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1. Introduction 50 

 51 

Atmospheric cloud form when air in a rising air parcel becomes supersaturated with respect to 52 

liquid water (or ice in some cases). In many clouds, liquid and ice particles exist together. Ice 53 

particles in the atmosphere can be formed by heterogeneous freezing of cloud droplets in 54 

presence of suitable aerosol particles (known as ice nucleating particles [INPs]) at all 55 

temperatures below the freezing level and by homogeneous freezing of cloud droplets at 56 

temperatures colder than -36oC in the upper troposphere. When present in clouds, ice particles 57 

can affect processes such as precipitation, cloud electrification and radiative transfer (Cantrell 58 

and Heymsfield, 2005; Field et al., 2017; Phillips et al., 2020).  59 

 60 

The formation of ice particles is still one of the great challenges in the cloud physics. Below 61 

the freezing level the formation of ice is promoted in presence of IN. The first (“primary”) ice 62 

formed from the activity of INP in clouds with tops warmer than -36oC. Out of all aerosol 63 

particles (AP) in the atmosphere, very few of them can act as active INPs which makes them 64 

relatively rare in the atmosphere. The concentrations of active INP observed in the earth’s 65 

atmosphere is in between 10-5 and 1 L-1 near -10oC (Hobbs 1969; DeMott et al. 2003).  66 

 67 

Although the concentration of active INP is relatively rare, it has always been observed that 68 

superabundant ice particles are found even when the cloud top is too warm for homogeneous 69 

freezing. Studies such as Hobbs et al. (1980) and Beard (1992) have shown that in natural 70 

clouds with tops warmer than about -15oC the number concentrations of ice were up to a factor 71 

of 104 higher than the available active INP concentrations. Therefore, it has long been proposed 72 

that following initial primary ice nucleation there must be some processes existing that are able 73 

to increase the number and mass concentration of ice.  Such processes are known as secondary 74 

ice production (SIP). There is a range of SIP mechanisms that have been proposed in the past 75 

few decades. The Hallet-Mossop process is one of SIP mechanism and most widely accepted 76 

theory in which small ice splinters break away followed by riming of supercooled cloud 77 

droplets larger than 23 µm for temperature range -3 0C to -8 0C. Other SIP mechanisms are ice-78 

ice collision (Vardiman 1978; Takahashi et al., 1995), droplet shattering (Leisner et al., 2014) 79 

and sublimation break-up (Bacon et al., 1998).  In the mixed phase region (0 to -36oC) SIP is 80 

the most important mechanism for controlling overall ice concentration (PK, 1997; Field et al. 81 

2017). Although it is the most important mechanism of ice multiplication, SIP has received less 82 
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attention than heterogeneous ice nucleation. The accurate prediction of ice crystal 83 

concentrations is a major challenge for successful representation of microphysical properties 84 

of cloud as some recent cloud models can predict two moment size distribution (both mass and 85 

number ratio). 86 

 87 

Precipitation can be in the form of rain, snow or hailstones and can occur when cloud particles 88 

reach to a certain critical size. There are two possible mechanisms responsible for formation of 89 

precipitation, 90 

• Cold rain process- vapour growth of ice crystals (rime-splintering) (Rogers and Yau, 91 

1996) 92 

• Warm rain process- it involves formation of rain via coalescence in which small cloud 93 

droplets get captured by large drops to form raindrop. 94 

Raindrops in warm rain process may become supercooled and it can form graupel followed by 95 

raindrop freezing (Phillips et al., 2001). 96 

 97 

Over the decades, observations of size and concentration of ice particle have been measured 98 

using airborne optical array probe (OAP). It has been noticed that such airborne data is always 99 

dominated by small ice particles (< 100 µm) both in undersaturated and supersaturated 100 

environments (Korolev et al., 2011). However, modeling studies predicted that in environment 101 

that is supersaturated with respect to ice, small ice particles grow quickly to larger particles 102 

(e.g., snow, graupel or hail). Field et al. (2006)  103 

 104 

1.1 Objectives 105 

 106 

The study involves numerical modeling of clouds to study nucleation and multiplication of ice. 107 

Research objectives of this project are: 108 

a. To simulate and validate the event of organized thunderstorms observed over 109 

Oklahoma, USA during the MC3E campaign in May 2011. To study dependency 110 

of various ice multiplication mechanisms (Phillips et al. 2017a, b; Phillips et al. 111 

2018; Deshmukh et al. 2021) formulated in AC on cloud top temperature for the 112 

simulated MC3E case. To rank various SIP mechanisms based on their order of 113 

importance in convective clouds. 114 

 115 
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b. To develop new treatments of ice initiation based on laboratory observations of 116 

time-dependence freezing of natural INPs sampled by the Physics Department of 117 

Lund University (with project collaborator Thomas Kristensen) and incorporating 118 

latest published data about soot-IN into the AC’s empirical parameterization of 119 

heterogeneous ice nucleation. To study the effect of time-dependent heterogeneous 120 

ice nucleation on overall ice nucleation by simulating ACAPEX (orographic case) 121 

and APPRAISE (supercooled, long-lived stratiform case). 122 

 123 

c. Sensitivity tests with AC will reveal indirect effects from each IN species and their 124 

microphysical mechanisms (e.g., fragmentation of ice) for both cloud types listed 125 

above. 126 

  127 
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2. Basics of cloud microphysics 128 

2.1 Nucleation 129 

Nucleation involves change in phase. The possible phase changes are. 130 

• Liquid-solid: freezing, melting 131 

• Vapour-liquid: evaporation, condensation 132 

• Vapour-solid: deposition, sublimation   133 

Cloud droplets cannot form by homogeneous nucleation process as it requires higher 134 

supersaturations and such high supersaturations do not occur in the atmosphere. Droplet 135 

formation by heterogenous nucleation involves activation of APs. 136 

 137 

2.1.1 Cloud condensation nuclei 138 

 139 

Supersaturations with respect to water typically remain below 1% (PK, 1997). So, droplet 140 

formation in the atmosphere take place in presence of APs via heterogeneous nucleation in 141 

which water condenses onto existing APs. Such APs are known as cloud condensation nuclei 142 

(CCN). Soluble APs such as sea salt, ammonium sulfate can act as CCN and are able to initiate 143 

drops at different supersaturations below 1 %. The number concentration of CCN can be 144 

calculated using cloud chamber by measuring total number of drops activated per unit volume 145 

of air. 146 

 147 

Due to less concentration of APs over ocean, CCN concentrations generally lower in maritime 148 

air masses (~ 102 cm-3) while it is more (~ 103 cm-3) over land (Radke and Hobbs, 1969; PK, 149 

1997). 150 

 151 

2.1.2 Droplet activation and Köhler theory 152 

 153 

Activation is the process in which system goes from one stable state (low Gibbs free energy, 154 

