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1.Introduction 

 

One of the great challenges in cloud physics is related to the formation of atmospheric ice 

particles. Atmospheric clouds form when aerosol particles are activated to become liquid cloud-

droplets or ice crystals in rising air parcels. When cloud particles reach a critical size, they 

precipitate as either raindrops, snow crystals or hailstones. Formation of ice crystals can 

influence the microphysical properties of a cloud, its interaction with radiation and its formation 

of precipitation.  Therefore, ice initiation can have a significant impact on Earth's climate. 

 

Airborne observations of high concentrations of ice particles in precipitating ice clouds are 

frequently greater than those of active ice nuclei (IN) by orders of magnitude (Hallett et al. 

1978; Mossop 1985; Hobbs and Rango 1985, 1990; Beard 1992; Blyth and Latham 1993).  The 

reported high concentrations of ice are generally described in terms of fragmentation of pre-

existing ice, known as ‘secondary ice production’ (SIP) processes (e.g. Hobbs and Alkezweeny 

1968; Hallett and Mossop 1974; Griggs and Choularton 1986; Oraltay and Hallett 1989; Bacon 

et al. 1998), in combination with positive feedbacks including the growth of ice fragments to 

become precipitation (‘ice multiplication’).   Therefore, it has long been proposed that a SIP 

process must able to quickly increase the number concentration of the ice following early 

primary ice nucleation events.  SIP is vital for the prediction of ice concentration. Lab 

experiments have revealed many of mechanisms of fragmentation involving ice precipitation 

somehow, often with ice splintering related to its riming (Hallett and Mossop 1974; Brewer and 

Palmer 1949).   

 

Complex representations of cloud-microphysical processes in numerical models (e.g., 

numerical weather prediction, global climate models and atmospheric cloud models) now 

produce more realistic results in some respects (Morrison et al. 2005; Seifert and Beheng 2006; 



Saleeby and van der Heever 2013; Thompson and Eidhammer 2014; Sullivan et al. 2017; 

Phillips et al. 2017b).   However, a remaining challenge in cloud microphysics is to predict the 

ice concentration effectively; generally, cloud models are often incapable of predicting the high 

concentrations of ice observed when validation is performed rigorously (Fridlind et al. 2007, 

2017). There are many SIP mechanisms reported previously that are known to exist, but they 

have not been completely empirically characterized.    

 

Currently, numerical modeling of clouds usually includes representation of only one form of 

ice multiplication, namely the H-M process.  This might be a reason for results about the effect 

of SIP on precipitation seeming small in some simulations of cases and seeming large for other 

cases (Field et al. 2017).  If the other generally unrepresented SIP processes are in reality 

important for some cloud-types, then this would create wide biases in current numerical models 

of clouds, as used for numerical weather forecasting. To conclude, there is much uncertainty 

about the reasons for high concentrations of ice observed in mixed-phase clouds.  

 

1.1 Objectives 

 

The study involves numerical modeling of clouds to study their secondary ice production.   The 

objectives of this research project are to:  

 

1) Create an empirical formulation of fragmentation during sublimational breakup  

Fragmentation of single ice particles during sublimation has been observed for various 

subsaturated humidities and temperature (Schaefer and Cheng 1971; Oraltay and Hallett 

1989; Bacon et al. 1998). Oraltay and Hallett (1989) observed ice breakup from 

sublimation of dendritic crystals. Similarly, Bacon et al. (1998) reported breakup of 



frost levitated particles. Dong et al. (1994) observed that rimed particles have a higher 

breakup rate for feather-like low-density structures of rime than for finger-like 

structures. Based on these previous lab studies, we intend: 

-to give an empirical formulation for sublimational breakup of dendrites; and 

-to document the performance and general phase-space of dependencies for this 

scheme.   

 

2) Improve the raindrop-freezing scheme (Phillips et al. 2018) by use of data from 

laboratory experiments at Manchester University 

Phillips et al. (2018) reported a numerical formulation for SIP during fragmentation of 

freezing drops. Their scheme is reported in two modes: fragmentation during spherical 

drop freezing (mode 1) and collisions of supercooled raindrops with more massive ice 

(mode 2). This objective is mainly focused on mode 2.  

An experimental study will be conducted for collisions of supercooled raindrops with 

more massive ice. This experiments data will be used to improve the mode 2.  

 

3) Simulate four basic cloud-types, implementing improvements to fragmentation 

schemes (Objective 2), and validate the predicted cloud properties. 

 

4) Perform sensitivity tests with these simulations of four cloud-types (Objective 

3) to analyse how the known fragmentation mechanisms control microphysical 

properties and rank their importance for each cloud-type (ACAPEX and MC3E field 

campaigns). 

 



The four mechanisms of secondary ice production (SIP) are:  rime splintering, collision 

fragmentation, raindrop-freezing fragmentation and sublimational breakup. Each mechanism is 

contributing to SIP. It is essential to find the contribution and rank each of them according to 

four basic cloud types. 



2. Background 

 

2.1 Microphysical processes 

 

In warm-based clouds, where cloud droplets are large, condensation by itself does not cause 

precipitation. The collision-coalescence process is the primary mechanism responsible for 

producing precipitation in such clouds (‘warm rain process’) (Rogers and Yau 1989). The 

collision-coalescence process is exactly as it sounds: cloud droplets collide and coalesce. Larger 

cloud droplets have slightly higher terminal velocities. This advantage allows them to fall faster 

and collide with smaller cloud droplets. Sometimes the cloud droplets will stick together and 

coalesce to form a larger droplet. This begins a positive feedback where these larger droplets 

then fall even faster, collide with even more smaller droplets in their path, and aggregate more 

and more cloud droplets together. However, note that collision between cloud drops does not 

always mean that coalescence will occur. Sometimes drops will bounce apart during collision 

if their surface energy is too weak compared with their collision kinetic energy (e.g.  Low and 

List 1982). For collision-coalescence to begin, a cloud needs to have a wide distribution of 

cloud droplet sizes. In principle, cloud droplet diameters range from 2 μm to about 100 μm and 

raindrop diameters range from about 0.1 mm to 5 mm (drizzle drops are at about 0.1 mm).  

However there is a statistical distribution of drop diameters, with most cloud-droplets having 

sizes comparable with a mean diameter (e.g. 10-30 microns typically). 

 

Clouds are classified as cold clouds when in-cloud temperatures are usually below freezing (0 

oC).  Such clouds possibly will be composed of liquid water, supercooled water, and/or ice.  In 

cold clouds, precipitation can form by growth of ice crystals, first by diffusion of vapour and 

later by riming or aggregation to yield snow and this snow may rime to form graupel that may 

melt during fall-out.  This precipitation mechanism is termed the ‘ice crystal process’ (Rogers 

and Yau 1989).  



 

Similar to how cloud droplets need a surface on which to condense, the initial formation of ice 

crystals also needs a nucleus or ice embryo upon which to freeze. Without an ice nucleus, liquid 

water drops can remain supercooled at temperatures as low as about -36°C. It is much more 

difficult for the first ice crystals to form in the atmosphere (in the absence of homogeneous 

freezing) as compared to cloud droplets: they require the solid surface of aerosol material to 

initiate growth - called an ice nucleus (IN).  However, such solid aerosol material typically 

needs to have optimal properties (E.g. shape, chemical composition of molecular lattice 

structure, size) for ice crystals to grow on them.  Any liquid droplets will remain in a 

supercooled state down to temperatures as low as about -36°C, beyond which all droplets turn 

to ice crystals. Between 0˚C and -36˚C, water can exist in a supercooled or ice state. The 

majority of cold clouds, therefore consist of a mixture of ice crystals and supercooled liquid 

droplets. The supercooled droplets massively outnumber the number of ice crystals. Ice crystals 

have a lower saturation vapour pressure at their surface than liquid water droplets. This means 

that ice crystals require less water vapour in the atmosphere than liquid droplets to grow by 

deposition (diffusional growth).  

