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Abstract 19 

Secondary ice production (SIP) can substantially modify the ice-phase structure of 20 

mixed-phase clouds, but its role in short-lived pulse hailstorms remains unclear. Here, 21 

an ice–ice collisional breakup (BR) parameterization is implemented in the NSSL two-22 

moment scheme within Cloud Model 1 (CM1), and seven sensitivity experiments are 23 

conducted for an idealized pulse hailstorm to examine the effects of droplet shattering 24 

during freezing (DS) and BR on ice-phase evolution and surface hailfall. The results 25 

show that BR has a much stronger effect than DS on the cloud-ice structure and surface 26 

hail mass. Relative to CNTL, the experiments including BR show a marked reduction 27 

in the peak total hail mass at the surface, with the largest decrease reaching 41.94 %. 28 

BR increases the ice crystal number concentration by about two orders of magnitude 29 

between approximately 5 and 9 km, accompanied by reduced supercooled liquid water 30 

above 4 km, lower graupel mixing ratio, and weakened graupel riming growth. These 31 

changes reduce the size of potential hail embryos, weaken graupel-to-hail conversion 32 

at some heights, and limit subsequent hail growth. The decomposition of BR collision 33 

pairs shows that, during the mature hail-producing stage, collisions of ice crystals with 34 

graupel and hail become the main sources of BR fragments. Overall, BR can 35 

substantially reduce surface hail mass in this idealized pulse-hailstorm case by 36 

restructuring the ice phase and enhancing competition for supercooled liquid water. 37 

Keywords: Hail; Numerical simulation; Pulse storm; Secondary ice production; 38 

Collisional breakup. 39 

1. Introduction 40 

In situ observations in many mixed-phase and deep convective clouds have shown that 41 

ice crystal number concentrations (ICNCs) often exceed ice-nucleating particle (INP) 42 

concentrations by several orders of magnitude, a discrepancy that cannot be explained 43 

by primary ice nucleation alone (Hobbs and Rangno, 1985; Cantrell and Heymsfield, 44 

2005; Field et al., 2017; Korolev and Leisner, 2020). This discrepancy indicates the 45 

presence of secondary ice production (SIP). Various SIP mechanisms have been 46 

proposed, but their specific roles in clouds remain uncertain owing to observational 47 

limitations, making numerical models an important tool for investigating SIP processes 48 

(Korolev et al., 2017; Sullivan et al., 2017; Huang et al., 2017). Among these 49 
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mechanisms, the Hallett–Mossop (H–M) process has been the most widely 50 

implemented in numerical models. However, its active temperature range is limited to 51 

approximately −8 to −3 °C, and its contribution is therefore limited in the colder mixed-52 

phase regions of deep convective clouds (Hallett and Mossop, 1974; Saunders and 53 

Hosseini, 2001). Droplet shattering during the freezing of supercooled raindrops (DS) 54 

and ice–ice collisional breakup (BR) can operate over broader temperature ranges and 55 

may therefore contribute in colder mixed-phase regions where the H–M process is 56 

inactive (Vardiman, 1978; Takahashi et al., 1995; Yano and Phillips, 2011; Phillips et 57 

al., 2017a, b; Phillips et al., 2018; Sullivan et al., 2018a; James et al., 2021). However, 58 

the relative importance of these SIP mechanisms also depends on the specific cloud 59 

microphysical conditions. In recent years, several modeling studies have incorporated 60 

SIP mechanisms into microphysics schemes. These studies indicate that in-cloud 61 

ICNCs, phase partitioning, and precipitation characteristics can change substantially 62 

due to SIP, although the dominant SIP mechanism in different cloud types remains 63 

debated (Huang et al., 2022; Qu et al., 2022, 2025; Han et al., 2024). 64 

Previous modeling studies of SIP have considered a range of cloud types, including 65 

polar stratiform clouds, orographic mixed-phase clouds, and tropical deep convection 66 

(Sotiropoulou et al., 2020, 2021; Georgakaki et al., 2022; Huang et al., 2022), but 67 

relatively few have focused on hailstorms. Hail is a form of solid precipitation produced 68 

in severe convective storms and poses serious risks to agricultural production, property, 69 

and public safety (Prein and Holland, 2018; Allen et al., 2020). In China, hailstorms 70 

have caused substantial economic losses, with reported losses reaching hundreds of 71 

millions to several billion Chinese yuan in some periods or severe years (Tian et al., 72 

2022). Recent studies have also shown long-term changes in hailstorm activity in China 73 

and suggested further changes under future climate warming (Zhang et al., 2025). Hail 74 

occurrence is particularly frequent in mountainous and plateau regions (Zhang et al., 75 

2008; Li et al., 2018; Ni et al., 2020). Hail growth primarily occurs within updraft 76 

regions rich in supercooled liquid water. Additional ice crystals generated by SIP may 77 

intensify competition for this liquid water and accelerate its depletion, thereby 78 

influencing hail growth. Cloud water competition has also been identified as an 79 

important microphysical process affecting precipitation development in aerosol–cloud 80 

interactions (Zhao et al., 2024). However, how this pathway varies among different 81 

types of hailstorms remains unclear. Supercell, multicell, and pulse storms differ 82 
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markedly in their dynamical structures and hail growth conditions. Pulse storms are 83 

characterized by short lifetimes, weak vertical wind shear, and relatively simple 84 

dynamical backgrounds (Miller and Mote, 2017; Dong et al., 2024), making them 85 

suitable for mechanistic studies of how SIP affects hail growth. At the same time, hail 86 

growth in pulse storms is time-limited. Whether SIP-induced changes in the ice phase 87 

can be effectively transferred to hail growth and subsequently affect hailfall at the 88 

surface during this short period is a key question. 89 

Based on a representative pulse hailstorm that occurred in Weining, Guizhou Province, 90 

China, on 27 July 2022, this study examines the effects of multiple SIP mechanisms, 91 

namely H–M, BR (based on Phillips et al. (2017a), hereafter PH17), and DS (based on 92 

Lawson et al. (2015) and Sullivan et al. (2018b)), on hail. In addition, the BR fragment 93 

source is quantitatively decomposed by collision pair to examine how the contribution 94 

of each collision pair changes during storm evolution. By combining this 95 

decomposition with microphysical conversion-rate diagnostics, this study assesses how 96 

SIP-driven restructuring of the ice phase is translated into changes in hail growth and 97 

hailfall at the surface within the short life cycle of a pulse storm. The results provide a 98 

reference for understanding the microphysical mechanisms by which SIP affects hail 99 

growth in rapidly evolving convection. 100 

The paper is organized as follows. Sect. 2 describes the case background, model 101 

configuration, SIP parameterizations, and experimental design. Sect. 3 presents the 102 

storm evolution, microphysical responses, and contributions of BR collision pairs in 103 

each experiment. Sect. 4 summarizes the main conclusions and discusses their 104 

implications for hail growth mechanisms and SIP parameterization studies. 105 

2. Data and Methods 106 

2.1 Case overview and observational basis 107 

This study is based on a pulse hailstorm that occurred in Weining, Guizhou Province, 108 