[GE]) to another stable state (low GE), with an intermediate metastable state. Metastable state 155 

can be either supersaturated vapor or supercooled liquid. This transition requires to cross the 156 

energy barrier (maximum GE). Kelvin equation, which is as integral part of the Köhler theory, 157 

gives the analysis of this energy barrier.  158 
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Köhler curve consists of two terms:  159 

i. Kelvin term or ‘curvature effect’ 160 

Higher supersaturation with respect to the flat surface of pure water is needed to keep smaller 161 

droplets from evaporating. This is known as the curvature effect (Fig. 1, green curve) because 162 

the bonding between any two neighbouring water molecules on the curved surface of a droplet 163 

is comparatively weak than that on the flat surface of pure water. Hence, water molecules can 164 

escape from the curved surface of a droplet and enter in the vapour phase. Thus, high 165 

supersaturation is needed to keep the droplet growing. The greater the curvature, the greater 166 

the chance of water molecules on the surface to escape and evaporate. 167 

 168 

Saturation vapor pressure is greater over the curved surface of a droplet than that over the flat 169 

surface. This is because the evaporation is greater over the curved surface of a droplet. Kelvin 170 

effect is important because all droplets grow from smaller (nanometer) to bigger (~ few µm) 171 

sizes. With increasing droplet radius, the equilibrium vapor pressure over a curved surface of 172 

a droplet becomes equal to equilibrium vapor pressure over a flat surface of pure water. 173 

 174 

Homogeneous droplet nucleation is very unlikely in the atmosphere as the only way for this 175 

process to happen is continuous sticking of water molecules on the curved surface of a droplet. 176 

However, the radius of a nucleating drop is relatively small causing droplet to evaporate 177 

quickly. For droplet to form homogeneously and grow, supersaturation needs to be higher (RH 178 

> 200 %) which is not the case in the real atmosphere.  179 

 180 

In case of heterogeneous nucleation, several water molecules can form coating outside of the 181 

aerosol particle. Droplet can continue to grow in typically lower supersaturation, at the expense 182 

of ambient vapor molecules. 183 

  184 
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ii. Raoult term or ‘solute effect’. 185 

 The rate of evaporation of the solution (water with dissolved impurities such as CCN or INPs) 186 

is lower than that of the pure water. This is known as solute effect (Fig. 1, red curve) and it can 187 

partially compensate the Kelvin (curvature) effect. As the rate of evaporation is lower in the 188 

presence of impurities, the rate of condensation is more until there is an equilibrium between 189 

vapor flux to the surface (droplet) matches to that with the ambient flux. At equilibrium 190 

condition, saturation vapor pressure or equilibrium vapor pressure will be less than that 191 

required in the homogeneous nucleation. With increasing impurities, this equilibrium vapor 192 

pressure further decreases. 193 

• If RHdropet > RHair, then rate of evaporation > rate of condensation. Droplet radius 194 

becomes small as water molecules leave the droplet. E.g., droplet C suffers evaporation 195 

causing droplet radii to drop to B. 196 

• If RHdropet < RHair, then rate of evaporation < rate of condensation. Droplet radius 197 

increases due to net condensation. 198 

• Droplet A also has RHdropet < RHair and hence would tend to increase in size due to net 199 

condensation. However, in this part of the Köhler curve, increasing radii cause RHdropet. 200 

This cause reduction in net condensation until the droplet radius reaches at B. 201 

 202 

 203 

Fig. 1. Schematic representation of Köhler curve 204 
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2.1.3 Ice nucleating particles 205 

 206 

Insoluble APs which are responsible for initiation of ice phase at temperatures warmer than -207 

36oC are known as ice nucleating particles (INP). There are basically four different modes by 208 

which ice nuclei can produce first ice in the cloud (PK, 1997), 209 

 210 

• Direct deposition- When environment is supersaturated with respect to ice, water 211 

vapour at subzero temperatures can directly be absorbed by IN and it can later transform 212 

into ice. 213 

 214 

• Condensation freezing- In this mode, an aerosol particle first acts as a cloud 215 

condensation nucleus (CCN) below 0oC temperatures, forming a cloud drop which later 216 

freezes to form ice. This requires surrounding environment to be saturated with respect 217 

to water. 218 

 219 

• Immersion freezing- this occurs at temperatures warmer than 0oC in which an INP can 220 

immersed into a cloud drop. Once a drop temperature becomes sufficiently low, 221 

freezing is subsequently initiated.  222 

 223 

• Contact freezing- In this mode, below freezing level ice phase is initiated by INP as 224 

soon as its contact happen with supercooled drop. 225 

 226 

Some best examples of APs that can act as active INPs are dust, insoluble organic and primary 227 

biological aerosol particles (PBAP) such as fungi, bacteria, viruses, pollen, algae, detritus, etc 228 

(Patade et al. 2021). 229 

  230 
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2.2 Microphysical processes 231 

 232 

Microphysical processes can be classified as warm and cold processes. 233 

 234 

2.2.1 Warm microphysical processes 235 

Clouds with its tops warmer than 0oC are known as warm clouds. Warm clouds contain only 236 

water droplets. Microstructure of such clouds can be defined by properties such as droplet size, 237 

droplet diameter and liquid water content (Wallace and Hobbs, 2006). 238 

Nucleation can only grow cloud droplet up to few micrometres in size so condensation alone 239 

cannot form precipitation. For precipitation to form in cloud, droplets must grow further by 240 

‘collision-coalescence’ process. Once formed by condensation, gravity cause droplets to fall 241 

with velocity called as terminal fall speed. Droplets that are larger in sizes will have a higher 242 

terminal fall speed. Such larger droplets will collide with smaller droplet lying in their paths 243 

while falling. Sometimes cloud droplets of different sizes stick together and coalesce to form a 244 

larger droplet. Such large cloud droplets then fall even faster and collide with smaller droplets 245 

in their path, aggregating more and more cloud droplets together, severing the positive 246 

feedback of collision-coalescence. The efficiency of collision-coalescence depends on the size 247 

distribution of cloud droplets. The wider the distribution of cloud droplet sizes, the more the 248 

chances of collision and coalescence. In general, typical cloud droplet ranges from 1µm to 100 249 

µm and raindrop range from about 0.1 mm to 5 mm (drizzle drops at about 0.1 mm) in diameter. 250 

 251 

2.2.2 Cold microphysical processes 252 

Clouds whose tops reach to temperatures colder than 0oC are referred as cold clouds. Such 253 

clouds may compose of liquid water, supercooled liquid water and ice or sometimes only ice. 254 

Clouds in which liquid and ice phase coexists are called as mixed phase clouds. Mixed phase 255 

of the cloud lies at temperatures between 0 and -36oC. Below -36oC level, homogeneous ice 256 

nucleation is predominant and cloud is said to be ice phase. In clouds with tops extending up 257 

to the tropopause all these phases coexist. Precipitation in cold clouds can form by cold rain 258 

process (Sect. 1) in which ice crystal formed during nucleation (Sect. 2.1.2) will first grow by 259 

diffusion of water vapour in presence of active INP (at temperatures warmer than -36oC) and 260 

further growth may result into snow formation followed by riming or aggregation. Snow may 261 

rime to form graupel. Graupel may later melt while falling out. Heavily rimed ice crystals can 262 

result in hail formation. 263 
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 264 