 

In many cold clouds with sufficiently weak ascent, the environment is subsaturated with respect 

to liquid water, but supersaturated with respect to ice (Korolev 2007). This results in the liquid 

droplets evaporating, while the ice crystals grow at their expense, until all of the droplets have 

evaporated and only ice crystals remain. These can grow large enough that they begin to fall 

out of the cloud. They may continue to grow by aggregation with other crystals, or by riming - 

where small supercooled cloud-droplets freeze directly onto the ice crystal surface. These ice 

crystals can aggregate together to form snowflakes, and can reach the surface as snow if the 

atmosphere remains below freezing. However, they can also melt to form rain at the surface. 



This process is known as Wegener–Bergeron–Findeisen process and is a special type of the ice-

crystal process of precipitation production noted above. 

 

2.2 Nucleation 

 

Nucleation represents a phase transformation and takes place within the surrounding phase to 

form a stable form.  In contrast with the formation of liquid droplets, which does not occur 

homogeneously in the atmosphere, both homogeneous nucleation of ice crystals from the liquid 

phase (i.e. homogenous freezing) and heterogeneous nucleation of ice crystals from the vapor 

and liquid phase occur in the atmosphere.  

 

2.2.1 Homogenous nucleation 

 

Homogenous nucleation means the spontaneous formation of the new phase without the action 

of any foreign material (not H2O).  Homogeneous nucleation of liquid from vapour, requires 

more than a factor of 20 for the super-saturation to induce homogeneous nucleation at 0ºC; it 

does not occur in the real atmosphere due to the high super-saturation required.  

 

Homogeneous freezing yields ice crystals in appreciable numbers when the temperature drops 

below about -35º C. 

 

2.2.2 Heterogeneous nucleation 

 

Cloud-droplets form by activation of aerosols with soluble material, namely cloud condensation 

nuclei (CCN) if the supersaturation with respect to liquid slightly exceeds zero.   



 

Heterogeneous nucleation of ice means formation of ice crystals from the activity of foreign 

particles. Foreign particles are significant in the formation of ice crystals and known as ‘ice 

nucleating particles’ (INPs), (an active IN). INPs are analogous to CCN in the formation of 

water droplets (warm clouds). After contact with most solid materials, supercooled droplets 

freeze before temperatures can become colder than -36ºC.  

 

There are four heterogeneous ice nucleation modes distinguished in the literature as follows: 

 

• Immersion freezing: Immersion freezing refers to freezing that originates within a cloud 

or solution droplet. It requires that the INP is already immersed in the droplet. 

Afterwards, freezing is initiated by cooling of the droplet. Immersion freezing can occur 

at all supersaturations but it requires pre-existence of cloud droplets and water 

saturation.  

 

• Condensation freezing: Condensation freezing refers to a different path where an air 

parcel holding INP from the beginning of subsaturated (dry) conditions. Generally, INP 

contains a small amount of soluble salts/compounds in accumulation to the insoluble 

compound. This mixture of compounds increases the   possibility that an INP can act as 

a CCN for small change in supersaturation. Consequently, condensation freezing can 

only occur in the slim band of supersaturations before the activation of CCN. 

 

 

• Deposition nucleation: Deposition nucleation involves the direct deposition of vapor on 

INPs and requires supersaturation with respect to ice. Deposition nucleation is initiated 

in cirrus clouds, when vapor is deposited on INP (Cziczo et al. 2013). Previous 



laboratory studies proposed that deposition nucleation only occurs for temperature 

below -18⁰C (Schaller and Fukuta 1979).  

 

• Contact freezing: Contact freezing describes the process of collision of an INP with a 

supercooled cloud droplet which is followed by freezing. It depends on collisions 

between the supercooled droplet and INPs, and it is counted as a limitation of this 

process. The collision rate and efficiency are the most vital parameters here.  

 

2.3 Growth processes 

 

After nucleation, these ice crystals can grow by diffusion, aggregation or accretion. Depending 

on the temperatures and saturation levels in the cloud, the ice crystals can grow in various forms 

or crystal habits.  In mixed-phase clouds, diffusional growth happens due to differences in the 

saturation vapor pressure between ice and water. At a specific temperature, the saturated vapor 

pressure over a water surface exceeds that over an ice surface. In mixed-phase conditions (water 

droplets and ice crystals co-exist), a vapor pressure gradient develops between the droplets and 

crystals. Due to the vapor pressure gradient, water vapor moves from the higher pressure 

surrounding the droplets to the lower pressure surrounding the crystals. This process generates 

sub-saturation with respect to water in the ambient air, and the droplets evaporate to maintain 

the ambient humidity near water saturation, making additional water vapor available for ice 

crystal growth. Finally, the cloud becomes glaciated. 

 

‘Cloud-ice’ crystals are smaller than 0.3 mm and mostly can only grow by diffusion of vapor.  

Large ice crystals (‘snow’; 0.3mm to few centimetres) can grow through collision with 

supercooled droplets, this process being named accretion. The supercooled cloud-droplet 

freezes on contact and sticks to the ice crystal, which is known as ‘riming’. Extreme riming 



ultimately causes the formation of graupel (0.3 to 5 mm) and then hail (> 5mm). Graupel/hail 

particles are dense particles of ice precipitation because they are formed predominantly of rime.   

 

The fully-grown ice crystals can collide and stick together, a process is known as ‘aggregation’. 

Crystals with branches can mechanically interlock as well. This forms even bigger aggregates 

(Pruppacher and Klett 1979).  Such unrimed (or weakly rimed) ice precipitation is termed 

‘snow’ (large crystals or aggregates), which has maximum diameters > 0.3 mm. 

 

2.4 Secondary ice production (SIP) 

 

Secondary ice formation is a result of microphysical processes, typically involving 

fragmentation of pre-existing ice particles. Pre-existing ice in clouds originates from the 

nucleation of ice either homogeneously or heterogeneously. SIP mechanisms are essential to 

predict the ice concentration correctly in atmospheric clouds (Hobbs 1969; Hobbs et al. 1980; 

Pruppacher and Klett 1997).  Secondary ice can be formed due to rime splintering, collision 

fragmentation, raindrop shattering and sublimation fragmentation as follows. 

 

2.4.1 Hallett-Mossop (H-M) process of rime splintering 

 

Ice splintering can be linked with riming.   Graupel, hail or even frozen drops or snow can rime 

(Hallett and Mossop 1974; Brewer and Palmer 1949; Findeisen and Findeisen 1943).    Graupel 

and hail are heavily rimed and therefore dense.  The Hallett-Mossop (H-M) process involves 

ice particles splintering in the range of temperatures from -3° to -8°C. The H-M process requires 

a spectrum of large cloud-droplets larger than about 24 μm in diameter, which have an 

impaction speed of at least 0.2 m/s (Hallett and Mossop 1974). The cloud microphysical 



modeling implementation reported splinter production depending on the rate of riming of cloud-

droplets (Connolly et al. 2006b).   

 

2.4.2 Fragmentation in ice-ice collisions 

 

A collision between two or more ice particles may cause their mechanical breakup or 

fragmentation. The laboratory evidence is given by Vardiman (1978) and shows that the ice-

ice collisions must result in splinters. Early model implementations were reported in two types: 

crystal-crystal collision (Fridlind et al. 2007) and graupel-graupel collision (Yano and Phillips 

2011).  Recently, Phillips et al. (2017a) created a comprehensive treatment of fragmentation in 

ice-ice collisions involving crystals, snow, graupel and hail.   They used a theoretical framework 

with numbers of fragments depending on the initial kinetic energy and calibrated it with 

observations by Vardiman (1978) and Takahashi et al. (1995). 

