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Abstract. Collision induced fragmentation of atmospheric ice particles is a crucially important, yet still understudies
::::::::::
understudied

secondary ice production mechanism in clouds. We present a laboratory study dedicated to fragmentation due to graupel-

graupel and frozen drop-frozen drop collisions and their role in augmenting ice particle concentration in clouds. For this,

graupels of different sizes and densities were created utilizing dry growth condition in a cold chamber at -7 °C and -15 °C

using a setup that simulates the natural rotation and tumbling motion of freely falling graupels. Ice spheres as proxies for5

frozen drops and ice pellets were generated by freezing purified water in 3D-printed spherical molds. We conducted colli-

sion experiments inside the cold chamber utilizing a fall tube that ensures central and repeatable collision of ice particles at

different collision kinetic energies. The number of fragments generated in the collisions were analyzed following a theoret-

ical framework as a function of the collision kinetic energy. The detection limit of our experiments was 25 to 30 µm, thus

fragments with sizes lower than that could not be detected.
:::
The

::::::::
observed

:::::::
number

::
of

:::::::::
fragments

:::::
varies

:::::::
between

::
1

:::
and

:::
20

::::
and,10

::::
thus,

::::::::::
comparable

::
to

::
or

:::::
larger

::::
than

:::::
those

::::::
resulted

::
in
:::::
drop

:::::::
freezing

::::::::::
experiments.

:
Our results revealed a strong dependency of the

fragment number on the density of the colliding ice particles, which can be attributed to the particles’ structure. The observed

number of fragments varies between 1 and 20 and, thus, comparable or larger than those resulted in drop freezing experiments.

The size of the fragments we detected was in the sub-mm range for graupels, and up to 3 mm for ice spheres. Another set of

experiments, focusing on multiple collision of graupel revealed that the number of fragments generated decreases significantly15

and approaches zero when the particle undergoes more than three collisions in a row.

Copyright statement.

1 Introduction

Ice particles are formed in the atmosphere either by primary processes like homogeneous freezing or heterogeneous ice nu-

cleation from the liquid or vapor phase, or by secondary ice processes (SIP), which is the generation of ice crystals during20

processes that involve already existing ice particles. There is a consent that SIP (also known as ice multiplication) is responsible
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for the observed discrepancy between the number of detected ice crystals and ice nucleating particles (INPs) in the atmosphere

at temperatures between �5 and �15 °C (Field et al., 2017; Ladino et al., 2017; Sullivan et al., 2017; Korolev et al., 2022).

In a recent study, Korolev et al. (2022) provided in situ evidence of SIP occuring at �27 °C aloft. During an ice pellet storm,

Lachapelle and Thériault (2022) attributed the observed discrepancy between INP and ice crystal number concentrations to SIP.25

In spite of their crucial importance, the basic understanding of SIP is still lacking due to the scarcity of systematic laboratory

studies (Korolev and Leisner, 2020). Currently, seven different mechanisms are distinguished as possible SIP processes. The

most prominent for decades, has been the rime splintering (also known as Hallett-Mossop, hereinafter abbreviated as H-M

process) in which ice splinters are produced upon accretion of D < 13µm and D > 24µm
:::::::
diameter droplets by ice particles

between �3 °C and �8 °C (e.g. Hallett and Mossop, 1974; Mossop, 1976, 1985; Choularton et al., 1978, 1980; Heymsfield30

and Mossop, 1984). However, the relevance of this process in the atmosphere became debated recently. Seidel et al. (2024)

conducted rime-splintering experiments under H-M conditions and detected no ice crystal formation. The second promising

SIP process is the fragmentation during freezing (Lauber et al., 2018; Keinert et al., 2020). Lauber et al. (2018) distinguished

between ice particle ejection and splitting during drop freezing. Although the number of the generated secondary ice particles

is strongly drop-size dependent, it can exceed unity (� 2.4), especially bubble bursting might be very productive. Further SIP,35

like ice fragmentation due to sublimation (Oraltay and Hallett, 1989), due to activation of INPs in transient supersaturation

(Prbhakaran et al., 2020), due to thermal shock (Dye and Hobbs, 1968), and during break-up of freezing droplets on impact of

ice particles (James et al., 2021) have been supported experimentally but remained uncharacterized yet.