2.3 Growth of ice crystal 265 

Once the first ice crystal is formed in cloud (Sect. 2.1.2), it can further grow by diffusion, 266 

accretion, or aggregation. Growth of ice crystals depends on the temperatures and saturation 267 

level in the cloud. 268 

 269 

2.3.1 Growth processes 270 

i. Growth by diffusion  271 

Nucleation generates the first ice crystals in a mixed phase cloud. Mixed phase cloud is 272 

dominated by supercooled cloud droplets and the air is saturated with respect to liquid water 273 

and therefore it is supersaturated with respect to ice. Hence a vapour pressure gradient develops 274 

between supercooled droplets and crystals and water vapour movement takes place from 275 

droplets to crystals. In such environment ice crystals will grow from vapour phase. Eventually, 276 

ambient air becomes sub-saturated with respect to water and to maintain the equilibrium the 277 

droplets evaporate. Droplet evaporation creates excess water vapour and hence ice crystals will 278 

grow further making cloud glaciated. 279 

 280 

ii. Growth by riming and aggregation 281 

Diffusion process generates ‘cloud-ice’ crystals that are smaller than 300 µm. Such crystals 282 

can grow to large ice crystals such as snow (300 µm to few centimetres) through process called 283 

‘accretion’ which involve collision of ice crystals with supercooled droplets.   284 

In a mixed phase cloud, if ice crystals collect supercooled liquid droplets which stick on contact 285 

and freeze, the process is known as growth by riming.  Riming can form various rimed 286 

structures for example, rimed column, rimed plate, spherical graupel, rimed needle, etc. 287 

Extreme riming forms graupel (0.3 to 5 mm) and in some cases hail (> 5 mm) which are dense 288 

particles of ice precipitation. Vigorous convective clouds (e.g., thunderstorm) forms hailstones 289 

due to their high liquid water contents. 290 

 291 

Like cloud droplets, ice particles with different terminal fall velocities can collide while falling 292 

in the cloud. Aggregation is the third mechanism of ice crystals growth which involves ice 293 

crystals to collide and stick (aggregate) together. Aggregation depends on temperature and 294 

crystal type. Colliding ice crystals can become more adhesive when their surfaces become 295 

sticky, and this happen when temperature increases to above -5oC (Houze, 1977). Ice crystals 296 
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with branches can get mechanically interlocked forming bigger aggregates such as snow (> 0.3 297 

mm in diameters) (PK, 1997). 298 

 299 

2.3.2 Secondary ice production and ice enhancement 300 

It is always observed that the ice crystal concentrations in natural clouds is always high by 301 

some orders of magnitude than the available active INP (Sect. 1). Processes producing this 302 

excess ice concentration are known as SIP. Many field campaigns involving either aircraft 303 

measurements (Hobbs et al. 1974b) or handheld instruments have shown SIP to be active. 304 

Observations such as those by Auer et al. (1969) in stable orographic cap clouds over 305 

Wyoming, over Cascade mountains in the USA (Hobbs, 1969; Hobbs et al. 1974b) and by 306 

Mossop and Ono (1969) in cumulus clouds over Australia and Tasmania have supported the 307 

existence of SIP mechanisms that are responsible for ice multiplication. For accurate prediction 308 

of ice concentration in natural clouds it is important to account SIP processes. There is a range 309 

of ice multiplication mechanisms by which secondary ice can be formed such as the HM 310 

process of rime splintering, fragmentation in ice-ice collisions, fragmentation during raindrop 311 

freezing, and sublimation breakup. 312 

 313 

1. The Hallett-Mossop process of rime-splintering 314 

The Hallett-Mossop (1974, hereafter ‘HM’) process formation of small ice splinters that breaks 315 

away during the riming of supercooled cloud droplets that are typically larger than 24 µm in 316 

diameter and have an impaction speed of at least 0.2 m s-1 at temperatures between -3 and -317 

8oC. Several laboratory studies (Hallett and Mossop, 1974; Mossop and Hallett, 1974; Mossop, 318 

1976) observed that under suitable conditions, per 100 to 250 cloud droplets (> 24 µm) 319 

impacting on the riming ice surface, 1 secondary ice splinter is produced. The production rate 320 

of the HM process is maximum at -5oC. 321 

 322 

2. Fragmentation in ice-ice collisions 323 

Secondary ice may produce when two or more ice particles collide on each other. Laboratory 324 

and field studies such as those by Vardiman (1978), Takahashi et al (1995; reviewed by Phillips 325 

et al. 2017a, b) have observed production of secondary ice splinters in collisions of two or more 326 

ice particles. Hobbs and Farber (1972) based on theoretical consideration and field observation 327 

concluded that fragmentation due to graupel and dendrites is a likely mechanism for ice 328 

enhancement. Fragmentation in ice-ice collisions have reported by several modeling studies 329 
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such as those by Fridlind et al (2007) (crystal-crystal collision), Yano and Phillips (2011) 330 

(fragmentation in graupel-graupel collision) and Phillips et al (2017a) (fragmentation in 331 

collisions involving crystal, snow and graupel). 332 

3. Fragmentation during raindrop freezing 333 

Laboratory studies such as those by Johnson and Hallett (1968), Pruppacher and Schlamp (1975) and 334 

Leisner et al (2014) observed fragmentation of freezing raindrops or drizzles. While raindrop is 335 

freezing, liquid water may get trapped inside of an ice shell and pressure is continuing to build on it. 336 

The external ice shell breaks when this pressure exceeds a threshold during successive freezing of a 337 

drop and fragments and spikes get emitted. This can happen many times during the freezing of a given 338 

drop (King and Fletcher, 1973). Two possible modes of raindrop freezing fragmentation is proposed by 339 

Phillips et al (2018): 340 

• Mode 1- Fragmentation during freezing of supercooled raindrop on collision with a less 341 

massive ice particle. 342 

• Mode 2- Fragmentation during collision between a supercooled raindrop and a more massive 343 

ice particle. 344 

 345 

4. Sublimation breakup 346 

Secondary ice may also produce by fragmentation of ice particles during sublimation. Laboratory 347 

studies such as those by Schaefer and Cheng (1971), Oraltay and Hallett (1989), Dong et al (1994) and 348 

Bacon et al (1998) observed such breakup of ice. Oraltay and Hallett (1989) observed ice fragmentation 349 

in dendritic crystals sublimation. Based on these experiments Deshmukh et al (2021, now in press) 350 

formulated fragmentation of ice during sublimation breakup of rimed particles such as graupel and 351 

dendritic crystals.  352 
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3. Experimental setup for simulation of convective storm 353 