 

2.4.3 Raindrop-freezing fragmentation 

 

In the process of raindrops (> about 0.1 mm) freezing, liquid water may be trapped inside of an 

ice shell. During successive freezing, the expansion of “trapped water” exerts pressure on the 

ice shell. If this internal pressure exceeds a threshold, then the exterior ice shell may break   

Spikes and fragments may be emitted.    

 

A formulation was created for all-natural sizes of rain/drizzle and all temperatures based on 

past published lab experiments (Phillips et al. 2018). Phillips et al. (2018) proposed two modes 

of fragmentation during a collision of massive drops and ice particles (mode 1) and collision of 

raindrops and massive ice particles (mode 2). When temperatures are far away from the optimal 



temperature of -15⁰C (mode 1), there are few events of raindrop-freezing fragmentation, and 

similarly if drops are too small (e.g. smaller than 0.1 mm). Otherwise, possible ice enhancement 

ratios are up to 100–1000. In the case of mode 2, raindrop freezing is significant at freezing 

temperatures away from -15⁰C. Also, mode 2 is firmly sensitive to the size of the drop (just 

before freezing). Mode 2 is active over a wide range of temperatures.  Mode 2 has not yet been 

explored in laboratory experiments, but this may change during the present wider project in 

collaboration with the University of Manchester. 

 

2.4.4 Sublimational fragmentation 

 

Fragmentation of ice during sublimation has been observed (Schaefer and Cheng 1971; Oraltay 

and Hallett 1989; Bacon et al. 1998). This has involved the observations of single ice crystals 

for various temperatures and subsaturated humidities with respect to ice.  Oraltay and Hallett 

(1989) observed ice breakup from sublimation of dendritic crystals.  But when attempting to 

study other habits such as plates and columns, they only experimented with a thin band of 

relative humidities close to ice saturation.  Similarly, Bacon et al. (1998) reported breakup of 

frost levitated particles.  

 

Dong et al. (1994) observed that rimed particles have a higher breakup rate for feather-like 

structures of rime than for finger-like structures.   During our analysis (Sec. 3) of such published 

lab observations, we found that a soft graupel particle can produce fragments at a faster rate 

than a dendritic crystal of a similar size.   Hence, breakup of rimed particles are potentially 

important to represent in any detailed model for realism. 

  



2.4.5 Organisation of ice multiplication mechanisms among cloud-types 

 

Sullivan et al. (2017) investigated the contribution from each process of SIP (H-M process, ice-

ice collisional breakup, rain/drizzle-freezing fragmentation) by performing idealized 

simulations of individual clouds.  They predicted that significant ice enhancement (SIP) occurs 

for moderately active microphysical processes. The contribution of rime-splintering (H-M) and 

breakup in ice-ice collisions was found to depend on the initial environmental conditions being 

favourable.  If conditions (e.g. warm cloud-base) favour warm rain formation (Sec. 2.1), then 

the H-M rime-splintering and rain/drizzle freezing fragmentation will both contribute more to 

ice enhancement.  Also, if conditions favours graupel formation (e.g. optimal convective 

ascent), then breakup by ice-ice collisions was found to contribute relatively more than the other 

SIP mechanisms. The hydrometeor non-sphericity enhance SIP by breakup in ice-ice collisions.  

 

When the updraft is slower, it limits the nucleation rate or fragment number upon breakup via 

temperature. Very few ice crystals then produce fewer graupel particles and that implies less 

SIP overall (arctic stratocumulus).   When the updraft is strong, numerous small cloud-droplets 

delay coalescence and promote supercooled cloud-liquid aloft, promoting riming and graupel 

formation, strengthening the SIP by breakup in ice-ice collisions (their continental convective 

case, total ice is around 0.1 per litre).  The intermediate updraft between Arctic stratocumulus 

and continental convective case has a total ice concentration of 10 per litre (their maritime 

convective case). In this case, the initial number and size of hydrometeors are sufficient that the 

(H-M) rime splintering becomes essential and more important than the other SIP processes.  

 

Sullivan et al. (2018) show that when clouds are loaded with abundant INPs (e.g. dusty 

conditions), SIP by ice–ice collisional breakup is the strongest of all the SIP processes. This 

may occur under conditions of fast enough nucleation but modest updraft speed and warmer 



subzero cloud base temperatures.  Such conditions can be found in deep convective clouds.  At 

higher nucleation rates, low updraft speeds, and warm temperatures of cloud-base, the relative 

contribution from ice–ice collisional breakup is large. If INPs are limited and updraft speeds 

are somewhat higher, raindrop shattering is most important at subzero levels.   If the in-cloud 

ambient temperature is around the optimal zone of 268 to 270 K with an intermediate updraft 

velocity, the H-M process relative contribution will be large.  

 

Usually, the role of INPs in SIP replicates how changing aerosol number will affect the cloud 

phases. Sullivan et al. (2018) illustrated that generally a small change in CCN concentrations 

are more influential for mixed-phase partitioning than a similar change in INP concentrations. 

If the mixed-phase cloud is loaded with more CCN aerosols, then fewer droplets are able to 

attain a necessary size to shatter or rime efficiently. A parcel with higher updraft speed 

necessarily starts its ascent typically at a warmer temperature and appropriate large drizzle to 

form before the freezing level is reached. No ice enhancement happens due ice–ice collisional 

breakup at these updrafts since there is not enough time for graupel to form.  

 

In summary, the proposed project will extend such modeling to include detailed simulation of 

observed cloud-cases.   Objectives 3 and 4 are defined in the present PhD study (Sec. 1.1) and 

aim to investigate this ranking of various types of SIP with respect to cloud type, considering 

their microphysical properties. 

  



3. Methodology:  Objective 1 
 

The method for achieving these goals involves amalgamating laboratory observations from 

previous published studies to treat sublimational breakup of ice crystals.  It also involves 

applying field campaign data (MC3E and ACAPEX campaign, US Department of Energy) to 

validate models, and assisting with laboratory experiments at University of Manchester with 

their cloud chambers.  Observed plots of ice enhancement as a function of cloud-top 

temperature will be predicted and analysed to explain how fragmentation causes the peaks 

observed. Tagging “passive tracers” in simulations will reveal contributions to the overall ice 

concentration initiated by each process of fragmentation. The list of symbols and their 

description is reported in Appendix A.  

 

 3.1 Observational basis 

Previous laboratory studies were observed some dependences: 

 

  3.1.1  Dependence on size and morphology  

Sublimational fragmentation has been observed in the lab to depend on the habit (structure) and 

size of the ice crystal (Oraltay and Hallett 1989; Dong et al. 1994; Bacon et al. 1998) and also 

on the surrounding conditions of temperature and humidity for sublimation (Schaefer and 

Cheng 1971). Oraltay and Hallett (1989) only considered unrimed dendritic crystals larger than 

3 mm in size.  They noted that there is no breakup of plates and columns during sublimation at 

relative humidities near 80% and frost point temperatures of 0 to -2℃, but did not test the 

sublimation of plates and columns at humidities lower than 70%. Presently, there remain wide 

gaps in knowledge about the fragmentation of plates, columns and needles during sublimation.  

 



  3.1.2  Dependence on relative humidity  

 

The observed number of fragments for a specified initial size is shown to depend on the relative 

humidity with respect to ice (𝑅𝐻𝑖), and no fragmentation was detected for 𝑅𝐻𝑖 higher than 

about 78% for dendritic crystals larger than about 3 mm (Oraltay and Hallett 1989).  

 

Bacon et al. (1998) did not attempt to distinguish the dependence of breakup rate on 𝑅𝐻𝑖, as 

their frost particles were so small that they only emitted a fragment each. There was much 

unpredictability in shapes of crystal and 𝑅𝐻𝑖 in each experiment.  