China, on 27 July 2022. The storm developed in an environment characterized by high 109 

CAPE and weak vertical wind shear and exhibited a short lifetime, rapid development, 110 

and rapid onset of hailfall, consistent with the basic features of a representative pulse 111 

storm. It therefore provides a suitable case for examining SIP mechanisms in rapidly 112 
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evolving convection. 113 

The observation data used in this study are primarily from the National Hail 114 

Suppression Field Experiment conducted by the China Meteorological Administration 115 

in Guizhou Province, China, since 2021. Radar echo data were obtained from two X-116 

band, fully solid-state, dual-polarization phased-array radars (ETWS-X02), located in 117 

Xueshan Town (104.09°E, 27.05°N) and Xinming Village (103.94°E, 26.98°N), 118 

respectively. Each radar operates at a wavelength of 3.2 cm, has 128 array antenna 119 

elements, supports horizontal and vertical polarization measurements, and has a 120 

maximum detection range of 60 km, a horizontal resolution of 30 m, and a minimum 121 

volume scan time of 30 s. 122 

Hydrometeor classification was performed using a fuzzy logic identification framework 123 

based on polarimetric observables, including horizontal reflectivity factor (ZH), 124 

differential reflectivity (ZDR), specific differential phase (KDP), and the copolar 125 

correlation coefficient ( 𝜌ℎ௩ ), which were used to assign weighted hydrometeor 126 

categories according to their radar signatures. Comparable fuzzy logic and X-band 127 

polarimetric hydrometeor classification methods have been described in previous 128 

studies (Park et al., 2009; Dolan and Rutledge, 2009; Al-Sakka et al., 2013; Ribaud et 129 

al., 2019). 130 

2.2 Model configuration 131 

Idealized numerical simulations were conducted using the three-dimensional 132 

nonhydrostatic cloud model CM1 (Cloud Model 1, version 20.3; Bryan and Fritsch, 133 

2002), initialized with an intensive radiosonde sounding collected at 0600 UTC on 27 134 

July 2022. The initial wind field was prescribed as zero to suppress the dynamical 135 

influence of environmental wind shear, so that SIP-related microphysical mechanisms 136 

in this type of pulse storm and their effects on hail formation and evolution could be 137 

examined more directly. 138 

The total integration time was 180 min, with a time step of 3 s and an output interval of 139 

60 s. The model grid contained 201 × 201 × 96 points, corresponding to a horizontal 140 

domain of 35.1 km × 35.1 km and a vertical extent of 18 km. The horizontal grid 141 

spacing was 100 m within 10.1 km of the domain center and was then uniformly 142 

https://doi.org/10.5194/egusphere-2026-3542
Preprint. Discussion started: 11 August 2026
c© Author(s) 2026. CC BY 4.0 License.



6 
 

stretched to 400 m toward the lateral boundaries. The vertical grid spacing was 100 m 143 

below 6 km, uniformly stretched from 100 to 400 m between 6 and 10 km, and fixed at 144 

400 m above 10 km. The simulations were performed in a large-eddy simulation (LES) 145 

configuration, and random potential temperature perturbations were introduced at the 146 

initial time. 147 

Following Morrison et al. (2022), moist convection was initiated using perturbations in 148 

surface heat and moisture fluxes. The perturbations in surface sensible heat flux and 149 

moisture flux are denoted by Hs and Hl, respectively, and are given by 150 

𝐻௦ = ቊ
𝑈௦, 𝑡 < 3600

𝑈௦ + 𝑀௦𝑒ି௥మ/௅ಹ
మ

, 𝑡 ≥ 3600
 151 

 𝐻௟ = ቊ
𝑈௟, 𝑡 < 3600

𝑈௟ + 𝑀௟𝑒ି௥మ/௅ಹ
మ

, 𝑡 ≥ 3600
 , (1) 152 

where r is the horizontal distance from the domain center and LH is the horizontal length 153 

scale of the enhanced fluxes. During the first 60 min of the simulation, spatially uniform 154 

background surface heat and moisture fluxes were applied over the domain, with 155 

magnitudes of Us = 0.03 K m s−1 and Ul = 1.2 × 10−5 kg kg−1 m s−1, corresponding to 156 

sensible and latent heat fluxes of approximately 35 and 35 W m−2, respectively. After 157 

60 min, Gaussian-shaped enhanced fluxes were superimposed at the domain center. In 158 

Eq. (1), Ms = 0.3 K m s−1 and Ml = 1.2 × 10−4 kg kg−1 m s−1, corresponding to sensible 159 

and latent heat fluxes of approximately 350 and 350 W m−2, respectively. Based on 160 

independent sensitivity tests, LH was set to 2000 m to trigger and maintain the 161 

development of a single-cell pulse storm. 162 

Cloud microphysical processes were represented using the NSSL two-moment bulk 163 

scheme (Mansell et al., 2010). The scheme predicts the mass mixing ratios and number 164 

concentrations of six hydrometeor categories: cloud water, rain, cloud ice, snow, 165 

graupel, and hail. It also allows the bulk densities of graupel and hail to evolve during 166 

the simulation, making it well suited for hailstorm simulations. In all experiments, the 167 

original Hallett–Mossop (H–M) process in the NSSL scheme was retained. On this 168 

basis, two DS configurations were tested, and a BR parameterization was introduced to 169 

examine the effects of different SIP mechanisms on storm development and hail 170 

characteristics. 171 
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2.3 SIP parameterizations 172 

2.3.1 Droplet shattering configurations 173 

DS represents the fragmentation of supercooled raindrops during freezing and the 174 

release of secondary ice crystals. To enable a consistent comparison among different 175 

DS schemes, the additional source term for secondary ice crystals produced by DS is 176 

written as 177 

 
డே೔೎೐

డ௧
|஽ௌ = 𝑁஽ௌ ·

డே೑ೝ೐೐೥೐

డ௧
 , (2) 178 

where 
డே೑ೝ೐೐೥೐

డ௧
 is the number concentration tendency of freezing raindrops, and NDS is 179 

the mean number of ice fragments produced by a single freezing raindrop. In addition 180 

to the CNTL experiment, two DS configurations are compared in this study. DS_LAW 181 

uses the empirical expression of Lawson et al. (2015), for which the additional source 182 

term for secondary ice crystals is 183 

 
డே೔೎೐

డ௧
|௅஺ௐ = 𝑁௅஺ௐ · 𝑑ସ ·

డே೑ೝ೐೐೥೐

డ௧
 , (3) 184 

where NLAW = 2.5×10−11, and d is the equivalent-volume diameter of the raindrop in 185 

