more
localized, compact heavy-rainfall region near the main con-
vective zone (Fig. 6). However, the domain-averaged precip-
itation rate is reduced (Fig. 8a), with the all-SIP case pro-
ducing 0.63mmh ™', about 8 % lower than the 0.69 mmh~!
in no-SIP simulation. These results are similar to the findings
from Han et al. (2024) and Grzegorczyk et al. (2025b, ¢), sug-
gesting that in the mixed-phase region and above, SIP shifts
more condensate from warm-rain processes toward ice-phase
pathways, producing less surface precipitation. Additional
losses may arise from sublimation of small ice particles be-
fore reaching the ground. In the RS case (rime-splintering
only), changes to surface rainfall are small, consistent with
limited graupel growth and the narrow temperature window
for HM activation. Adding Mode 1 produces numerous small
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Figure 11. Relative change (%) between the SIP-included and no-SIP simulations for different variables: outgoing longwave radia-
tion (OLR), outgoing shortwave radiation (OSR), domain-averaged and -maximum precipitation rate (Precip_avg, Precip_max), domain-
maximum updraft velocity (Wmax), ice water content IWC, including ice crystals, graupel, and snow), and total ice-phase particles number
(Nice particles)- Results are shown for 4 ensemble members initialized at different times (T18, T12, T06, and T00). For each member, the
relative change was estimated using 1000 bootstrap samples. Gray and blue bars show the overall relative change for each variable; with
Nice particles Plotted against the right y axis. Red dashed lines indicate the & 1o ensemble spread, computed as the average standard deviation

of the bootstrap samples across all members.

ice particles at relatively higher levels (~—15 to —25 °C;
Fig. 9a), which likely shifts condensate from warm-rain pro-
cesses and places much of the newly formed ice farther from
the melting layer. Aggregation and/or riming therefore tend
to occur later, and sublimation during descent can limit in-
crease in surface rainfall. Mode 2 generates secondary ice
closer to the melting level (~ —5 °C), often within regions
of higher liquid water content, which can accelerate riming
to snow/graupel. The shorter distance to the surface can re-
duce sublimation losses and raise the domain-mean precip-
itation. Including ice—ice collisional breakup (BR) produces
additional fragments within the mixed-phase layer that are
likely to be incorporated into ongoing riming, reinforcing
a narrow band of enhancement near the convective region
and yielding increased surface rainfall, despite Njc. remain-
ing close to RS. When multiple SIP processes act together
(all-SIP), the increase in small ice aloft tends to reduce the
liquid water available for warm-rain collection and riming,
helping to explain why total rainfall can be lower than in
cases with only one or two mechanisms, even though pre-
cipitation is more localized (Figs. 6 and 8). In contrast, peak
rainfall rates change little (Fig. 8b): the all-SIP simulation
peak is 186.6 mmh~!, slightly lower than 199.6mmh~! in
the no-SIP, and all simulations underestimate the observed
peak (> 250 mmh~!). This indicates that the most extreme
precipitation events are primarily driven by dynamical forc-
ings, such as boundary-layer convergence and cold pool out-
flows, rather than microphysical variations alone (Connolly
et al., 2013). While SIP may enhance upper-level buoyancy
through latent heat release from depositional growth and
freezing, the updraft velocity (Wpax) increases by ~ 10 %
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(Fig. 10c), which is measurable but has limited impact on
peak rainfall metrics in this case. Previous studies reported
varied impacts of SIP on precipitation intensity: reductions
in the heavy rainfall (e.g., > 40 mm) have been documented
(Grzegorczyk et al., 2025b, c), whereas localized enhance-
ments within convective regions have also been reported
(Sullivan et al., 2018). The effectiveness of such cold-phase
invigoration mechanisms remains uncertain, with some stud-
ies suggesting that the added buoyancy may be offset by the
increased mass loading from ice particles (Grabowski and
Morrison, 2020; Varble et al., 2023). Overall in this case, SIP
mainly reshapes the spatial distribution and partitioning/yield
of surface rainfall, with limited impact on the intensity of lo-
calized extreme events.