 

  3.1.3  Dependence on ventilation coefficient  

According to observations of the sublimation of rimed graupel by Dong et al. (1994), the 

breakup rate is observed to increase with wind speed around the rimed particle. By definition, 

the rate of change of mass of an ice particle from vapor diffusion is proportional to the 

ventilation coefficient. 

 

 3.2 Pooled dataset of lab observations for sublimational breakup of dendrites 

 

From previous laboratory studies (Oraltay and Hallett,1989; Bacon et al. 1998), a dataset is 

created for the number of fragments per particle as a function of its crystal size and relative 

humidity with respect to ice (𝑅𝐻𝑖).  Four cases of observed fragmentation are obtained from 

experiments on sublimation without melting by Oraltay and Hallett (1989) (‘cases 1 to 4’). The 

initial radius of the crystal for each case ranges from 3 to 8 mm.  

 



We inferred the number of fragments, 𝑁, corresponding to a natural crystal of the same radius 

(referred to here as an ‘equivalent natural crystal’) by multiplying the reported number of 

fragments by the ratio (3) of the number of major branches between natural crystals (6) and the 

artificial crystal (an average of 2) observed by Oraltay and Hallett (1989). 

 

The pooled dataset, including experimental conditions for each case, is listed in Table 1.  

  

TABLE 1. The inferred number of fragments of ice per crystal N estimated from published 

laboratory studies (Oraltay and Hallett,1989; Bacon et al. 1998). 

Cases 
𝑅𝐻𝑖 

(%) 

Initial 

diameter, 

𝑑𝑖 (mm) 

Final 

diameter, 

𝑑𝑓 (mm) 

after 

sublimation 

Temperature, 

𝑇 (K) 

Experiment 

time, 𝑡 (s) 

Inferred 

sublimated 

mass 𝑀 

(kg) for 

equivalent 

natural 

crystal  

The 

observed 

number 

of 

fragments 

Inferred 

number of 

fragments 

(𝑁) for an 

equivalent 

natural 

crystal 

1 57 6.8 2.4 274.35 320 6.99×10−7 15 45 

2 70 5 1.8 274.15 780 9.14×10−7 15 45 

3 75 5.5 1.8 274.15 780 1.17×10−6 8 24 

4 78 3.6 1.4 270.65 480 4.01×10−11 0 0 

5 94 0.125 0.1 264.45 360 7.13×10−10 0.4 0.4 

6 94 0.05 0.05 264.45 360 1.05×10−10 0.24 0.24 

7 94 0.025 0.001 264.45 360 2.89×10−11 0.1 0.1 

 

Fig. 1 shows the sublimated mass 𝑀 plotted against number of fragments 𝑁 for all cases 

simulated numerically for the equivalent natural crystal of the same size. The line fitted to this 

observational data in Fig. 1 is 𝑁 = 𝐾 𝑀𝛼 where 𝐾 and 𝛼 are empirical constants. This relation 

is referred to here as a ‘sublimated mass activity spectrum’. 



 

FIG. 1. Sublimated mass (𝑀) plotted against the observed number of fragments (𝑁). 

 

Two hundred fragments were observed to be emitted from a rimed graupel particle of initially 

5 mm in diameter (Dong et al. 1994). The observation was done at 𝑅𝐻𝑖 =70% and temperature 

of about -9⁰C.  The time of sublimation was 320 seconds.  By numerically simulating that lab 

experiment for the rimed particle of 5 mm, we inferred that its cumulative mass sublimed is 

𝑀=1.15×10-5 kg.    

 

 3.3 Formulation of sublimational breakup for dendrites 

According to the sublimated mass activity spectrum shown in Fig. 1 (Sec. 3.2), 𝑁 is observed 

to be nearly proportional to the square root of 𝑀.  

𝑁 = 𝐾𝑀𝛼         (1) 

Here, we define 𝑀 = 𝑚0 –  𝑚(𝑡) where 𝑚0 is the mass of the particle/crystal at the onset of 

sublimation and 𝑚(𝑡) is its mass after that time ‘𝑡’.   Differentiating 𝐾 on size, we have  

𝑑𝑁

𝑑𝑡
= 𝛼𝐾𝑀(𝛼−1) 𝑑𝑀

𝑑𝑡
       (2) 



However, the rate of change in mass during sublimation is proportional to the instantaneous 

size of the crystal (𝑑), the supersaturation and the ventilation factor (𝑓𝑣) (Rogers and Yau 1989): 

𝑑𝑀

𝑑𝑡
= 𝐴 𝑑(100 − 𝑅𝐻𝑖)𝑓𝑣      (3) 

Now,   combining Eqs (2) and (3) give the formulation of sublimation breakup of dendritic 

crystals: 

   
𝑑𝑁

𝑑𝑡
= 𝛼�̂�𝑀(𝛼−1)𝐴 𝑑(100 − 𝑅𝐻𝑖)𝑓𝑣 𝛯 𝜈  (4)  

Here, α, �̂�, Ξ and 𝐴 are the proportionality constants. The emission factor, 𝛯 = 𝛯(𝑑), has been 

introduced to represent the fraction of the number of all fragments formed that are emitted 

permanently into the ambient air, where 𝐾 = 𝛯𝜈�̂�.    Also  𝜈 = 𝜈(𝑅𝐻𝑖, 𝑑) represents the 

threshold of critical 𝑅𝐻𝑖 beyond which no fragmentation was observed by Oraltay and Hallett 

(1989).  Table 2 shows the value of the proportionality constants to simulate Eq (4). 

 

TABLE 2. Values of some of the parameters in the formulation for numbers of fragments in 

Eq (4).   

Parameters Values 

�̂� 1.763 × 105 

𝛼 0.5702 kg-1 

𝐴 1.810 × 10−9kg m-1 s-1 

 

 

When most of the fragments are being emitted, it follows that 𝑀 is comparable to some constant 

times this power of 𝑑 among an ensemble of sublimating particles of a wide range of sizes. So, 

a simplified version of the empirical formulation is as follows: 



𝑑𝑁

𝑑𝑡
≈ 𝛽𝑑𝛾 𝑑(100 − 𝑅𝐻𝑖)𝑓𝑣 𝛯 𝜈   (5) 

An observed size-dependent emission factor 𝛯(𝑑) is applied such that, for 𝑑 ≥ 2 mm, 𝛯 is 0.5 

and, for 𝑑 < 300 µm, 𝛯 is 1 for all possible 𝑅𝐻𝑖. This factor, 𝛯, is the probability of the fragments 

remaining in the air after being formed: 

𝛯(𝑑)  = 1 − 𝛥 0
0.5(𝑑, 300 µm, 2𝑚𝑚 )   (6) 

As the relative humidity is decreased, a threshold behaviour is typically observed.  There is an 

onset of fragmentation near a size-dependent critical relative humidity, 𝑅𝐻𝑖0
= 𝑅𝐻𝑖0

(𝑑), 

constrained by lab observations. To represent this, a function for  𝜈(𝑅𝐻𝑖, 𝑑) is given: 

ν(𝑅𝐻𝑖 , 𝑑)  = 𝛥 0
1(𝑅𝐻𝑖 , 𝑅𝐻𝑖0

(𝑑), 𝑅𝐻𝑖0
(𝑑) +  𝛥𝑅𝐻𝑖)  (7) 

For 250 µm < 𝑑 < 2𝑚𝑚,  then 𝑅𝐻𝑖0
is interpolated linearly with respect to size 𝑑 between 72 

% and 94 %: 

𝑅𝐻𝑖0
= 72𝜆 + 94(1 − 𝜆)                                    (8) 

Here, 𝜆 = (
𝑑−200×10−6

0.002−200×10−6) and thresholded to be always between 0 and unity.  Eqs (7) and (8) 

yield 𝜈(𝑅𝐻𝑖, 𝑑) such that, for 𝑑 ≥ 2 mm, 𝜈 is 1 at 𝑅𝐻𝑖< 𝑅𝐻𝑖0 
=72% and 0 at 𝑅𝐻𝑖 > 𝑅𝐻𝑖0

+

 𝛥𝑅𝐻𝑖=78%. For 𝑑 < 250 µm, 𝜈 is 1 at 𝑅𝐻𝑖 < 𝑅𝐻𝑖0 
=94% and 0 above 𝑅𝐻𝑖0

+  𝛥𝑅𝐻𝑖=100%. 