 354 

3.1 Case description 355 

 356 

The case is a line of convective clouds observed in north-central Oklahoma during Midlatitude 357 

Continental Convective Cloud Experiment (MC3E) on 11 May 2011 (Jensen et al., 2016). The 358 

clouds had warm bases near 17 0C at about 1.5 km altitude above mean sea level. The ground 359 

was elevated at an altitude of about 350 m MSL. The line of Mesoscale Convective System 360 

(MCS) consists of many cloud types, most of which were deep convective (e.g., 361 

cumulonimbus) with typical cloud depth of 9-13 km and stratiform clouds. The case had a very 362 

large amount of CAPE near the beginning of the period where lower atmosphere was entering 363 

a moistening trend but still had a mid-level humidity deficit (Jensen et al., 2016). MC3E 364 

included observations of cloud microphysics by the NASA ER-2 aircraft functioned at the top 365 

of the sampling domain (~ 20 km in altitude above MSL). It carried High-Altitude Imaging 366 

Wind and Rain Airborne Profiler (HIWRAP), two multifrequency passive microwave 367 

radiometer: Advanced Microwave Precipitation Radiometer (AMPR) and Conical Scanning 368 

Microwave Imaging Radiometer (CoSMIR) (Jensen et al., 2016). The University of North 369 

Dakota (UND) Cessna Citation II jet aircraft served as the in-situ microphysics platform with 370 

a primary emphasis placed on the measurements of ice-phase hydrometeors at altitudes 371 

between the melting level and cloud top (~ 4 - 13 km). The Citation carried a standard suite of 372 

meteorological instruments together with cloud and precipitation microphysical probes and 373 

total and liquid water content probes (Jensen et al., 2016).    374 

 375 

3.1.1 Airborne and ground-based measurements 376 

 377 

At the top of the study domain, NASA ER-2 aircraft carried High-Altitude Wind and Rain 378 

Airborne Profiler (HIWRAP), Advanced Microwave Precipitation (AMPR), the Conical 379 

Scanning Microwave Imaging (CoSMIR) multifrequency radiometers and dual frequency, dual 380 

beam (30o and 40o incidence angles) nadir pointing Doppler radar (Jensen et al., 2016). The 381 

University of North Dakota (UND) Cessna citation II aircraft carried a suit of meteorological 382 

instruments, viz., cloud microphysical, liquid and water content and precipitation probes. These 383 

probes made measurements of in-cloud microphysical properties such as ice number 384 
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concentrations, drop size and concentration, liquid water content (LWC), etc at altitudes 385 

between melting level and cloud top. Combine Spectrum uses particle size distribution of CIP 386 

(or 2DC) merged with HVPS3. All instruments mounted on citation aircraft are listed in table 387 

1. 388 

 389 

Measurements of aerosols, meteorological conditions such as temperature, wind, surface 390 

precipitation etc., was conducted by the dedicated suite of instruments deployed at the ARM 391 

SGP CF. Surface precipitation was measured with pairs of 16 rain gauge within 6 km radius of 392 

the SGP central facility. Measurement of the spatial variability of momentum, surface heat 393 

fluxes and moisture across the SGP region was done with 20 extended facilities covering an 394 

area of 150 km x 150 km. 395 

 396 

Table 1. Instruments mounted on citation aircraft during MC3E  397 

Instrument Range 

2D cloud imaging probe (2D-C) 0.03-1.0 mm 

Cloud imaging probe (CIP) 0.025-1.5 mm 

King hot-wire liquid water content (LWC) probe 0.1-5 g m-3 

Cloud droplet probe (CDP) 2-50 µm 

Nevzorov probe 0.03-3 g m-3 

High-volume precipitation spectrometer, version 3 (HVPS-3) 0.15-19.2 mm 

 398 

The MC3E case simulated (11 May 2011) with the AC consisted of stratiform and mostly deep 399 

convective (e.g., cumulonimbus) with typical cloud depth of 9-13 km. The clouds had relatively 400 

warm bases (17o C) at about 1.5 km altitude above mean sea level. The ground was elevated at 401 

an altitude of about 350 m MSL. 402 

 403 

3.2 Description of numerical cloud model 404 

 405 

In this study, Aerosol-Cloud model (AC) is used. The AC has a representation of clouds and 406 

aerosols with a hybrid spectral bin-two-moment bulk microphysics, semiprognostic aerosol 407 

and interactive radiation and schemes (Phillips et. al., 2017; 2020). The grid spacing of AC is 408 
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2 km horizontally and about 0.5 km vertically, with time step of 10 s. The domain is 3D 409 

mesoscale and about 80 km wide. The lateral boundary conditions are periodic in both the east-410 

west and north-south sides of the domain.   411 

 412 

Tagging tracers (passive prognostic variables) were used to track and estimate the number and 413 

mass concentration of ice formed in each process (i.e., primary, secondary ice and ice from 414 

homogeneous freezing). These variables do not interact with any other process in the AC 415 

model. 416 

 417 

From the initial sounding and aerosol profiles, AC predicts the in-cloud size distributions of 418 

aerosol and in-cloud supersaturation. Figure 2 shows the initial sounding of AC. Hourly 419 

sounding profiles of ambient temperature, mixing ratio, wind is created. These are then input 420 

to the microphysics scheme to predict numbers of cloud droplets and crystals nucleated 421 

(Phillips et. al., 2017b). Seven aerosol species governed primary initiation of hydrometeors, 422 

with heterogeneous and homogeneous nucleation of ice. AC represents microphysical species 423 

in four categories viz., rain, cloud ice (“crystals”), snow and graupel/hail. Four types of 424 

fragmentation are treated to form secondary ice:  425 

 426 

1. Hallet and Mossop (1974) rime splintering (cloud droplets > 24 µm in diameter),  427 

2. fragmentation in ice-ice collisions (Phillips et al., 2017a, b),  428 

3. shattering of freezing rain/drizzle (Phillips et al., 2018), 429 

4. sublimation breakup of snow and graupel (Deshmukh et al., 2021). 430 

 431 
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 432 

FIG. 2. Initial vertical profile of dewpoint (blue line) and environment temperature (black line) on 10 433 

May 2011 at 00:00 UTC. The thin dotted red line shows the moist adiabat. 434 

 435 

Aerosol loadings were derived from Interagency Monitoring of Protected Visual Environments 436 

(IMPROVE) network deployed at stations nearby as MC3E campaign made no measurements 437 

of aerosols. However, the measurement of the number concentration of condensation nuclei 438 

were made by the condensation particle counter (CPC; TSI-3771) which was mounted on the 439 

University of North Dakota (UND) Cessna Citation II jet aircraft. The CPC measures the 440 

particle concentrations of aerosols between 10 nm to 1µm in diameter. Figure 3 shows that the 441 

predicted aerosol concentration agrees well with the CPC observation in the mid-tropospheric 442 

region. A threshold value of cloud droplet concentration of 5 cm-3 from the cloud droplet probe 443 

was used to filter the raw CPC data.  444 

 445 
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 446 

FIG. 3. The predicted profile of aerosol concentration for the MC3E case (11 May 2011) at the model 447 

initialization for the environment at about 350 m MSL altitude. This is compared with the observation 448 

from CPC mounted on citation aircraft.  449 

 450 

Initial concentrations of seven aerosol species of AC were derived from the Goddard Chemistry 451 