To assess the robustness of SIP-induced signals relative
to natural meteorological variability, we compared the dif-
ferences between SIP and no-SIP simulations against the
ensemble spread from four members initialized at different
times (Fig. 11). Overall, the changes caused by SIP in cloud
properties (e.g., IWC and ice number concentration) and ra-
diation (OLR) are both systematic and statistically signifi-
cant, with magnitudes exceeding the + 1o ensemble spread
across all members. For example, while the ensemble spread
in domain-averaged OLR is ~ 1 %, the SIP-induced reduc-
tion exceeds 1.3 %. For IWC and ice number concentra-
tion, the differences exceed ensemble variability by more
than a factor of two. Other variables, such as OSR and
domain-averaged precipitation, show consistent SIP-related
responses across ensemble members, but the magnitudes fall
closer to the spread, indicating weaker but still coherent sig-
nals. In contrast, maximum precipitation rates show little
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sensitivity to SIP and lie within ensemble spread, suggesting
that extremes are highly influenced by meteorological vari-
ability. These results suggest that, while natural variability
modulates the amplitude of individual responses, the key sig-
nals induced by SIP, especially in cloud and radiative prop-
erties, are physically robust and statistically significant.

Unlike studies that reported strong ice—ice collisional
breakup (e.g., Sullivan et al., 2018; Grzegorczyk et
al., 2025a), our case shows no clear BR signal (Fig. 9). Near
~ 8 km, graupel number concentrations peak at ~ 1-10L~!
(Fig. 9b). BR remains weak because graupel-involved colli-
sion energetics are limited under warm profiles. At compa-
rable IWC, a higher graupel number implies smaller mean
size and weaker mass-weighted fall speed contrasts, which
reduces the collisional kinetic energy that controls breakup
efficiency as formulated by Phillips et al. (2017a). Numeri-
cal experiments suggest that graupel-snow interactions pro-
vide the major source of breakup fragments under convec-
tive conditions (Phillips et al., 2017b). Therefore, the overall
BR contribution remains small when graupel-involved col-
lision energetics are limited. These results likely highlight
the environmental dependence of ice—ice breakup, which ap-
pears less effective in tropical deep convection with warm,
moist profiles and limited graupel growth (e.g., Phillips et
al.,, 2017a; Korolev et al., 2020; Huang et al., 2022). In
light of this, the existing SIP parameterizations, many of
which were developed in mid-latitude cloud environments,
should be applied with caution in tropical settings. To im-
prove model performance, future schemes may need to bet-
ter account for environmental factors, such as graupel abun-
dance, temperature profiles, and convective intensity. More-
over, the interactions between SIP and aerosol conditions re-
main poorly constrained and deserve further investigation,
given their potential influence on cloud microphysics and
storm development in tropical regions (e.g., Sun et al., 2021,
2024).

This study focuses on a single Hector storm case. While
the ensemble results provide insights into SIP impacts in
tropical deep convection, the findings should be interpreted
cautiously before generalized to other storm types or regions.
In addition, SIP parameterization remains poorly constrained
despite recent advances (e.g., James et al., 2021). More sys-
tematic laboratory and field investigations are needed to im-
prove its quantification. Future work should involve multi-
case, multi-region simulations and integrate observational
constraints to evaluate SIP processes more comprehensively.

Atmos. Chem. Phys., 25, 18549-18569, 2025
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5 Conclusion

In this study, we first implemented secondary ice produc-
tion (SIP) parameterizations into the double-moment cloud
microphysics scheme of Unified Model (UM-CASIM), in-
cluding droplet shattering (Mode 1 and Mode 2) and ice—ice
collisional breakup. These schemes were applied to a real-
case simulation of a Hector tropical deep convective storm to
assess their impacts on cloud microphysics, radiative fluxes,
precipitation, and storm dynamics. To complement the sen-
sitivity experiments, we conducted a time-lagged ensemble
with varied initial times to evaluate the robustness of SIP-
induced signals. The changes caused by SIP in cloud prop-
erties (e.g., IWC and ice number concentration), radiative
fluxes (OLR), and domain-averaged precipitation were gen-
erally larger than or comparable to the ensemble spread, in-
dicating that the signals are systematic and not dominated by
internal meteorological variability. While OSR showed less
consistent significance, the overall patterns support that the
microphysical and radiative responses to SIP are physically
robust.

Our results demonstrate that SIP, particularly droplet frag-
mentation processes including Mode 1 and Mode 2, can
substantially enhance ice crystal number concentrations and
upper-level ice water content IWC), especially in the anvil
region. These microphysical changes modify cloud radiative
properties, leading to reduced outgoing longwave radiation
(OLR) and increased outgoing shortwave radiation (OSR) at
the top of the atmosphere, resulting in better agreement with
satellite observations.

SIP also reshapes precipitation characteristics by promot-
ing a more localized, compact rainfall pattern near the main
convective zone, while reducing domain-averaged precipita-
tion. This reduction exceeds the ensemble spread and is con-
sistent with a shift from warm-rain to ice-phase growth, ac-
companied by in-transit losses from sedimentation and sub-
limation and yielding less surface rainfall. In contrast, peak
rainfall rates across the domain remain largely unaffected and
fall within ensemble variability, consistent with the minimal
changes in maximum updraft velocity (Wpax). These results
suggest that SIP primarily modulates the pattern and effi-
ciency of rainfall rather than intensifying extreme convective
events.