Figure 3 shows the behaviour of 𝜈 over a wide range of 𝑅𝐻𝑖, 𝑑. 



 

FIG 3. The 3D visualisation of the 𝜈 function. 

 

 

 

 3.4 Behaviour of scheme 

 

Figs. 4 and 5 exhibit a comparison of the numerical formulation with the dataset used to create 

it (Table 1). This is not a validation. The prediction lies within the spread of the data which is 

used to create it. This formulation captures all of the observed dependencies on size and 𝑅𝐻𝑖. 



 

FIG. 4. Initial diameter of the crystals is plotted against the number of fragments. The 

inferred number of fragments (Obs) and predicted number of fragments (Model) are shown 

here. 

 

FIG. 5. (100 − 𝑅𝐻𝑖) of the crystals is plotted against the number of fragments. The inferred 

number of fragments (Obs) and predicted number of fragments (Model) are shown in the 

Figure. 



Figure 6 shows a 3D visualisation of the phase-space of the formulation of sublimational 

breakup for all conditions of initial crystal diameter and 𝑅𝐻𝑖. From the empirical formulae 

(Pruppacher and Klett 1977, their equations (10-161), (10-162), (10-165), and (13-90c)), the 

ventilation factor and fall-speed are calculated for each size.   𝑑𝑁/𝑑𝑡 is shown with and without 

the emission factor 𝛯 in Figs. 6a and b respectively.   Generally,  𝑑𝑁/𝑑𝑡 intensifies smoothly 

with increasing size and decreasing 𝑅𝐻𝑖.   

 

 

FIG. 6. The 3D visualisation of the formulation for the set of conditions of  𝑑 and 𝑅𝐻𝑖 (a) 

with the emission factor and (b) without the emission factor for ice crystals, (c) with emission 

factor for rimed particles. 



 

Fig. 6c shows a 3D visualisation of the formulation for the set of conditions of rimed particles 

diameter and 𝑅𝐻𝑖.  Fig. 6c shows 𝑑𝑁/𝑑𝑡 with emission factor 𝛯.  𝑑𝑁/𝑑𝑡 increases with 

increasing diameter of the rimed particles and with decreasing 𝑅𝐻𝑖. 

  



4. Methodology: Field campaign and Experiments (Objectives 2-4) 

 

The formulation developed in Objective 1 (Sec. 3) will be applied so as to quantify the relative 

roles of SIP in clouds.  The description of the field campaigns observing these clouds are as 

follows. 

 

4.1 ACAPEX  

The US Department of Energy (DOE) conducted ARM Cloud Aerosol Precipitation 

Experiment (ACAPEX) field campaign that purposes to improve understanding of atmospheric 

aerosol sources and its transport that influence clouds and precipitation processes. The mandate 

of ACAPEX was to improve the weather predictions and climate projections of droughts and 

floods in California.  Aerosols and cloud measurements are done with the well-equipped DOE 

G-1 aircraft and VHFRQGARM Mobile Facility (AMF2).  ACAPEX is focussed on how 

aerosols from local pollution and long-range transport affect the amount of precipitation. 

ACAPEX was conducted between January 12, 2015 and March 8, 2015. It included four aircraft 

(DOE G-1, National Oceanic and Atmospheric Administration [NOAA] G-IV and P-3, and 

National Aeronautics and Space Administration [NASA] ER-2), and the NOAA research ship 

Ron Brown, carrying on board the AMF2 at Bodega Bay, California. 

 

4.2 MC3E 

The Midlatitude Continental Convective Cloud Experiments (MC3E) field campaign is 

conducted in April-July 2011 over central Oklahoma. This field campaign is a collaborative 

work among the U.S. Department of Energy (DOE) Atmospheric Radiation Measurement 

(ARM) Climate Research Facility and the National Aeronautics and Space Administration’s 

(NASA) Global Precipitation Measurement (GPM) mission Ground Validation (GV) program.   



The main goal was to provide the complete description of convective cloud systems and 

providing constraints for model cumulus parameterizations.  

 

In the present PhD project, this field campaign data is now being used to validate the Aerosol-

Cloud model and rank the four SIP mechanisms (Sec. 2.2) based on ice enhancement ratio.  

Preliminary results show that sublimational breakup generates as many fragments as the other 

mechanisms, although it is unclear how many survive sublimation.  

 

4.3 STEPS 

 

Severe Thunderstorm Electrification and Precipitation Study (STEPS) campaign collected data 

from May 22-July 16, 2000 near the eastern Colorado and western Kansas. Colorado-Kansas is 

a region with the highest incidence of positive ground flashes. The aim of STEPS was to achieve 

a better understanding of the interactions between precipitation production and electrification 

in severe thunderstorms. STEPS campaign data will be used for simulating cold base convective 

cloud in Aerosol-cloud (AC) model. 

 

4.4 Manchester Ice Cloud Chamber (M.I.C.C.) 

 

The Manchester Ice Cloud Chamber (MICC) is 10 m tall and 1 m in diameter. The chamber is 

situated inside three cold rooms and each can be individually set to reach temperatures as low 

as -55°C. This tube can be divided into three independent chambers for some experiments. 

Internal pressure of chamber can be reduced to 50 mb. Portholes in the chamber walls allow 

instruments to be observed from outside at different heights. 

A set of experiments will be conducted by collaborators in the broader project for collisions of 

supercooled raindrops with more massive ice, and a number of produced splinters will be 



counted for each experimental event. This experimental data will be used to accomplish the 

second objective of PhD studies.  It is possible that there will be a visit to Manchester to assist 

in the experiments. 



5. Progress report 

5.1 Research Plan 

 

The PhD advances around the four main objectives noted above (Sec. 1.1). A manuscript based 

on Objective 1, about creating a formulation of sublimational breakup, has been submitted to 

the journal.  

 

The reported scheme (in manuscript) will be included in the Aerosol-Cloud model (Phillips et 

al. 2009, 2013, 2015, 2017a, 2020a). Currently, experiments are being conducted at Manchester 

University to fulfil a part of the second objective.  The PhD student may visit to assist with the 

experiments, depending on international travel rules.  The PhD will also test the existing 

raindrop-freezing fragmentation scheme (mode 1) by comparison with some of the latest 

published data (e.g. Lauber et al. 2018). 

 

In the current Year 2 (2020/2021) of the PhD the Objective 3 is based on modeling of four basic 

cloud-types (warm- and cold-based convective and stratiform clouds), implementing the 

improvements of ice initiation and validating the simulations.  There will be analysis of the 

simulations using budgets of tagging tracers (e.g. concentrations of ice crystals from each of 

the fragmentation mechanisms) and in terms of the classic plot of ice enhancement (IE) ratio vs 

cloud-top temperature.  

 

During the next Year 3 (2021/2022), Objective 4 will tackle sensitivity tests using these 

simulations of four basic cloud-types.  These will investigate hypotheses (e.g. cold-based 

stratiform cloud is dominated by breakup in ice-ice collisions; warm-based clouds are 

dominated by raindrop-freezing fragmentation and H-M process; the synergy among multiple 



mechanisms involves different positive feedbacks sharing ice fragments; ice multiplication 

damps the sensitivity with respect to aerosol changes). These will investigate that which process 

is the important in each cloud type and favourable conditions of each processes.     In Year 4, 

there will also be the writing of papers and thesis.  The framework of project plan is reported 

in Table 3. 