Aerosol Radiation and Transport (GOCART) model (Chin et al., 2000). Aerosol mass 452 

concentration profiles were scaled at all levels to match simultaneous measurements by 453 

IMPROVE averaged from Wichita Mountains (600 m mean sea level (MSL)), Ellis (640 m 454 

MSL), and Stilwell (330 m MSL) sites in Oklahoma, USA. Observed concentrations were 0.06 455 

µg m-3 for sea salt, 0.7 µg m-3 for sulphate, 0.345 µg m-3 for insoluble organic and 1.38 µg m-3 456 

for soluble organic, 0.25 µg m-3 for black carbon, 0.175 µg m-3 for dust. Also, AC has 457 

representation for several groups of primary biological aerosol particles (Patade et al., 2021) 458 

and observed concentrations were 0.053 µg m-3 for pollen, 0.067 µg m-3 for fungi, 0.023 µg m-459 

3 for bacteria, 0.029 µg m-3 and 0.000043 µg m-3 for detritus and algae, respectively.  460 

 461 

Figure 4a shows predicted activity spectrum of cloud condensation nuclei (CCN) from size 462 

distribution of soluble aerosols at model initialization which is similar to the CCN activity 463 

observed at the Southern Great Plains (SGP) site for a similar altitude (300 m MSL). Figure 3b 464 

shows the number concentration of predicted active INP compared with continuous flow 465 

diffusion chamber (CFDC) observation made by DeMott et al. (2015) during spring 2014 at 466 

the SGP. The Different year dataset is used here to compare the model predicted active INP 467 

concentrations as MC3E campaign made no measurements of active INPs. To be consistent 468 

with the timeframe of the MC3E campaign, the data from DeMott et al. (2015) was reprocessed 469 

for corrections and averaged for May 2014. 470 

 471 



19 
 

 472 

FIG. 4. The predicted activity spectrum of (a) CCN corresponding to the prescribed vertical profiles of 473 
size distributions of various aerosol species (solid line). CCN activity of AC is compared with the 474 
corresponding 3-day (9-12 May) averaged activity from the CCN counter (CCN-100) deployed at 475 
Lamont, Oklahoma. (b) Predicted active INP activity (solid line) compared with CFDC observation 476 
(dotted line) taken at the SGP site in 2014 (adapted from DeMott et al., 2015, with changes). Both the 477 
profiles are at the model initialization. 478 
 479 

480 
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4. Objective 1 481 

 482 

4.1 Cloud-top detection 483 

 484 

The cloud top temperature for the simulated MC3E case (Sect. 3.1) is detected using cloud-top 485 

detection algorithm. It is described as follows: 486 

First, the convective cores are automatically identified using the partitioning method (Xu, 487 

1994). According to this method, a convective core satisfies one of the following three 488 

conditions: 489 

i) The horizontal distribution of maximum cloud draft strength (|wmax|) is twice as 490 

large as the average over the adjacent four grid columns, or, 491 

ii) |wmax| is greater than 3 m s-1, or, 492 

iii) Surface precipitation rate (<P>) is greater than 25 mm h-1. 493 

 494 

Grid columns for which the total liquid water path (TLWP) is positive and other than the 495 

convective core was selected as convective grid columns. Following Tao and Simpson (1989), 496 

a convective region is defined as a region including a core and immediately adjacent convective 497 

grid columns. The grid columns other than these and for which TLWP exceeds 0.2 kg m-2 were 498 

defined as stratiform regions and the remaining grid columns were identified as clear regions. 499 

 500 

After identifying the convective regions, following steps were followed to form a complete 501 

cloud structure: 502 

1. Instantaneous grid point grouping 503 

Once a core and its adjacent convective columns (convective region) was identified, links were 504 

established between pairs of adjacent convective grid points at any given time. Each convective 505 

region was expanded further using these links. Such links of grid points were then stored as 506 

individual instantaneous cloud group. 507 

For example, in Fig. 5, group 2 consist of a core (i+1, j) and creates the first link with adjacent 508 

grid point (i+2, j+5) and the second link with grid point (i+1, j+6). 509 
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 510 

2. Iterative grouping 511 

Now a problem is that as cloud evolve with time in the simulation, a convective region may 512 

split in multiple convective regions. Such splitting later forms so called “extra clouds”. These 513 

extra splitting were identified by defining ‘spatial-temporal links’ between pairs of convective 514 

grid points (|w| > 1 m s-1) that are adjacent in spatial-temporal sense (in 4D). Such clusters of 515 

contiguous spatial-temporal links in space-time were grouped together. 516 

3. True cloud groups 517 

These expanded convective regions (step 3) may have overlapped even though they are 518 

different clouds in the simulation. That means there could be multiple clouds for a given 519 

convective region formed in step 1 and 2. All convective regions were then partitioned into 520 

distinct “sub-cloudy regions”. To avoid overlapping amongst convective regions (step 2), two 521 

sub-groups of convective regions were defined for a given instance of time. If the grid points 522 

of these two sub-groups of a convective region were different, then there was no overlap. And 523 

if the grid points were the same, then they said to be overlapped. These no-overlapped “sub-524 

cloudy regions” then saved in “true cloud groups”. 525 

 526 

4. Grouping true cloud groups: Actual cloud 527 

Once true cloud grid points associated for a given core were found, convective columns in such 528 

a core were collected along with the convective grids adjacent to these columns, and an actual 529 

cloud was formed as shown in Fig. 11. 530 

 531 
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Fig. 5. Schematic diagram representing instantaneous cloud grouping in the control simulation of AC. 532 

Filled grey circles represents convective grids and filled black circles represents cores. 533 

 534 

4.2 Results 535 

 536 

4.2.1 Model validation 537 

 538 

The convective line observed (Sect. 3.1) in MC3E on 11 May 2011 has been simulated by AC 539 

(Sect. 3.2). Various predicted microphysical properties such as cloud droplet diameter, number 540 

concentrations of droplet and ice particles, liquid water content, etc. and surface precipitation, 541 

radar reflectivity are validated against aircraft and ground-based observations. Convective 542 

updrafts and downdrafts regions were identified by selecting vertical velocities (𝑤) greater than 543 

3 m s-1 and less than – 3 m s-1 respectively, in the model and aircraft data. The estimated error 544 

in vertical velocity observed by aircraft is about 30 %. 545 

 546 

Figure 6a, b shows predicted domain averaged precipitation rate and accumulated precipitation, 547 

respectively. Because of the classic overshoot for the onset of convection in the model, the 548 

predicted precipitation rate is higher (by about 60 %) than the radar observed rate in the first 549 

peak (10 May, 24 UTC). However, the predicted rate of precipitation is less than the observed 550 

rate by 40 % in the second peak of the simulation (11 May, 19 UTC). For the initial periods 551 