μm. 186 

DS_SUL follows the parameterization of Sullivan et al. (2018b), in which the additional 187 

source term of secondary ice crystals is expressed as 188 

 
డே೔೎೐

డ௧
|ௌ௎௅ = (𝑝஽ௌ ∙ 𝑁஽ௌ)

డே೑ೝ೐೐೥೐

డ௧
 , (4) 189 

where pDS is the probability that a freezing raindrop shatters, given by 190 

 𝑝஽ௌ =
௣೘ೌೣ

௠௔௫൛𝒩൫ ഋ்,ఙ൯ൟ
𝒩൫𝑇ఓ, 𝜎൯, (5) 191 

 𝒩൫𝑇ఓ, 𝜎൯ =
ଵ

√ଶగఙ
𝑒𝑥𝑝 ൤

ି൫்ି ഋ்൯
మ

ଶఙమ
൨. (6) 192 

This parameterization represents the shattering probability as a normal distribution 193 

function of temperature, where Tμ is the temperature at which the probability reaches 194 
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its maximum, set here to Tμ = 258 K; σ is the distribution width; and pmax is the 195 

maximum shattering probability. Following the formulation of Sullivan et al. (2018b), 196 

σ, pmax, and NDS were set to 3 K, 20 %, and 10, respectively, to obtain a relatively 197 

pronounced DS response. The two DS configurations are included in parallel to test the 198 

sensitivity to the DS formulation and to examine the different influences of raindrop 199 

size and thermodynamic control in a pulse hailstorm. 200 

2.3.2 Implementation of the BR parameterization 201 

Within the original microphysical framework of the NSSL scheme, a PH17-type ice–202 

ice collisional breakup (BR) parameterization was coupled online. The four ice-phase 203 

hydrometeor categories in NSSL, namely hail, graupel, snow, and cloud ice, were 204 

mapped to the hail, graupel, snow, and crystal types in PH17, respectively. This 205 

category mapping was kept fixed during the BR calculation, whereas particle mass, 206 

density, terminal velocity, and number concentration were diagnosed from the 207 

prognostic NSSL state. 208 

Because the NSSL two-moment scheme predicts only the mass mixing ratio and 209 

number concentration of each hydrometeor category, it does not directly provide the 210 

particle size spectra or particle properties required by PH17. A bin-emulation approach 211 

was therefore adopted. At each physical time step and for each grid point with 212 

temperature below 273.15 K and at least one ice-phase category present, discrete size 213 

spectra were temporarily reconstructed for hail, graupel, snow, and cloud ice. Here qx 214 

is the mass mixing ratio and cx is the volume number concentration. The mean particle 215 

mass of category x is therefore defined as 216 

  𝑚̄௫ =
ఘೌ೔ೝ௤ೣ

௖ೣ
, (7) 217 

where ρair is the air density. For each ice-phase category, the particle size distribution 218 

was assumed to follow a gamma distribution in diameter space. The shape parameter 219 

was set to μ = 0.5 for hail and μ = 0 for graupel, snow, and cloud ice. The slope 220 

parameter was determined using the NSSL mass–diameter relationship for each 221 

category and the diagnosed mean particle mass. Spherical mass relationships were used 222 

for hail and graupel, whereas the corresponding NSSL mass–diameter relationships 223 

were used for snow and cloud ice. This treatment allows the reconstructed size spectra 224 

https://doi.org/10.5194/egusphere-2026-3542
Preprint. Discussion started: 11 August 2026
c© Author(s) 2026. CC BY 4.0 License.



9 
 

to remain consistent with the mass mixing ratio and number concentration predicted by 225 

the NSSL scheme. 226 

The diagnostic diameter range for each hydrometeor category was specified according 227 

to the native physical range used for that category in the NSSL scheme, rather than 228 

being uniformly constrained to the PH17 valid diameter range during spectrum 229 

reconstruction. Each diameter range was divided into logarithmically spaced bins, and 230 

the representative diameter of each bin was taken as the geometric mean of the two bin 231 

edges. The initial number fraction in each bin was obtained by integrating the gamma 232 

distribution over the corresponding diameter interval. The bin weights were then 233 

adjusted so that the reconstructed spectrum satisfied both the total volume number 234 

concentration and total mass density constraints: 235 

 ∑ 𝑛௫,௜௜ = 𝑐௫, (8) 236 

 ∑ 𝑛௫,௜௜ 𝑚௫,௜ = 𝜌௔௜௥𝑞௫, (9) 237 

Here nx,i and mx,i are the volume number concentration and particle mass of bin i for 238 

category x, respectively. The particle mass and terminal velocity in each bin were then 239 

calculated using the corresponding NSSL mass–diameter and fall-speed relationships. 240 

The PH17 diameter range of 0.5–5 mm was not used to constrain the reconstructed 241 

spectra, but was applied only later in the calculation of empirical parameters in the 242 

fragment-number formula. 243 

For any two bins i and j, the collision kinetic energy was calculated using the reduced-244 

mass form: 245 

 𝐾଴ =
ଵ

ଶ
൬

௠೔௠ೕ

௠೔ା௠ೕ
൰ (𝑣௜ − 𝑣௝)ଶ, (10) 246 

where mi and mj are the particle masses of the two bins, and vi and vj are their terminal 247 

velocities. The collision rate between any two bins i and j was estimated using a 248 

gravitational collision kernel: 249 

 𝑅௜௝ =
ଵ

ସ
𝑛௜𝑛௝ ∙ 𝜋(𝐷௜

௣௛௬௦
+ 𝐷௝

௣௛௬௦
)ଶ|𝑣௜ − 𝑣௝|𝐸௖, (11) 250 

Here, ni and nj are the volume number concentrations of the two bins, 𝐷௜
௣௛௬௦ and 𝐷௝

௣௛௬௦  251 
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are the corresponding diagnosed physical diameters, Ec is the collision efficiency. For 252 

self-collisions within the same particle category, only bin combinations with j ≥ i were 253 

evaluated. A factor of 1/2 was applied for same-bin self-collisions. 254 

For ice-phase collision pairs already represented in the native NSSL scheme, the 255 

corresponding collision efficiencies were retained. For pairs not explicitly treated in 256 

NSSL, simplified values were assigned based on the native ice-phase collision 257 

treatments: Ec = 1.0 for H–H, H–G, and G–G collisions, and Ec = 0.5 for S–S and I–I 258 

collisions. Additional sensitivity experiments using Ec = 0.5 for H–H, H–G, and G–G 259 

collisions produced qualitatively similar results, indicating that the main conclusions 260 

are not sensitive to this simplified choice. Here, H, G, S, and I denote hail, graupel, 261 

snow, and cloud ice, respectively. For example, H–G represents hail–graupel collisions, 262 

and G–I represents graupel–cloud ice collisions. 263 

The number of fragments generated by a single collision was then calculated following 264 