 

 Table 3. Proposed research Plan  

Year/ 

Semester 
Planned Work 

Planned/completed 

Course credits (60) 

Aug 2019 

to Aug 

2020 

(First year) 

• Empirical formulation for Sublimational Breakup 

• EGU-May,2020 

• Submitted the research article on sublimational breakup 

20 

Sept,2020 

to 

Aug,2021 

(Second 

year) 

• Implementation of Sublimational breakup in AC model 

• First-year Seminar (Nov, 2020) 

• Assist with experiments on raindrop freezing fragmentation in 

Manchester University (mode 2) and improve the Raindrop 

freezing fragmentation scheme (modes 1 and 2) using the 

experimental data  

• Comparison of raindrop-freezing fragmentation scheme with 

some of the latest published data and participate in an article led 

by Manchester about the experiments; 

• Data collection for four cloud cases from meteorological field 

campaigns:   ACAPEX (cold-bases wave cloud), MC3E (warm-

based stratiform and convective clouds), STEPS (cold-based 

convective clouds); 

• Simulate the four cases and improve treatment of ice initiation 

by validating the simulations and submission of a research 

article  

• 18th ICCP conference (Aug, 2021) 

20 



Sept, 2021 

to Aug, 

2022 

(Third year) 

• Revise the previously submitted research article 

• Midway seminar (Sept/Oct. 2021) 

• Perform various sensitivity tests regarding the four represented 

SIP mechanisms in four basic cloud types so as to test scientific 

hypotheses, with focus on prediction of ice enhancement ratio 

for each case (ACAPEX, STEPS and MC3E) 

• AGU-Dec,2022 

• submission of a research article 

20 

Sept, 2022 

to Aug, 

2023 

(Last year) 

• Thesis writing and revision of submitted research article 

• EGU-Apr/May,2023 

• Thesis (feedback and correction) 

• PhD defence (August, 2023) 

- 

 

 

5.2 Course credits 

 

Out of the required 60, I am currently holding 20 credits (Table 4), with the addition of 8 from 

the first-year seminar - the total will be 28. Up to the December-2020, 7+ credits will be added 

in total (35 credits). The plans to secure the remaining points include different courses and 

credit-awarding activities like poster and oral presentations in conferences and half-way 

seminar. The half-way seminar is planned for October-2021.  

  



 

Table 4. Course and Credit details 

Course  Credits 

Faculty PhD Introduction (NAMN001)  0.5 

Introduction course for PhD students at CGB 3.0 

Dynamic Meteorology-I (NGEA24) 3.5 

Synoptic Meteorology (NGEA17) 3.5 

Dynamic Meteorology-II (NGEA25) 3.5 

Modeling Project (Part of NGEN13) 5.0 

EGU-2020 1.0 

Total  20 (+8) = 28 

  



References 

Blyth, A. M., and J. Latham, 1993: Development of ice and precipitation in New Mexican 

summertime cumulus clouds. Q. J. R. Meteorol. Soc., 119, 91–120, 

https://doi.org/10.1002/qj.49711950905. 

Brewer, A. W., and H. P. Palmer, 1949: Condensation processes at low temperatures, and the 

production of new sublimation nuclei by the splintering of ice [6]. Nature, 164, 312–313, 

https://doi.org/10.1038/164312a0. 

Connolly, P. J., A. J. Heymsfield, and T. W. Choularton, 2006: Modelling the influence of rimer 

surface temperature on the glaciation of intense thunderstorms: The rime–splinter 

mechanism of ice multiplication. Q. J. R. Meteorol. Soc., 132, 3059–3077, 

https://doi.org/10.1256/qj.05.45. 

Cziczo, D. J., and Coauthors, 2013: Clarifying the dominant sources and mechanisms of cirrus 

cloud formation. Science (80-.)., 340, 1320–1324, 

https://doi.org/10.1126/science.1234145. 

Dong, Y. Y., and J. Hallett, 1989: Droplet accretion during rime growth and the formation of 

secondary ice crystals. Q. J. R. Meteorol. Soc., https://doi.org/10.1002/qj.49711548507. 

Field, P. R., and Coauthors, 2016: Chapter 7. Secondary Ice Production - current state of the 

science and recommendations for the future. Meteorol. Monogr., 

https://doi.org/10.1175/amsmonographs-d-16-0014.1. 

Findeisen, W., and E. Findeisen, 1943: Untersuchungen uber die Eissplitterbildung an 

Reifschichten (Ein Beitrag zur Frage der Entstehung der Gewitterelektrizitat und zur 

Mikrostruktur der Cumulonimben). Meteor. Z., 60, 145–154. 

Fridlind, A. M., A. S. Ackerman, G. McFarquhar, G. Zhang, M. R. Poellot, P. J. DeMott, A. J. 

Prenni, and A. J. Heymsfield, 2007: Ice properties of single-layer stratocumulus during 

the Mixed-Phase Arctic Cloud Experiment: 2. Model results. J. Geophys. Res. Atmos., 112, 

https://doi.org/10.1029/2007JD008646. 

Fridlind, A. M., and Coauthors, 2017: Derivation of aerosol profiles for MC3E convection 

studies and use in simulations of the 20 May squall line case. Atmos. Chem. Phys., 17, 

5947–5972, https://doi.org/10.5194/acp-17-5947-2017. 

https://doi.org/10.1002/qj.49711950905
https://doi.org/10.1038/164312a0
https://doi.org/10.1256/qj.05.45
https://doi.org/10.1126/science.1234145
https://doi.org/10.1002/qj.49711548507
https://doi.org/10.1175/amsmonographs-d-16-0014.1
https://doi.org/10.1029/2007JD008646
https://doi.org/10.5194/acp-17-5947-2017


Griggs, D., And T. Choularton, 1986: A laboratory study of secondary ice particle production 

by the fragmentation of rime and vapour-grown ice crystals. Q. J. R. Meteorol. Soc., 112, 

149–163, https://doi.org/10.1256/smsqj.47108. 

Hallett, J., and S. C. Mossop, 1974: Production of secondary ice particles during the riming 

process. Nature, 249, 26–28, https://doi.org/10.1038/249026a0. 

Hallett, J., R. I. Sax, D. Lamb, and A. S. R. Murty, 1978: Aircraft measurements of ice in Florida 

cumuli. Q. J. R. Meteorol. Soc., 104, 631–651, https://doi.org/10.1002/qj.49710444108. 

Hobbs, P. V., and A. J. Alkezweeny, 1968: The Fragmentation of Freezing Water Droplets in 

Free Fall. J. Atmos. Sci., 25, 881–888, https://doi.org/10.1175/1520-

0469(1968)025<0881:tfofwd>2.0.co;2. 

Hobbs, P. V., and A. L. Rangno, 1990: Rapid development of high ice particle concentrations 

in small polar maritime cumuliform clouds. J. Atmos. Sci., 47, 2710–2722, 

https://doi.org/10.1175/1520-0469(1990)047<2710:RDOHIP>2.0.CO;2. 

Hobbs, P. V., and A. L. Rangno, 1985: Ice particle concentrations in clouds. J. Atmos. Sci., 42, 

2523–2549, https://doi.org/10.1175/1520-0469(1985)042<2523:IPCIC>2.0.CO;2. 

Hobbs, P. V., J. L. Stith, and L. F. Radke, 1980: Cloud-active nuclei from coal-fired electric 

power plants and their interactions with clouds. J. Appl. Meteorol., 19, 439–451, 

https://doi.org/10.1175/1520-0450(1980)019<0439:CANFCF>2.0.CO;2. 