In a recent study (Grzegorczyk et al. (2023); hereinafter G2023), we investigated the seventh
::::::
another

:
prominent SIP, the

fragmentation due to collision of ice particles. That study was in some sense a follow-up experiment of earlier investigations40

of Takahashi et al. (1995) and Vardiman (1978). Motivated by the analysis of the dendritic growth zone by long-term radar

observations of von Terzi et al. (2022), the collision of snowflake proxies were studied. For that, we used graupel particles

with dendritic crystals grown on their surface, and natural-like snowflakes produced from dendritic crystals grown in an aquar-

ium setup. Our G2023 study revealed that hundreds of ice fragments can be generated when particles with dendritic crystal

structures are breaking apart upon collision. The fragment numbers were characterized in terms of the collision kinetic energy45

(CKE), which is defined as

CKE =
1

2

m1m2

m1 +m2
(�v)2 (1)

where m1 and m2 are the masses of the colliding particles, and �v is their fall velocity difference.

Phillips et al. (2017) (hereinafter P2017) introduced a full physical formulation of mechanical breakup of ice particles due

to collision, which is based on an energy conservation principle. In this theoretical framework, the number of fragments N50

generated by collision is calculated as

N = αA

(
1 � exp

(
�
[
C �CKE

αA

]γ))
(2)

where α is the surface area of the smaller colliding particle; A is the number of breakable asperities per unit area; while C

is the asperity-fragility coefficient, which is an inverse measure of the average work to break each branch or other asperity.
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Both A and C are dependent on the morphology of the more fragile particle in the collision, thus, on temperature, maximum55

dimension, rime fraction, and particle type (i.e. graupel, snow, or hail). In G2023 and in its corrigendum we provided the

parameters A, C, and γ for graupels with dendrites on their surface, bare graupels, and snowflakes. In that study we presented

indication for a dependency of the fragmentation on the particle structure, i.e. if the graupel particle had dendritic crystals on

their surface or not.

The G2023 study also revealed that bare graupel particles, i.e. those which were produced by riming only, are able to60

produce fragments when they collide. Griggs and Choularton (1986) pointed out in their experimental study that the fragility

of rime increases as the temperature is lowered. Moreover, they suggested that in a subsaturated environment, sublimation

would further weaken the structure making the rimed graupel more fragile. Similarly, the morphology of ice particles, in terms

of their rime fraction, was suggested to affect the number of fragments produced during collision in a recent study of Gautam

et al. (2024).65

In the present paper we aim to systematically investigate the effect of bare ice particle structure on the fragmentation during

collision using low and moderate density graupels as well as frozen drops (representative for ice pellets). This study extends

our earlier investigation G2023 with graupels having dendritic crystals grown on their surface. Furthermore, we investigate the

effect of multiple collision of graupels on the ice multiplication mechanism.

2 Experimental70

The experimental studies were performed inside the walk-in chamber of the Mainz vertical wind tunnel laboratory. Graupel and

ice sphere generation and collisions were carried out at �5 °C, �7 °C and �15 °C. These temperatures correspond to regions

where rimed particles are observed in mixed-phase clouds (Waitz et al., 2022). Furthermore riming can also occur at even lower

temperatures, (e.g. down to �20 °C; see in Tridon et al., 2022). The graupel particles generated at �7 °C and �15 °C (as in

G2023) possess different morphological structures and, therefore, different densities. This is because supercooled droplets75

freeze faster at lower temperatures than at higher, leading to more air inclusion into the graupel structure, making its density

lower (Enzmann et al., 2011).

2.1 Graupel generation

Rimed lump graupels were generated using the graupel generator GEORG (GEnerator instrument Of Rimed Graupel), which

is described in G2023 in detail and originally introduced in Theis et al. (2022). The graupel generation is performed inside a80

2-m-high flow tube having a cross-sectional area of 17 cm � 17 cm. The parameters used for generating the graupels in the

present study are summarized in Table 1. A small epoxy sphere acts as an ice embryo which is exposed to a supercooled droplet

stream, and the graupel grows by riming. Droplets with diameters of 23.4 � 8.8 µm are produced by an ultrasonic atomizer

(US 2/58 Hz, Lechler GmbH, Germany) using a 30 L/min nitrogen flux, and injected to form a central droplet stream inside the

flow tube. A blower is mounted at the top of the equipment and ensures a flow speed of 2.78 � 0.10 m/s to simulate graupel free85

fall. The liquid water content (LWC) was 0.368 � 0.028 g m�3 which establishes dry growth conditions, and represents typical
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