PH17: 265 

 𝑁஻ோ = 𝑚𝑖𝑛{𝑁௠௔௫, 𝛼𝐴(𝑀)[1 − 𝑒𝑥𝑝(− ቀ
஼௄బ

ఈ஺(ெ)
ቁ

ఊ

)]}, (12) 266 

where K0 is the collision kinetic energy of the bin pair. The term 𝛼 = 𝜋𝐷௖௔௟௖
ଶ  represents 267 

the characteristic area scale of the breaking particle, consistent with PH17. Here Dcalc 268 

denotes the representative diameter used only in the PH17 fragment-number formula. 269 

The physical diameters diagnosed from the bin-emulation spectra were still used to 270 

calculate the collision kernel, particle mass, terminal velocity, and collision kinetic 271 

energy. For collisions between particles of the same category, the physical 272 

representative diameter was first taken as the smaller of the two particle diameters. For 273 

collisions between different categories, it was taken as the diameter of the more fragile 274 

particle. This physical representative diameter was then constrained to the PH17 valid 275 

range of 0.5–5 mm to obtain Dcalc. The parameters A, C, γ, Nmax, and related 276 

coefficients were specified according to the collision type, temperature, and particle 277 

characteristics in PH17. Additional implementation settings are summarized in 278 

Appendix A1. 279 

For any two bins i and j, the number source of BR fragments was calculated as 280 
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 𝑁௜௝  =  𝑁஻ோ  ×  𝑅௜௝, (13) 281 

where Rij is the collision rate estimated from the gravitational collision kernel. The BR 282 

calculation was performed after the NSSL process of ice multiplication from snow. The 283 

BR fragment number source was accumulated as a cloud-ice number source, and the 284 

corresponding fragment mass transfer was passed to the mass-conserving feedback step. 285 

The parent-category adjustment, mass transfer, and number concentration updates are 286 

described in Sect. 2.3.3. 287 

To diagnose the dominant sources of BR, the calculated BR fragment number source 288 

was further accumulated separately for each ice-phase collision pair. The four ice-phase 289 

categories correspond to 10 unordered collision pairs: H–H, G–G, S–S, I–I, H–G, H–S, 290 

H–I, G–S, G–I, and S–I. In the following analysis, the “BR collision-pair contribution” 291 

refers to the percentage contribution of each collision pair to the total BR fragment 292 

number source. 293 

2.3.3 Category adjustment and mass-conserving feedback 294 

At the particle scale, ice–ice collisional breakup generally removes only part of the 295 

mass of the colliding particles as fragments rather than completely removing the parent 296 

particles. In the NSSL two-moment scheme, however, adding only the fragments 297 

produced by BR without adjusting the mass and number concentration of the colliding 298 

ice-phase particles may introduce artificial changes in total ice mass and mean particle 299 

size. To avoid this effect, the BR-related mass loss was accumulated diagnostically over 300 

all bin pairs for each fragile hydrometeor category x at every time step and grid point 301 

before the feedback update: 302 

 𝐿௫
஻ோ = ∑ 𝛥𝑞௫,௜௝

஻ோ
௜,௝ , (14) 303 

where Δqx,ij
BR is the mass loss assigned to category x from the bin combination (i, j), and 304 

the summation is taken over all relevant collision pairs within the current time step. The 305 

mass loss actually applied was constrained by the available mass: 306 

 𝐿෨௫
஻ோ = 𝑚𝑖𝑛(𝐿௫

஻ோ , 𝑞௫), (15) 307 

where qx is the mass mixing ratio of category x. For hail, graupel, and snow as the 308 
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fragile parent category, the mass mixing ratio and number concentration of the parent 309 

category were then adjusted using the same fractional reduction: 310 

 𝑓௫ =
௅෨ೣ

ಳೃ

௤ೣ
, (16) 311 

 𝑞௫
௡௘௪ = 𝑞௫ − 𝐿෨௫

஻ோ, (17) 312 

  𝑁௫
௡௘௪ = (1 − 𝑓௫)𝑁௫. (18) 313 

Here, Nx denotes the number concentration of category x. For hail, graupel, and snow, 314 

the removed mass was transferred to cloud ice, and the cloud ice number concentration 315 

was increased according to the corresponding BR fragment number source. When cloud 316 

ice was the fragile category, the fragments were still assigned to cloud ice; therefore, 317 

no inter-category mass transfer was applied, and only the cloud ice number 318 

concentration was increased. 319 

2.4 Experimental design and diagnostics 320 

All sensitivity experiments used the same CM1 configuration and NSSL two-moment 321 

microphysics scheme described in Sect. 2.2, with only the SIP-related settings varied 322 

among the experiments. A total of seven sensitivity experiments were designed (Table 323 

1). CNTL is the control experiment, in which only the default H–M process in the NSSL 324 

scheme is retained. All other experiments are configured relative to CNTL. DS_LAW 325 

and DS_SUL activate the two DS configurations separately. BR_PH_1 and BR_PH_2 326 

include the BR process in addition to the default H–M process, using the 5-bin and 20-327 

bin configurations, respectively, with DS deactivated. SIP_ALL_1 and SIP_ALL_2 328 

combine DS_LAW with BR, also using the 5-bin and 20-bin configurations, 329 

respectively. DS_LAW is used in the combined SIP experiments because the Lawson 330 

et al. (2015) formulation is directly based on observationally inferred fragment 331 

production during freezing. Except for the SIP-related settings, the dynamical and 332 

thermodynamic conditions are identical across all experiments; therefore, differences 333 

among the experiments are primarily attributable to the SIP parameterizations. 334 

The main diagnostics include cloud-ice structural characteristics, hail characteristics at 335 

the surface, the evolution of in-cloud microphysics, and BR sources. Unless otherwise 336 
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stated, all diagnostics are calculated within a horizontal analysis box centered on the 337 

domain center, extending 5.95 km from the center in both the x and y directions. 338 

“Surface” refers to the lowest model level. Vertical profiles and microphysical process 339 

rates are averaged within the main updraft region, which is further defined as grid points 340 

with w > 2 m s−1 within this horizontal analysis area. The mature-stage mean cloud-ice 341 

volume is calculated within the same horizontal analysis box and is defined as the 342 

volume of grid cells satisfying Ni > 105 kg−1. In this paper, “supercooled liquid water” 343 

refers to the sum of cloud water and rainwater at temperatures below 0 °C. The BR 344 

source analysis is based on the diagnostic BR fragment number source from different 345 

collision pairs, as defined in Sect. 2.3.2. Based on the simulated evolution of hail aloft 346 

and surface hailfall in CNTL, the rapid development stage and mature hail-producing 347 

stage are defined as 90–107 min and 108–120 min, respectively. 348 

Table 1. Overview of the numerical sensitivity experiment design. All experiments 349 
retain the default NSSL H–M process. BR_PH_1 and BR_PH_2 denote PH17-type 350 
BR calculations using 5 and 20 emulated size bins, respectively. 351 