Hobbs, P. V., 1969: Ice Multiplication in Clouds. J. Atmos. Sci., 26, 315–318, 

https://doi.org/10.1175/1520-0469(1969)026<0315:imic>2.0.co;2. 

Korolev, A., 2007: Limitations of the Wegener-Bergeron-Findeisen mechanism in the evolution 

of mixed-phase clouds. J. Atmos. Sci., 64, 3372–3375, https://doi.org/10.1175/JAS4035.1. 

Lauber, A., A. Kiselev, T. Pander, P. Handmann, and T. Leisner, 2018: Secondary ice formation 

during freezing of levitated droplets. J. Atmos. Sci., 75, 2815–2826, 

https://doi.org/10.1175/JAS-D-18-0052.1. 

Low, T. B., and R. List, 1982: Collision, coalescence and breakup of raindrops. Part I: 

experimentally established coalescence efficiencies and fragment size distributions in 

breakup. J. Atmos. Sci., 39, 1591–1606, https://doi.org/10.1175/1520-

0469(1982)039<1591:CCABOR>2.0.CO;2. 

https://doi.org/10.1256/smsqj.47108
https://doi.org/10.1038/249026a0
https://doi.org/10.1002/qj.49710444108
https://doi.org/10.1175/1520-0469(1968)025%3c0881:tfofwd%3e2.0.co;2
https://doi.org/10.1175/1520-0469(1968)025%3c0881:tfofwd%3e2.0.co;2
https://doi.org/10.1175/1520-0469(1990)047%3c2710:RDOHIP%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1985)042%3c2523:IPCIC%3e2.0.CO;2
https://doi.org/10.1175/1520-0450(1980)019%3c0439:CANFCF%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1969)026%3c0315:imic%3e2.0.co;2
https://doi.org/10.1175/JAS4035.1
https://doi.org/10.1175/JAS-D-18-0052.1
https://doi.org/10.1175/1520-0469(1982)039%3c1591:CCABOR%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1982)039%3c1591:CCABOR%3e2.0.CO;2


Morrison, H., J. A. Curry, M. D. Shupe, and P. Zuidema, 2005: A new double-moment 

microphysics parameterization for application in cloud and climate models. Part II: Single-

column modeling of arctic clouds. J. Atmos. Sci., 62, 1678–1693, 

https://doi.org/10.1175/JAS3447.1. 

Mossop, S. C., 1985: Secondary ice particle production during rime growth: The effect of drop 

size distribution and rimer velocity. Q. J. R. Meteorol. Soc., 111, 1113–1124, 

https://doi.org/10.1002/qj.49711146612. 

Oraltay, R. G., and J. Hallett, 1989: Evaporation and melting of ice crystals: A laboratory study. 

Atmos. Res., 24, 169–189, https://doi.org/10.1016/0169-8095(89)90044-6. 

Rogers, R. R., and M. K. Yau, 1989: A Short Course in Cloud Physics. Pergamon Press, 290 

pp. 

Phillips, V. T. J., A. M. Blyth, P. R. A. Brown, T. W. Choularton, and J. Latham, 2001: The 

glaciation of a cumulus cloud over New Mexico. Q. J. R. Meteorol. Soc., 127, 1513–1534, 

https://doi.org/10.1002/qj.49712757503. 

Phillips, V. T. J., P. J. Demott, C. Andronache, K. A. Pratt, K. A. Prather, R. Subramanian, and 

C. Twohy, 2013: Improvements to an empirical parameterization of heterogeneous ice 

nucleation and its comparison with observations. J. Atmos. Sci., 70, 378–409, 

https://doi.org/10.1175/JAS-D-12-080.1. 

Phillips, V. T. J., M. Formenton, A. Bansemer, I. Kudzotsa, and B. Lienert, 2015: A 

parameterization of sticking efficiency for collisions of snow and graupel with ice crystals: 

Theory and comparison with observations. J. Atmos. Sci., 72, 4885–4902, 

https://doi.org/10.1175/JAS-D-14-0096.1. 

Phillips, V. T. J., J. I. Yano, and A. Khain, 2017: Ice multiplication by breakup in ice-ice 

collisions. Part I: Theoretical formulation. J. Atmos. Sci., 74, 1705–1719, 

https://doi.org/10.1175/JAS-D-16-0224.1. 

Phillips, V. T. J., and Coauthors, 2017: Ice multiplication by breakup in ice-ice collisions. Part 

II: Numerical simulations. J. Atmos. Sci., 74, 2789–2811, https://doi.org/10.1175/JAS-D-

16-0223.1. 

https://doi.org/10.1175/JAS3447.1
https://doi.org/10.1002/qj.49711146612
https://doi.org/10.1016/0169-8095(89)90044-6
https://doi.org/10.1002/qj.49712757503
https://doi.org/10.1175/JAS-D-12-080.1
https://doi.org/10.1175/JAS-D-14-0096.1
https://doi.org/10.1175/JAS-D-16-0224.1
https://doi.org/10.1175/JAS-D-16-0223.1
https://doi.org/10.1175/JAS-D-16-0223.1


Phillips, V. T. J., S. Patade, J. Gutierrez, and A. Bansemer, 2018: Secondary ice production by 

fragmentation of freezing drops: Formulation and theory. J. Atmos. Sci., 75, 3031–3070, 

https://doi.org/10.1175/JAS-D-17-0190.1. 

Pruppacher, H. R., and J. D. Klett, 1978: Microphysics of Clouds and Precipitation. 

Saleeby, S. M., and S. C. Van den Heever, 2013: Developments in the CSU-RAMS aerosol 

model: Emissions, nucleation, regeneration, deposition, and radiation. J. Appl. Meteorol. 

Climatol., 52, 2601–2622, https://doi.org/10.1175/JAMC-D-12-0312.1. 

Schaefer, V. J., and R. J. Cheng, 1971: The production of ice crystal fragments by sublimation 

and electrification. J. Rech. Atmos., 5, 5–10. 

Schaller, R. C., and N. Fukuta, 1979: Ice Nucleation By Aerosol Particles: Experimental Studies 

Using a Wedge-Shaped Ice Thermal Diffusion Chamber. J. Atmos. Sci., 36, 1788–1802, 

https://doi.org/10.1175/1520-0469(1979)036<1788:INBAPE>2.0.CO;2. 

Seifert, A., and K. D. Beheng, 2006: A two-moment cloud microphysics parameterization for 

mixed-phase clouds. Part 1: Model description. Meteorol. Atmos. Phys., 92, 45–66, 

https://doi.org/10.1007/s00703-005-0112-4. 

Sullivan, S. C., C. Hoose, and A. Nenes, 2017: Investigating the contribution of secondary ice 

production to in-cloud ice crystal numbers. J. Geophys. Res. Atmos., 122, 9391–9412, 

https://doi.org/10.1002/2017JD026546. 

Sullivan, S. C., C. Hoose, A. Kiselev, T. Leisner, and A. Nenes, 2018: Initiation of secondary 

ice production in clouds. Atmos. Chem. Phys., 18, 1593–1610, https://doi.org/10.5194/acp-

18-1593-2018. 

Thompson, G., and T. Eidhammer, 2014: A study of aerosol impacts on clouds and precipitation 

development in a large winter cyclone. J. Atmos. Sci., 71, 3636–3658, 

https://doi.org/10.1175/JAS-D-13-0305.1. 

Yano, J. I., and V. T. J. Phillips, 2011: Ice-Ice collisions: An Ice multiplication process in 

atmospheric clouds. J. Atmos. Sci., 68, 322–333, https://doi.org/10.1175/2010JAS3607.1. 