(10 May, 12-24 UTC) of the simulation, the predicted CAPE is significantly high (3500 J kg-552 

1, Fig. 6c) producing higher precipitation in the first peak. However, the second peak of the 553 

simulation (11 May, 15-21 UTC) is characterized by relatively less CAPE (1700 J kg-1) which 554 

brought less precipitation in the second peak.  555 

 556 

The predicted characteristics of cloud droplets such as mean droplet diameter (Fig. 6d, e), 557 

droplet concentrations (Fig. 6f, g) and liquid water content (Fig. 6j, k) were similar to the 558 

aircraft observations for both convective cloudy updrafts and downdrafts. The predicted 559 

distribution of updraft speeds (> 3 m s-1) are in good agreement with aircraft observation and 560 

differ no more than 50 % (Fig. 6o). The predicted radar reflectivity agrees with the KAZR 561 

observations (Fig. 6p). Domain averaged predicted shortwave (Fig. 6q) and longwave (Fig. 6r) 562 
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radiative fluxes measured at the top of the atmosphere (~ 100 hPa) agrees with the satellite 563 

(GOES VISST) observations with errors at any given time of less than 30 %. 564 

 565 

 566 

 567 

 568 



24 
 

 569 

 570 

 571 
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 572 

 573 

Fig. 6. Comparison of control simulation by AC (full line) of the MC3E case with radar, satellite, and 574 
aircraft observations (dotted line) for the period of 10 May 00 UTC-13 May 00 UTC. (a)  predicted 575 
precipitation rate (mm hr-1) at surface compared with observations from rain gauge adjusted WSR-88D 576 
radar over the SGP site. (b) predicted precipitation accumulation (mm) at surface compared with 577 
observations same as in (a), (c) predicted convective available potential energy (CAPE) compared with 578 
observed sounding. (d, e) mean cloud droplet size conditionally averaged over convective cloudy 579 
updraft (w > 3 m s-1) and downdraft (w < -3 m s-1) conditions compared with aircraft observations from 580 
the CDP probe, (f, g) cloud droplet concentrations at these vertical velocities compared with aircraft 581 
observations from the CDP probe, (h, i) filtered (> 200 µm) ice particle (cloud-ice, snow, and graupel) 582 
concentrations over cloudy convective updrafts and downdrafts conditions both predicted and observed 583 
by CIP, 2DC, HVPS3 and COMB-SPECTRUM probes on the aircraft. Theoretical critical ice 584 
concentration calculated from Korolev and Mazin (2003, formula 22 therein) is shown with dotted line. 585 
(j, k) predicted liquid water content over faster convective cloudy updrafts (> 3 m s-1) and downdrafts 586 
(< -3 m s-1) compared with observations from KINGS hot wire and CDP probes mounted on the aircraft, 587 
(l, m) Predicted ice particle concentrations (> 1mm, rain+snow+graupel) compared with HVPS3 probe 588 
in such faster updrafts and downdrafts. (o) Histogram of vertical velocity in fast convective updrafts ( 589 
> 3 m s-1) compared with observations from citation aircraft, (p) Conditionally averaged (> -20 dBZ) 590 
predicted radar reflectivity vertical profile compared with ground-based radar (KAZR), (q, r) predicted 591 
top of the atmosphere (TOA) radiative fluxes of shortwave and longwave radiation compared with 592 
satellite (GOES VISST) data. Errorbars shown in corresponding plots are standard errors of 593 
observational samples. 594 

 595 

2DC and HVPS3 had ‘shattering corrected’ tips while CIP was without any such ‘anti-shatter’ 596 

tips. Data from such probes which had no ‘anti-shatter’ tips were later corrected based on 597 
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method described in Field et al. (2006) and only ice particles with maximum size dimension 598 

greater than 200 µm were included in the plotted ice concentration (Fig. 6h, i) both in 599 

observation and simulation. The predicted filtered ice particle concentrations are on the order 600 

of 10 L-1 at observational levels and the same order of magnitude can be seen in the aircraft 601 

data for cloudy convective updrafts (𝑤 >  3 m s-1) and downdrafts (𝑤 <  −3 m s-1) (Fig. 6h, 602 

i). In downdraft conditions, the predicted filtered concentration is mostly dominated by graupel 603 

(51 %), cloud-ice (34 %), and snow (14 %) while there is a little contribution from supercooled 604 

rain (< 0.03 %). While in convective cloudy updrafts, cloud-ice (44 %) is the major source of 605 

ice to the predicted filtered ice concentrations, whereas large particles such as snow (34 %) and 606 

graupel (21 %) also has significant contribution and there is a very little contribution from 607 

supercooled rain (< 0.0004 %). The predicted number concentrations of snow, rain, and graupel 608 

particles (> 1 mm) conditionally averaged over these vertical velocities differ no more than 30 609 

% from HVPS3 observations (Fig. 6l, m). 610 

 611 

Supercooled cloud droplets and ice particles exists together in the mixed-phase region of the 612 

cloud. If supersaturation with respect to water (𝑠𝑤) becomes appreciably negative, then these 613 

supercooled cloud droplets will evaporate away. The cloud becomes ice only (glaciated) once 614 

all the supercooled droplets has evaporated away and there will be no more vapour growth, 615 

riming of ice crystals and production of ice precipitation which can serve the positive feedback 616 

to ice multiplication. The theoretical ice concentration for the onset of subsaturation in the 617 

simulated storm is estimated from Korolev and Mazin 2003 (formula 22 therein). At warmer 618 

temperatures (-5 to -20oC), the predicted number concentration of total ice differs by ~ 60 % 619 

(Fig. 6h) than predicted theoretical maximum of ice concentration in the cloudy convective 620 

updrafts (𝑤 >  3 m s-1) and shows good agreement at colder temperatures (< -20oC).  621 

 622 

4.2.2 Other analysis of control simulation 623 

 624 

As noted above (Sect. 3.1) number and mass concentrations of ice particles from various 625 

sources of ice from all primary and secondary processes were tracked using passive tagging 626 

tracers. Figure 7 shows total ice concentration from the control simulation of the storm for each 627 

species of ice represented in the AC model. 628 

 629 
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From Fig. 7c, d it can be seen that the fragmentation in ice-ice collisions is the most dominant 630 

mechanism of ice multiplication at all sub-zero temperatures both in convective updrafts and 631 

downdrafts and creates IE ratios as high as 103 in such updrafts and downdrafts (Fig. 7e, f). 632 

The simulated case of the MC3E had relatively warm cloud bases (-17oC) (Jensen et al., 2016) 633 

the HM process of rime-splintering is active at temperatures between -3 and -8oC (Fig. 7c, d). 634 