Experiment 

Name 

H–M 

process 

Droplet 

Shattering 

(DS) 

Collisional 

Breakup (BR) 

Description 

CNTL ON OFF OFF 

Control experiment, retaining 

only the default NSSL H–M 

process 

DS_LAW ON 
ON (Lawson 

et al., 2015) 
OFF 

Uses an empirical DS 

parameterization based on 

raindrop size 

DS_SUL ON 
ON (Sullivan 

et al., 2018b) 
OFF 

Uses a temperature-dependent 

DS parameterization with a 

prescribed breakup probability 

BR_PH_1 ON OFF 
ON (PH17; 5 

bins) 

BR only; bin emulation uses 5 

bins 

BR_PH_2 ON OFF 
ON (PH17; 20 

bins) 

BR only; bin emulation uses 

20 bins 

SIP_ALL_ ON ON (Lawson ON (PH17; 5 Combined experiment with 
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1 et al., 2015) bins) DS_LAW and BR_PH_1 

SIP_ALL_

2 
ON 

ON (Lawson 

et al., 2015) 

ON (PH17; 20 

bins) 

Combined experiment with 

DS_LAW and BR_PH_2 

  352 
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3. Results 353 

3.1 Observed storm structure and responses to SIP 354 

Previous work has shown that the CNTL experiment can reasonably reproduce the 355 

convective initiation height, the 35 dBZ echo top height, the echo width, and the rapid 356 

onset of hailfall of this case (Dong et al., 2024). Figure 1 further compares the 357 

reflectivity structure and the main ice-phase particle distributions among observational 358 

retrievals, the CNTL experiment, and the SIP_ALL_2 experiment at two representative 359 

stages. 360 

 361 
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Figure 1. Observed and simulated storm structure at hail onset and during the mature 362 
hail-producing stage. The first column corresponds to the end of the rapid development 363 
stage, when hail first appears aloft (qh > 1 g kg−1), and the second column shows a 364 
representative time during the mature hail-producing stage. The grayscale shading 365 
shows reflectivity. Red, green, and blue contours denote hail, graupel, and ice crystals, 366 
respectively, and the black dashed line indicates the 0 °C isotherm. 367 

The observational retrievals show that the pulse storm had already developed a clear 368 

vertical stratification of the ice phase during the rapid development stage (Fig. 1a). Ice 369 

crystals extended upward to approximately 11 km, graupel was concentrated between 370 

about 4.5 and 8 km, with the hail core located in the lower part of the graupel region, 371 

near 4–6 km. During the mature hail-producing stage (Fig. 1b), the hail core descended 372 

to approximately 2.5–4 km, while upper-level ice crystals remained above 10 km. 373 

The CNTL experiment generally reproduces the main altitude ranges of graupel and 374 

hail. However, at the time when hail first appears aloft, CNTL underestimates the upper-375 

level ice crystal region, with both the horizontal coverage and vertical extent being 376 

markedly smaller than those indicated by the observational retrievals (Fig. 1c). This 377 

bias is reduced during the mature hail-producing stage, but notable differences in the 378 

spatial distribution of ice crystals remain. 379 

Compared with CNTL, SIP_ALL_2 produces only minor changes in the overall echo 380 

morphology but yields a more extensive mid- and upper-level ice crystal field. At the 381 

time when hail first appears aloft, the ice crystal distribution in SIP_ALL_2 is more 382 

continuous and has a broader horizontal extent than in CNTL (Fig. 1e). During the 383 

mature hail-producing stage, the upper boundary of the ice crystal field reaches around 384 

12 km, with a broader horizontal distribution; meanwhile, the position of the hail core 385 

is also closer to that retrieved from observations (Fig. 1f). To assess whether these 386 

differences are accompanied by systematic changes in storm dynamics, cloud-ice extent, 387 

and surface hailfall, Fig. 2 compares storm-scale characteristics across the seven 388 

sensitivity experiments. 389 
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 390 

Figure 2. Storm-scale dynamical, cloud-ice, and surface hailfall responses across the 391 
sensitivity experiments. (a) Peak domain-maximum vertical velocity, (b) mature-stage 392 
mean cloud-ice volume, (c) peak total hail mass at the surface, and (d) time series of 393 
total surface hail mass. Cloud-ice volume is calculated with Ni > 105 kg−1 during the 394 
mature hail-producing stage. The light and dark gray shading in (d) denotes the rapid 395 
development and mature hail-producing stages, respectively. 396 

The peak domain-maximum vertical velocity varies only weakly among the 397 

experiments, remaining roughly within 34–36.5 m s−1 (Fig. 2a). The two DS 398 

experiments are close to CNTL, and the BR-only and combined SIP experiments do not 399 

show a systematic enhancement. For cloud-ice volume (Fig. 2b), the DS-only 400 

experiments remain close to CNTL, whereas the BR-only and combined SIP 401 

experiments produce larger cloud-ice volumes of about 105–120 km3. This is consistent 402 

with the broader cloud-ice region shown in the SIP_ALL_2 cross section in Fig. 1. 403 

The peak total hail mass at the surface shows a clearer response (Fig. 2c). The two DS-404 

only experiments produce slightly larger peak values than CNTL. In contrast, all 405 

experiments including BR markedly reduce the peak surface hail mass. Relative to 406 

CNTL, the reduction is 21.15 % in BR_PH_2, while SIP_ALL_2 produces the largest 407 

reduction among all sensitivity experiments, reaching 41.94 %. The following analysis 408 

therefore uses BR_PH_2 and SIP_ALL_2 as representative BR experiments. 409 

Figure 2d shows the temporal evolution of total surface hail mass. In all experiments, 410 

total surface hail mass increases rapidly after about 110 min and reaches its peak shortly 411 
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thereafter. The peak timing is similar among the experiments, occurring between 116 412 

and 118 min, whereas the main difference lies in the peak magnitude. The 413 

microphysical changes responsible for these differences are examined in the following 414 

section. 415 

3.2 SIP-induced restructuring of the ice phase and liquid water 416 

competition 417 

Figure 3 shows the mean vertical profiles of key hydrometeor properties in the five 418 

representative experiments during the mature hail-producing stage. The largest 419 

differences among the experiments occur in the ice crystal number concentration.420 

 421 

Figure 3. Mean vertical profiles of key hydrometeor properties in the analysis region 422 
during the mature hail-producing stage for representative experiments. (a) Ice crystal 423 
number concentration, (b) hail number concentration, (c) graupel number concentration, 424 
(d) total liquid water, (e) cloud ice mixing ratio, (f) graupel mixing ratio, and (g) hail 425 
mixing ratio. 426 

Between about 5 and 9 km, Ni in BR_PH_2 and SIP_ALL_2 increases to approximately 427 