Among the SIP mechanisms examined, ice—ice collisional
breakup had limited influence in this case, likely due to the
warm, moist environment and insufficient graupel produc-
tion. This highlights the environmental dependence of SIP
efficiency in tropical convection. These findings suggest that
existing parameterizations may need to be adapted when ap-
plied to warmer convective conditions. While this study pro-
vides new insights into SIP behavior in tropical settings, fur-
ther works are needed to explore how these processes vary
across different storm types and environmental conditions.
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Symbol Description Value and units
A Number density of the breakable asperities in the contact region -

C Asperity-fragility coefficient -

Ccw Specific heat capacity of liquid water 42007J kg71 K!
Dy, Dy Diameters of the colliding ice-phase particles in ice—ice collisional breakup m

DE Dimensionless energy -

DE. ¢ Critical value of dimensionless energy for onset of splashing 0.2

D; Diameter of ice particles in Mode 1 and Mode 2 m

DR Diameters of raindrops in Mode 1 and Mode 2 m

D; thresh Diameter of an ice particle whose mass equals that of the colliding raindrop m

DR thresh Minimum raindrop diameter for Mode 2 0.15 mm

F Interpolation function for the onset of fragmentation -

f(Dy), f(Dy)  Size distribution functions at diameters D1, Dp -

f(Dj), f(DR) Size distribution functions at diameters D;, DR -

f(T) Mass fraction of drop frozen in Mode 2 -

frs(T) Temperature-dependent function of rime splintering -

Kocn) Collisional kinetic energy at impact J

L¢ Specific latent heat of freezing 33x10°] kg_1
my, my Mass of colliding ice particles kg

My Mass of each splinter kg

NcB Number of ice particles due to ice—ice collisional breakup -

NMmiL Total number of large ice particles due to Mode 1 -

NMIT Total number of ice particles due to Mode 1 -

Pgacw Riming rate of cloud droplets by graupel number kg_1 g1
Pihal Splinter production rate number kg_1 g1
Psacw Riming rate of cloud droplets by snow number kg_l g1
Se Surface energy J

T Freezing temperature of water drop °C

t Time S

To Value of 7 at maximum of Lorentzian function for Eq. (5) °C

Tgo Value of T at maximum of Lorentzian function for Eq. (6) °C

v(Dy), v(Dy)  Fall speed of ice particles with diameters D1, D;; denoted vy, vy for the colliding particles ms~!

v(DR), v(Dj)  Fall speed of raindrops and ice particles with diameters DR, Dj ms™!

o Equivalent spherical area of the colliding particle m?

B Parameter in Eq. (5) K-!

y Parameter of riming intensity -

Vg Surface tension of liquid water 0.073Jm—2

¢ Intensity of Lorentzian function in Eq. (5) -

(B Intensity of Lorentzian function in Eq. (6) -

n Half-width of Lorentzian function in Eq. (5) °C

B Half-width of Lorentzian function in Eq. (6) °C

P Probability of any drop in Mode 2 containing ice 0.3

Q Interpolating function for the onset of fragmentation -

8?’% IcB Production rate of ice particles due to ice—ice collisional breakup number m 3 s~
"3% IM1,¢ Production rate of ice particles from raindrop—ice collisional breakup in Mode 1 number m—3 s~
ag% IMm1,f Production rate of ice particles from freezing droplet shattering in Mode 1 number m 3 s~
% M1 Production rate of ice particles due to Mode 1 number m—3s~!
% M2 Production rate of ice particles due to Mode 2 number m =3 s~
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Data availability. The model output in this study is archived
on the UK Met Office MASS system (suite ID: u-dp252)
and accessible via the JASMIN platform (http://www.jasmin.
ac.uk/, last access: 10 November 2025). The CASIM micro-
physics code, including the newly implemented SIP schemes,
is available on the Met Office Science Repository Ser-
vice (MOSRS): https://code.metoffice.gov.uk/trac/monc/log/casim/
branches/dev/mengyusun/r10208_SIP_rep (last access: 10 Novem-
ber 2025). Specific SIP configurations are stored under revisions:
rev11607 (all-SIP), rev11609 (no-SIP), rev11678 (RS), rev11679
(RS +M1), rev11680 (RS +M2), and rev11677 (RS + BR).

Supplement. The supplement related to this article is available
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