At these levels, the HM process creates IE ratios as high as 103 both in updraft and downdraft 635 

region (Fig. 7c, d). Upwelling carry ice splinters formed in ice multiplication mechanisms to 636 

the higher levels I the cloud. Hence, the HM process seem to be present at levels colder than -637 

8oC. In AC, the HM process is treated with our factor multiplying the fragment emission rate 638 

(350 splinters at -5oC per mg of rime) that depends on the mean cloud droplet size. This factor 639 

is zero below 16 microns and unity above 24 microns and it is interpolated linearly in between 640 

this size range. In downdrafts, fragmentation in sublimation breakup is the second most prolific 641 

ice multiplication mechanism creating IE ratios of up to about 102 at temperatures colder than 642 

-10oC (Fig. 7f). Fragmentation during raindrop freezing produce less ice splinters than any 643 

other SIP processes and creates less IE ratios (~ 10) both in updraft and downdraft region. 644 

 645 

 646 

 647 
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 648 

Fig. 7. Predicted number concentrations of various microphysical specious and tracer terms 649 
representing SIP processes in the AC control simulation conditionally averaged over cloudy convective 650 
updraft (w > 1 m s-1) and downdraft (w < -1 m s-1) conditions. (a, b) Predicted number concentration of 651 
active INP (diamond), primary ice (plus), total number concentration ice particles (solid line) and 652 
individual microphysical species (cloud-ice, snow and graupel) and total homogeneous ice (left pointing 653 
triangle), (c, d) ice concentrations (cloud-ice+snow) estimated from the tagging tracers of sublimational 654 
breakup (asterisk), fragmentation during raindrop freezing (upward pointing triangle), the HM process 655 
of rime-splintering (open circle) and fragmentation in ice-ice breakup (pentagram) conditionally 656 
averaged over these convective cloudy updrafts and downdrafts, (e, f) corresponding IE ratios from 657 
non-homogeneous ice (total cloud-ice+snow – homogeneous ice) and tracer terms of various SIP 658 
processes averaged over these vertical velocities. 659 
 660 

Figure 8 shows a budget analysis of number of ice particles initiated by all processes 661 

represented throughout the control simulation of AC. At a first glance, it looks like 662 

fragmentation in sublimational breakup generate 500 times more ice particles than 663 

heterogenous ice at temperatures warmer than -30oC. But many such fragments (80 %) formed 664 

in sublimation breakup never reach the updrafts for growth and survival (Fig. 8, black bar) and 665 

only 20 % of the fragments are survived (Fig. 8, yellow bar).  666 

 667 

Fragmentation in ice-ice collisions generates about 100 times more particles than 668 

heterogeneous nucleation of ice at temperatures warmer than -30oC (Fig. 8). Fragmentation in 669 

collisions of snow with either graupel or hail is the most prolific among all ice-ice breakup 670 

mechanisms, contributing about 46 % to the total ice from all ice-ice collisions. Also, collisions 671 

of graupel with either graupel or hail and snow on snow have appreciable impacts on the budget 672 

(~ 20 % of total fragmentation in all ice-ice collisions). Fragmentation in ice-ice collisions 673 

creates IE ratios as high as 102 as ice crystals formed by heterogenous freezing at warmer 674 

temperatures (> -30oC) contribute only about 0.05 % to the total ice.  675 

 676 

From Fig. 8, most of the ice particles were produced (~ 94 % of the total budget) by 677 

homogeneous freezing as cloud tops for the simulated MC3E case were well below -36oC. 678 
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Compared to homogeneous freezing, various SIP mechanisms such as ice-ice breakup (3 %), 679 

the HM process (0.08 %) and raindrop freezing (0.08 %) and fragmentation in sublimation 680 

breakup (2 %) produced much less ice particles. 681 

 682 

 683 

Fig. 8.  Bar chart showing budgets of the number of ice crystals initiated from various processes in the 684 
control simulation of AC. (from left to right) sources of heterogeneous ice nucleation at temperatures 685 
warmer (“PRIM-WARM”) and colder (“PRIM-COLD”) than -30oC. Number of ice particles initiated 686 
in homogeneous freezing (“HOM”) and various SIP processes such as the HM process (“HM”), 687 
fragmentation in raindrop freezing (“RF”), fragmentation in sublimational breakup of dendritic 688 
crystals/snow (“DSB”) and graupel (GSB). Number of ice particles initiated in various types of breakup 689 
in ice-ice collisions such as collisions of graupel with either graupel or hail (“G/H”), snow on either 690 
snow (“S on S”) or graupel or hail (“S on G/H”), crystal-crystal collisions (“Crystal”), crystal-snow 691 
collision (“Crystal on S”). Number of sublimationally generated particles that are sublimated away 692 
while descending (“SB frag sublimated”) and number of sublimationally generated particles that are 693 
survived and can reach the updrafts (“SB frag survived”). 694 

 695 

4.3 Cloud-top temperature dependency of SIP 696 

 697 

Hobbs et al. (1980) sampled developing cumulus clouds in the vicinity of Miles City, Montana, 698 

USA at levels warmer (by 2 and 17 K) than the instantaneous cloud tops. They used the 699 

planetary boundary layer measurements of active INP by assuming cloud-top temperature as 700 

temperature of activation. And a classic plot of IE ratio as a function of cloud-top temperature 701 

were plotted (Hobbs et al. 1980, Fig. 25 therein). Hobbs et al. (1980) observed a peak in IE 702 

ratio at cloud-top temperatures near -12oC level.   703 
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 704 

We have inferred a similar relation from the AC control simulation to analyze the cause of that 705 

classic plot, partly using tagging tracers noted above (Sect. 3.1). For the simulated MC3E case, 706 

cloud tops were detected using method described in section 4.1. Figure 9a shows predicted 707 

number concentrations of active INP (prognostic scalars from the empirical parameterization) 708 

and ice particles plotted against temperatures of coincident cloud tops. To avoid any ice from 709 

homogeneous freezing, only cloud tops warmer than -30oC were selected in the analysis. It is 710 

estimated that the average ages of the clouds sampled in the present study were typically lies 711 

between 5 to 30 mins. To estimate the IE ratio, coincident number concentrations of active INP 712 

and ice were taken from the first level below the cloud-top (1 to 5 K warmer), where both were 713 

non-zero and the corresponding profile of ice enhancement ratio is shown in Fig. 9b. 714 