106–107kg−1, whereas CNTL and the two DS-only experiments remain at about 104–428 

105 kg−1. At other altitudes, the differences among the experiments are smaller. This 429 

indicates that the increase in ICNC in the mid- to upper-level mixed-phase region 430 

during the mature hail-producing stage is mainly associated with BR, while the effect 431 

of DS alone is weak. 432 

Corresponding to the increase in ICNC, the cloud ice mixing ratio in BR_PH_2 and 433 
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SIP_ALL_2 also increases below about 9 km, although the increase is relatively limited 434 

(Fig. 3e). The total supercooled liquid water is reduced above 4 km, especially in the 435 

mid-level mixed-phase region (Fig. 3d). The response of graupel number concentration 436 

varies with height: it increases between about 4 and 7 km but decreases above 7 km 437 

(Fig. 3c). At the same time, the graupel mixing ratio decreases overall. 438 

For hail, the number concentration in BR_PH_2 and SIP_ALL_2 increases near 4 km, 439 

with SIP_ALL_2 showing an increase of about 30 % (Fig. 3b). The hail mixing ratio, 440 

however, does not show a clear overall change (Fig. 3g). These results indicate that BR 441 

mainly modifies the number and mass distributions of ice crystals and graupel, together 442 

with a local increase in hail number, and is accompanied by a reduction in supercooled 443 

liquid water above 4 km. To further identify the microphysical processes associated 444 

with these hydrometeor changes, Fig. 4 compares the main microphysical process rates 445 

during the mature hail-producing stage. 446 

 447 

Figure 4. Mean vertical profiles of microphysical process rates in the analysis region 448 
during the mature hail-producing stage. (a) Secondary ice mass source rates associated 449 
with the three SIP processes in SIP_ALL_2. (b) Differences in the main ice-phase and 450 
liquid-water-related process rates between SIP_ALL_2 and CNTL. (c) Differences in 451 
the riming growth rates of graupel and hail between SIP_ALL_2 and CNTL. Positive 452 
values indicate larger process rates in SIP_ALL_2 than in CNTL. Detailed definitions 453 
of the process labels are provided in the Appendix. 454 

Figure 4a shows the vertical distribution of the secondary ice mass source rates 455 

associated with the three SIP processes in SIP_ALL_2 during the mature hail-producing 456 

stage. BR contributes above approximately 3 km and reaches its maximum near 4 km, 457 

with a peak value close to 10−4 g kg−1 s−1. The H–M process is mainly confined to a 458 

layer between about 3 and 5.5 km, whereas DS is generally weaker but extends to higher 459 

altitudes. Overall, BR is the dominant SIP mass source during this stage. It should be 460 
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noted that, although BR still has a non-negligible contribution at upper levels, its largest 461 

source rates are mainly located below 9 km, consistent with the ICNC enhancement in 462 

Fig. 3 being concentrated mainly between about 5 and 9 km. 463 

The changes in ICNC, supercooled liquid water, and graupel mixing ratio in Fig. 3 464 

suggest that the BR response is concentrated mainly between 4 and 9 km. To identify 465 

the processes responsible for these differences, Fig. 4b shows the differences in the 466 

main microphysical process rates between SIP_ALL_2 and CNTL. The most 467 

pronounced positive difference occurs in the depositional growth of ice crystals and 468 

snow, mainly between about 5 and 9 km, with the maximum in the mid- to upper mixed-469 

phase region. Rain–ice accretion also increases between about 4 and 7 km. In contrast, 470 

the contribution of direct liquid freezing to ice-phase growth is reduced between about 471 

7 and 9 km, while the riming growth of ice crystals and snow changes only weakly. 472 

Relative to CNTL, the riming growth of graupel in SIP_ALL_2 is substantially 473 

weakened between about 5 and 9 km, especially near 7–8 km (Fig. 4c), despite a weak 474 

local enhancement near 3.5–4 km. The change in hail riming growth is smaller than that 475 

of graupel and is mainly characterized by a decrease between 4 and 7 km. These features 476 

indicate that the BR-related increase in ice crystals mainly affects liquid-water 477 

competition and graupel growth in the mid-level mixed-phase region, thereby 478 

influencing subsequent hail growth. 479 

  480 
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3.3 Temporal evolution of BR and its decomposition by collision pair 481 

Figure 5a reveals the temporal evolution of the different SIP processes. 482 

 483 

Figure 5. Temporal evolution of SIP rates, cloud ice responses, and BR collision pair 484 
contributions in SIP_ALL_2. (a) Region-mean secondary ice mass production rates 485 
from BR, H–M, and DS. (b) Region-mean cloud ice mass mixing ratio differences (Δqi) 486 
in SIP_ALL_2 and BR_PH_2 relative to CNTL. (c) Relative contributions of the main 487 
ice-phase collision pairs to the BR fragment number source; the black dashed line 488 
denotes the region-mean BR fragment number source on the right-hand axis. The gray 489 
vertical dashed line marks 107 min, corresponding to the end of the rapid development 490 
stage. 491 

Before 100 min, the BR mass production rate remains relatively low and is clearly 492 

smaller than that of the H–M process. BR then increases rapidly and exceeds H–M at 493 

107 min, becoming the main SIP mass source thereafter. DS remains weak throughout 494 

the period, consistent with the vertical process-rate diagnostics in Fig. 4a. 495 

The Δqi values of SIP_ALL_2 and BR_PH_2 relative to CNTL both increase after 107 496 

min (Fig. 5b). The two experiments show similar variations during 107–125 min, 497 
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indicating that the increase in qi in the combined SIP experiment, relative to CNTL, is 498 

mainly attributable to BR. 499 

To further identify the source of the BR enhancement, Fig. 5c decomposes the BR 500 

fragment number source into contributions from different ice-phase collision pairs. It 501 

should be noted that the shaded areas in Fig. 5c represent relative contributions; 502 

therefore, when the total BR number source is very small, a large percentage does not 503 

necessarily correspond to a large absolute number of fragments. Before 90 min, I–I 504 

accounts for a large fraction, but the total BR fragment number source is extremely low. 505 

As the storm develops, I–G becomes the dominant contributor during 90–103 min, 506 

accounting for more than 50 %, while S–G and G–G also make appreciable 507 

contributions. During the mature hail-producing stage, the relative contribution of I–H 508 

increases markedly, and I–H together with I–G becomes the main source of BR 509 

fragments. In contrast, I–I and the other collision types contribute less during the period 510 

of strong BR activity. These features indicate that the enhancement of BR is mainly 511 

maintained by collisions between ice crystals and larger ice-phase particles, especially 512 

graupel and hail. 513 

  514 

https://doi.org/10.5194/egusphere-2026-3542
Preprint. Discussion started: 11 August 2026
c© Author(s) 2026. CC BY 4.0 License.