  

https://doi.org/10.1175/JAS-D-17-0190.1
https://doi.org/10.1175/JAMC-D-12-0312.1
https://doi.org/10.1175/1520-0469(1979)036%3c1788:INBAPE%3e2.0.CO;2
https://doi.org/10.1007/s00703-005-0112-4
https://doi.org/10.1002/2017JD026546
https://doi.org/10.5194/acp-18-1593-2018
https://doi.org/10.5194/acp-18-1593-2018
https://doi.org/10.1175/JAS-D-13-0305.1
https://doi.org/10.1175/2010JAS3607.1


Appendix A 

Symbols used in this report are listed and described in Table A1. 

TABLE A1. List of symbols 

 

Notation Description Units 

C Capacitance of ice particle F 

𝑑 Initial diameter of the ice 

particle 

m (except where marked as mm 

or µm) 

< 𝑑 > Average equivalent diameter m 

𝐷𝑣 Diffusivity of water vapor in the 

air 

m2/s 

𝑒𝑠 Vapor pressure Pa 

𝑓𝑣 Ventilation coefficient - 

𝐹 Fragmentation rate s-1 

ℎ Thickness of a dendritic crystal m 

𝐾 Y-intercept of mass sublimation 

activity spectrum 

- 

�̂� Proportionality constant - 

𝑚 Mass of current ice particle kg 

𝑚𝑓𝑟𝑎𝑔 Mass of a fragment kg 

< 𝑀 > Average mass sublimed kg 

𝑀 Sublimated mass kg 

𝑛0 Initial concentration of ice 

particle 

L-1 

𝑛𝑒𝑞 Number of fragments per parent 

ice particle at equilibrium 

- 

𝑛 Number of fragments in the 

atmosphere per parent ice 

particle 

- 

𝑁 Number of fragments - 

𝑅𝐻𝑖 Relative humidity over ice % 

𝑡 Time s 

𝑇 Ambient air temperature K 

𝛽 Proportionality constant m-0.5s-1 

𝛾 Proportionality constant - 

  



𝛥𝑎𝑜

𝑏0 (y, y1, y2) Cubic interpolation function 

equal to 𝑎0 at 𝑦 ≤   𝑦1 and to 

𝑏0 for 𝑦 ≥ 𝑦2 while 𝛥𝑎𝑜

𝑏0 =

𝑎𝑜 + 𝑎1𝑦 + 𝑎2𝑦2 + 𝑎3𝑦3 for 

𝑦1 < 𝑦 <  𝑦2 where 𝑎0 =

 𝐵, 𝑎1 =  𝐴𝑦1𝑦2, 𝑎2 = −𝐴(𝑦1 +

 𝑦2)/2, and 𝑎3 = 𝐴/3, with 

𝐴 =  6(𝑎0 −  𝑏0 )/(𝑦2 −  𝑦1)3  

and 𝐵 = 𝑎0 +
𝐴𝑦1

3

6
−

𝐴𝑦1
2𝑦2

2
 

- 

𝜆 
(

𝑑 − 200 × 10−6

0.002 − 200 × 10−6
) 

- 

𝛯 Emission factor - 

𝜌𝑏 Bulk density of a dendritic 

crystal 

kg/m3 

𝜌𝑣 Ambient vapour density kg/m3 

𝜌𝑣𝑟 Vapour density at the crystal’s 

surface 

kg/m3 

𝜏 Time for a fragment to 

disappear by sublimation 

s 

𝜒 The ratio of the mass of 

fragment to the parent ice 

particle 

- 

𝜓 The ratio of the size of a 

fragment to the parent ice 

particle 

- 

 

  



Glossary  

Aggregation: In clouds, ice particles (usually sizes > 0.1 mm) grow by colliding and sticking 

together. This process is known as aggregation. 

Cloud-droplets: Cloud droplets are the small particles of liquid water, approximately 1-100 

microns in diameter, formed by the condensation of water vapor.  

Cloud-ice crystals: Various conditions of temperature and humidity can lead to growth of ice 

particles by vapor diffusion.  The ice crystal shape can have a wide variety of habits (dendrites, 

column, needles, plates, etc.). 

Coalescence: The merging process of two cloud droplets into a single larger drop after collision 

is known as coalescence.   When both droplets are smaller than 10-20 microns, the collision 

efficiency is negligible and collisions cannot occur. 

Collision efficiency: The probability of collision if one drop is in the path swept out by the 

other is known as the ‘collision efficiency’. 

Cloud Condensation Nuclei (CCN): The hygroscopic aerosol particles that can serve as 

centres for condensation. These particles are known as CCN. 

Condensation: This term is applied for transformation of vapor to liquid. 

Drizzle:  Drizzle is a form of precipitation consisting of water droplets diameters from 0.1 to 

about 0.2 mm. 

Evaporation: When the liquid phase transforms into the vapor phase, this transformation 

process is known as evaporation. 

Graupel: Precipitation that forms when supercooled droplets are accreted onto snow (riming). 

The typical diameter of graupel is from 0.3 to 5 mm. 

Hail: Heavily rimed graupel is known as hail. Hail must have a diameter greater than 5 mm. 



H-M process: In this process an ice particle causes the outer shell of a droplet to freeze first. 

Afterwards, it shatters to form more ice nuclei that can themselves initiate ice crystals. This 

process requires the temperature to be between -3 and -8 ⁰C. 

Ice enhancement ratio: It is defined as the ratio of the ice particle concentrations to the active 

ice nucleus concentration observed at cloud top temperature.  

Ice-crystal processes: This process includes the formation of ice crystals by various 

mechanisms, initially involving diffusional growth of ice to form snow.  

Ice multiplication: As the ice crystals grow, they can collide into each other and splinter or 

fracture, resulting in new ice crystals. This process is known as ice multiplication. 

Ice nucleus: A foreign particle of usually solid, aerosol material that causes ice nucleation is 

known as an ice nucleus. 

Mixing ratio: The mass of water vapor per unit mass of dry air is known as the mixing ratio.   

Primary ice:  Ice formed by only homogeneous or heterogeneous nucleation is known as 

primary ice. 

Rain: Rain is a type of precipitation that forms due to collision-coalescence of cloud-droplets. 

The typical size of a raindrop is from 0.1 to 5 mm. 

Relative humidity: The ratio of vapor pressure to the saturation vapor pressure with respect to 

ice/water is known as relative humidity. 

Riming: A process including the collection of supercooled water cloud-droplets onto 

the ice crystal surface is known as riming. They freeze on impact. 

Secondary ice: Secondary ice particles are formed by a process other than homogeneous or 

heterogeneous nucleation. Typically, it involves fragmentation of pre-existing ice. 

Snow: Snow is precipitation which is composed of ice crystals.  Snow is not heavily rimed. 



Sublimation: The process in which the solid phase of an element transforms into the vapor 

phase. This transformation process is known as sublimation. 

Supercooled liquid droplets:  This generally refers to cloud droplets, which often remain 

liquid for a long time at temperatures below 0°C.  

Supersaturation:  Relative humidity minus 100%.  

Vapor growth: Initially, the growth of ice particles depends on vapor diffusion, where 

water vapor diffuses on the surface of ice particles. This process is known as vapor growth. 

Ventilation coefficient:  The rate of heat and mass transfer is increased by the flow of air 

around a falling hydrometeor.   This phenomenon is known as the ventilation effect and 

described through a ventilation coefficient.  This coefficient is the ratio of the actual growth 

rate to that when the hydrometeor is at rest relative to the air. 

Warm rain process: The warm rain process includes growth of cloud-droplet by collision-

coalescence.  

Wegener-Bergeron-Findeisen process: The Wegener–Bergeron–Findeisen process is a 

special process of ice crystal growth that occurs in mixed-phase clouds in regions where the 

ambient vapor pressure falls between the saturation vapor pressure over water and the lower 

saturation vapor pressure over ice.   Supercooled liquid evaporates while the ice crystals grow 

by diffusion.  It only occurs if the ascent is weak enough. 