23 
 

3.4 Consequences for hail growth, hail embryos, and surface hail 515 

spectrum 516 

The preceding results show that SIP enhancement occurs mainly during the mature hail-517 

producing stage and is accompanied by reduced supercooled liquid water and weakened 518 

graupel riming growth in the mid- to upper-level mixed-phase region. Figure 6 further 519 

examines how these microphysical changes affect hail growth and the surface hail mass. 520 

 521 

Figure 6. Region-averaged hail and graupel size responses, hail source and loss terms, 522 
and surface hail mass spectrum during the mature hail-producing stage. (a) Vertical 523 
profiles of the mean diameters of hail and graupel; (b) graupel mean volume diameter–524 
rimed density phase space, with the dashed lines denoting the NSSL graupel-to-hail 525 
conversion thresholds of Dv = 1 mm and rimed density = 800 kg m−3, and the shaded 526 
areas indicating the wet-growth regions; (c) hail source and loss terms, including (c1) 527 
graupel-to-hail conversion and (c2) melting plus shedding loss, with the gray dashed 528 
line denoting the mean 0 °C isotherm; and (d) surface hail mass spectrum, with the inset 529 
showing the 10–30 mm diameter range. 530 

Figure 6a shows that the mean hail diameter in SIP_ALL_2 is generally smaller than 531 

that in CNTL above about 4 km, corresponding to the 4–8 km layer where hail growth 532 

is suppressed. The mean graupel diameter also decreases between about 4 and 8 km. In 533 
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the NSSL scheme, graupel can be converted to hail only when it is in the wet-growth 534 

regime, its mean volume diameter Dv exceeds 1 mm, and its rimed density exceeds 800 535 

kg m−3. In SIP_ALL_2, the graupel population shifts toward smaller diameters, and this 536 

shift is particularly evident at the large-particle end within the wet-growth region (Fig. 537 

6b). In other words, compared with CNTL, the potential hail embryos in SIP_ALL_2 538 

move farther away from the conditions favorable for efficient conversion to hail. This 539 

is consistent with the source-term diagnostics in Fig. 6c1: although the conversion peak 540 

near 4 km is close to that in CNTL, the graupel-to-hail conversion rate in SIP_ALL_2 541 

is clearly reduced between about 4.5 and 5.5 km. 542 

For hail loss, Fig. 6c2 shows that the loss caused by melting and shedding in 543 

SIP_ALL_2 is close to that in CNTL below the 0 °C level and is even smaller between 544 

about 3.5 and 5.5 km. This indicates that the reduction in surface hail mass is only 545 

weakly related to hail loss and should be mainly attributed to smaller graupel particles, 546 

weakened graupel-to-hail conversion, and limited subsequent hail growth. Could the 547 

reduced surface hail mass be caused directly by BR-induced hail mass removal? Direct 548 

mass removal from the hail category can occur only through H–H collisions, because 549 

hail is treated as the least fragile ice-phase category. However, Fig. 5c shows that the 550 

H–H contribution is negligible during the period of strong BR activity, suggesting that 551 

this direct-removal pathway is unlikely to dominate in the present implementation. 552 

Similarly, H–G and G–G collisions, which could directly remove mass from the graupel 553 

category, also contribute little during the mature hail-producing stage, while the 554 

moderate G–G contribution occurs earlier when the total BR source is still weak. 555 

The surface hail mass spectrum is shown in Fig. 6d. Compared with CNTL, 556 

SIP_ALL_2 has a smaller peak diameter and a markedly lower mass density over the 557 

0–10 mm diameter range, which provides the dominant contribution to the surface hail 558 

mass. Although the difference is smaller at diameters larger than 10 mm, the mass 559 

density in SIP_ALL_2 also remains lower than in CNTL in this large-particle range. 560 

Taken together, the SIP processes, especially BR, reduce the surface hail mass through 561 

a linked set of microphysical changes. The large number of secondary ice crystals 562 

enhances competition for liquid water in the 4–8 km mixed-phase region, weakens 563 

graupel riming growth, reduces the mean size of potential hail embryos, weakens 564 

graupel-to-hail conversion over part of the layer, and suppresses the riming growth of 565 
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hail itself. These processes jointly lead to the reduction in surface hail mass. 566 

4. Summary and Discussion 567 

This study examines how different secondary ice production mechanisms affect ice-568 

phase evolution, hail growth, and surface hailfall in a short-lived pulse hailstorm. 569 

Idealized numerical experiments were conducted using CM1 with the NSSL two-570 

moment microphysics scheme. Two droplet-shattering configurations, an ice–ice 571 

collisional breakup parameterization, and their combined effects were tested. The main 572 

conclusions are as follows. 573 

(1) Among the SIP mechanisms examined here, BR has a much stronger effect than DS 574 

on the simulated cloud-ice structure and surface hailfall. The experiments that include 575 

BR produce larger cloud-ice volumes during the mature hail-producing stage. However, 576 

BR does not lead to a systematic increase in the domain-maximum vertical velocity, 577 

and the peak updraft intensities remain broadly similar among the experiments. 578 

Therefore, the changes in cloud-ice volume and surface hail mass cannot be simply 579 

attributed to stronger storm-scale dynamics. The peak total hail mass at the surface is 580 

also more sensitive to BR: relative to CNTL, it decreases by 21.15 % in BR_PH_2 and 581 

by 41.94 % in SIP_ALL_2, which shows the largest reduction. These results suggest 582 

that the main effect of BR is likely to reduce surface hail mass through changes in the 583 

ice-phase structure. 584 

(2) In the experiments including BR, the ice crystal number concentration during the 585 

mature hail-producing stage increases by about two orders of magnitude between 586 

approximately 5 and 9 km, from about 104–105 kg−1 in CNTL and the DS-only 587 

experiments to about 106–107 kg−1. This layer corresponds to the region where 588 

supercooled liquid water decreases above 4 km and the graupel mixing ratio is reduced. 589 

Process-rate diagnostics further show that the depositional growth of ice crystals and 590 

snow is enhanced in SIP_ALL_2, and rain–ice accretion also increases, whereas 591 

graupel riming growth is markedly weakened between about 5 and 9 km. The response 592 

of hail itself is weaker: the hail mixing ratio shows little overall change, but the mean 593 

hail diameter is smaller and graupel-to-hail conversion is suppressed at some heights. 594 

Hail loss is not enhanced, indicating that the reduction in surface hail mass is mainly 595 

associated with smaller graupel particles, smaller potential hail embryos, weakened 596 
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graupel-to-hail conversion, and suppressed subsequent hail riming growth. The surface 597 

hail mass spectrum also shows that SIP_ALL_2 is markedly lower than CNTL over the 598 

0–10 mm diameter range, which provides the dominant contribution to total surface 599 

hail mass. 600 

(3) The contributions of different BR collision pairs vary distinctly during storm 601 

evolution. In the early stage, I–I collisions can account for a large relative fraction, but 602 

the BR fragment number source is very small at that time. As the storm develops, I–G 603 

becomes the dominant contributor during about 90–103 min, while S–G and G–G also 604 

make appreciable contributions. After the storm enters the mature hail-producing stage, 605 

the relative contribution of I–H increases markedly, and I–H together with I–G becomes 606 

the main source of BR fragments. In contrast, I–I and the other collision types 607 

contribute less during the mature hail-producing stage. This indicates that, in this pulse 608 

hailstorm case, the enhancement of BR is mainly maintained by collisions between ice 609 

crystals and larger ice-phase particles, especially graupel and hail. As BR produces 610 

more ice crystals, the frequency of collisions involving ice crystals may further increase, 611 

helping to maintain or enhance the BR fragment number source. 612 

These results show that SIP can substantially regulate hail growth even in a short-lived 613 

pulse hailstorm. BR begins to increase rapidly near the end of the rapid development 614 

stage and becomes the main SIP mass source during the mature hail-producing stage. 615 

The large number of secondary ice crystals produced by BR expands the cloud-ice 616 

region and enhances competition for liquid water in the mid-level mixed-phase region. 617 

At the same time, graupel riming growth and graupel-to-hail conversion at some heights 618 

are suppressed, and subsequent hail growth is limited. As a result, the storm shows a 619 

marked reduction in surface hail mass without an evident change in dynamical intensity. 620 

The BR response in this study is subject to uncertainties related to the PH17 621 

parameterization and its implementation within the NSSL two-moment scheme, 622 

including the category mapping, reconstructed particle size spectra, and several 623 

simplified parameter settings. Although sensitivity experiments using different bin 624 

numbers and collision efficiencies produced qualitatively similar results, a bulk 625 

microphysics scheme cannot fully represent the diversity of ice-particle properties in 626 

real hailstorms. In addition, the simulations represent an idealized pulse hailstorm 627 

environment. Therefore, the BR response and its impacts on hail growth and surface 628 

https://doi.org/10.5194/egusphere-2026-3542
Preprint. Discussion started: 11 August 2026
c© Author(s) 2026. CC BY 4.0 License.



27 
 

hailfall may vary among different storm types and microphysics schemes, and the 629 

associated microphysical mechanisms should be further evaluated under a broader 630 

range of storm conditions. 631 

In addition, BR can markedly increase in-cloud ice crystal number and strengthen the 632 

competition among ice-phase particles for supercooled liquid water. This has 633 

implications for numerical simulations of hail suppression by cloud seeding. When BR 634 

is included in a model, the simulated storm may already contain many small ice crystals, 635 

resembling a relatively strong “natural seeding” state. Under such conditions, the 636 

assessment of artificial seeding effects may differ from traditional simulation studies 637 

that do not fully account for SIP processes (Atlas, 1977; Garstang et al., 2005). The 638 

presence of BR may affect the optimal timing, dosage, and location of hail-suppression 639 

seeding, as well as the criteria used to evaluate seeding effectiveness (Lu et al., 2023). 640 

However, this study also shows that the rapid increase in BR occurs mainly from the 641 

end of the rapid development stage to the mature hail-producing stage. It therefore 642 

remains unclear whether the small ice crystals produced by BR are already abundant 643 

before the key time window in which artificial seeding may be most effective. Future 644 

work should combine different storm types and seeding scenarios to systematically 645 

assess how SIP affects conclusions drawn from numerical simulations of hail 646 

suppression. 647 

 648 

 649 

Appendix A 650 

A1. Supplementary settings for the PH17-type BR parameterization in the NSSL bulk 651 

scheme 652 

Sects. 2.3.2 and 2.3.3 describe the main implementation of the PH17-type BR 653 

parameterization in the NSSL scheme. Here, additional details are provided on the 654 

PH17 parameter settings and simplifying assumptions. 655 

The empirical parameters A, C, 𝛾 and Nmax, together with the fragment mass fraction 656 

ζ, in the PH17 formula for fragment number were assigned according to Table 1 of 657 

PH17. For particle fragility, the following order from most to least fragile is assumed: 658 
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cloud ice, snow, graupel, and hail. 659 

For the rimed mass fraction Ψ in PH17, the NSSL scheme does not explicitly predict 660 

the corresponding variable required by PH17. Therefore, Ψ is fixed at 0.2, 661 

corresponding to the PH17 estimate for lightly to moderately rimed particles. Han et al. 662 

(2024) likewise prescribed the rimed fraction as a constant when implementing a PH17-663 

type BR scheme in a bulk microphysics framework; although their default value was 664 

0.4, additional sensitivity tests with values of 0.2, 0.3, and 0.4 produced different BR 665 

responses, although the differences among these sensitivity tests were not significant. 666 

Nevertheless, using a fixed Ψ introduces uncertainty, and its influence could be further 667 

assessed through dedicated sensitivity experiments. 668 

Table A1. Main supplementary settings of the PH17-type BR parameterization used in 669 
this study. 670 

Item Setting in this study Description 

PH17 

empirical 

parameters 

A, C, γ, Nmax, and ζ are taken 

from Table 1 of PH17 
Original PH17 parameter values are used. 

Category 

mapping 

I, S, G, and H correspond to the 

PH17 categories of crystal, snow, 

graupel, and hail, respectively. 

Consistent with the four ice-phase 

categories in the NSSL scheme. 

Representative 

diameter D 
Limited to 0.5–5 mm 

Values outside this range are truncated to 

the nearest bound. 

Ice/snow habit 

Dendritic between −12 and 

−17 °C; spatial planar at other 

subzero temperatures 

Following PH17 guidance for models that 

do not explicitly predict ice habit. 

Rimed fraction 

Ψ 
Fixed at Ψ = 0.2 

Represents lightly to moderately rimed 

particles. 

 671 

A2. Microphysical process labels in Fig. 4 672 

Table A2 lists the process labels used in the microphysical conversion-rate diagnostics 673 
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in Fig. 4 and their physical meanings. 674 

Table A2. Meanings of the microphysical process labels used in Fig. 4. 675 
Label in Fig. 4 Physical meaning 

Ice/Snow Deposition Depositional growth of cloud ice and snow by water vapor 

deposition 

Liquid Freezing Freezing of liquid hydrometeors 

Rain–Ice Accretion Freezing of raindrops collected by ice particles 

Ice/Snow Growth Growth of cloud ice and snow by riming supercooled liquid 

water 

Graupel Riming Growth Growth of graupel by riming supercooled liquid water 

Hail Riming Growth Growth of hail by riming supercooled liquid water 
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The data and code used in this study are available from Zenodo at 677 
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CM1/NSSL-BR source-code files and patch, the processed figure-source data and 680 

selected NetCDF slices for Figs. 1–6, metadata files, and the Python plotting scripts. 681 
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