 715 

The predicted IE ratio shows a peak (103) at -11oC cloud-top temperature which is similar to 716 

the observed peak (Hobbs et al. 1980). This peak is predicted to arise from the HM process of 717 

rime-splintering but partly also from fragmentation in ice-ice breakup. It is predicted that 718 

splinters formed in the HM process tend to accumulate near the -11oC due to increased stability 719 

of the atmosphere above this level.  As any typical cloud (e.g., cumulus congestus) grow further 720 

towards its mature stage with its tops reaching well above the -16oC, ice multiplication is 721 

mostly due to fragmentation in ice-ice collisions. 722 

 723 

The HM process is predicted to prevail in the overall ice multiplication in young convective 724 

clouds with ascending tops between -7 and -11oC and creates IE ratios as high as 103. Also, 725 

fragmentation in ice-ice collisions is predicted to create similar orders of magnitude of IE ratios 726 

at these temperatures. The HM process can prevail in clouds that are younger with warmer tops 727 

as it is inherently faster than fragmentation in ice-ice collisions (Yano and Phillips, Fig. 4 728 

therein). The HM process is proportional to the total riming rate of graupel whereas 729 

fragmentation in ice-ice collisions is slower yet eventually more powerful ice multiplication 730 

mechanism, with its positive feedback between riming of snow to become graupel, snow-731 

graupel collisions and growth of fragments to become snow (Yano and Phillips, 2011; Phillips 732 

et al., 2017b). This difference in natural time scales of the explosive growth of concentrations 733 

among these SIP mechanisms explains why studies by aircraft of warm-topped (warmer than -734 

30oC) ascending turrets have frequently reported strong correlations of observed concentrations 735 
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of ice with the HM process (Hallett et al., 1978; Harris-Hobbs and Cooper 1987; Blyth et al., 736 

1997). 737 

 738 

The HM process and fragmentation in ice-ice collisions can be ranked as the first and second 739 

most prolific mechanisms of ice multiplication in young, developing cumulus clouds. And 740 

splintering in freezing rain or drizzle and sublimation breakup can be ranked as third and fourth 741 

most prolific ice multiplication mechanism creating IE ratios of about 102 and 10 at 742 

temperatures between -7 and -11oC. The predicted IE ratio decrease with increasing cloud tops 743 

and increase with increasing the speed of ascent. 744 

 745 

 746 

FIG. 9. (a) Predicted number concentrations of active INP (diamond), primary ice (cross), total non-747 

homogeneous ice (right pointing triangle) and ice from various SIP mechanisms such as sublimation 748 

breakup (asterisk), shattering of freezing rain/drizzle (upward pointing triangle), the HM process (open 749 

circle) and fragmentation in ice-ice collisions (pentagram). (b) IE ratios derived from (a). 750 

 751 

4.3.1 Schematic cloud structure  752 

 753 

Figure 10 shows a schematic structure of growing cloud (derived from Sect. 4.1) from the 754 

control simulation of the MC3E. The temperature of cloud base is 15oC and cloud-top grows 755 

from -5 to -50oC in 60 mins. Ice multiplication is absent in typically young clouds with top 756 

near -5oC. Ice multiplication is mostly due to the HM process as cloud grows further in time 757 

(10-15 mins), with its tops reaching up to -15oC level while other SIP mechanisms contribute 758 

less to the total ice in such clouds. When cloud top reach above -30oC, along with the HM 759 
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process, other ice multiplication mechanisms also become active than they were before. 760 

Amongst which breakup in ice-ice collisions is the most dominant at all sub-zero temperatures 761 

throughout the cloud structure and contribute more than 90 % to the total ice formed at 762 

temperatures colder than -15oC level.  763 

 764 

FIG. 10. The schematic cloud structure in MC3E with cloud base at 15oC and tops growing from -5 to 765 

-50oC from the control simulation showing various SIP processes active. Upwelling (downwelling) of 766 

splinters formed in such SIP processes is indicated by small upward (downward) arrows on its top 767 

(bottom). The large arrow at the bottom indicates the typical timescale of the cloud. 768 

  769 
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5. Methodology for future objectives (objectives 2-5) 770 

 771 

5.1 ACAPEX 772 

Atmospheric rivers (AR, narrow bands of enhanced water vapour associated with the warm 773 

sector of extratropical cyclones over the Pacific and Atlantic oceans) and aerosols are 774 

crucial elements in predicting precipitation variability (Leung, 2016). During the winter, 775 

the western US receives precipitation when storms approach from the Pacific Ocean. The 776 

department of energy (DOE) Atmospheric Radiation Measurement (ARM) Cloud-Aerosol-777 

Precipitation Experiment (ACAPEX) was carried out in 2015 between January 15 to March 778 

8. ACAPEX focused on following objectives: 779 

• How do aerosols (from local pollutants and long-range transport) affect the phase 780 

and amount of precipitation? 781 

• How frequent are aerosols transported across the Pacific? What characteristics of 782 

aerosols make them effective CCN and/or INP?  783 

ACAPEX included four aircrafts for various measurements (such as ice particle concentrations, 784 

LWC, cloud droplet properties, etc). These were DOE G-1, National Oceanic and Atmospheric 785 

Administration (NOAA) G-IV, P-3, and NASA ER-2). The campaign also had NOAA research 786 

ship, carrying on board ARM mobile facility 2 (AMF2) which provided critical measurements 787 

to quantify the cloud and precipitation processes and moisture budget associated with ARs.  788 

  789 
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6. Progress Report 790 

6.1 Research Plan 791 

As a part of the research plan, total three main objectives have been proposed. The manuscript 792 

1 based on objective 1 has been accepted for publication in the Journal of the Atmospheric 793 

Sciecnes (JAS) while second manuscript is submitted in the same journal. 794 

 795 

Table 2. Proposed research plan 796 

Year/Semester Completed/Planned work Completed/Planned 

Course credits (60 total) 

Oct. 2019 - Oct. 2020 

(First year) 

• Simulated MC3E case in the AC model 

• Validated the simulated MC3E case with aircraft, 

satellite, and ground-based observations 

• Performed various sensitivity tests for the simulated 

MC3E case 

13.5 

Nov. 2020 - Oct. 2021 

(Second year) 

• Development of cloud-top detection algorithm to 

identify cloud-top temperatures for the simulated case 

• Studying cloud-top dependency of ice enhancement 

ratio and ranking the SIP mechanisms according to 

their order of importance in deep convective clouds 

• 18th ICCP conference (Aug 2021) 

• Submitted the research article on ice enhancement 

ratio 

5.0 

Nov. 2021 – Oct. 2022 

(Third year) 

• Problem analysis report and first year seminar 

• Revision of the previously submitted research article 

• Formulation of time-dependence freezing of ice nuclei 

• Mid-way seminar 

• Submission of a research article 

• AMS-Collective Madison Meeting, USA (Aug. 2022) 

30.5 

Nov. 2022 – Oct. 2023 

(Fourth year) 

• Thesis writing and revision of submitted research 

articles 

• AGU-December 2022 

• EGU-Apr/May 2023 

- 
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• Thesis (feedback and correction) 

• PhD defence (September 2023) 

 797 

6.2 Course work 798 

I am currently holding 49 credits out of the required 60 (Table 3), with addition 799 

of 8 from the first-year seminar, the total will be 57. The plan to secure remaining 800 

credits include credit awarding activities such as poster/oral presentation in 801 

conferences and mid-way seminar. The mid-way seminar is planned for February 802 

2023. 803 

 804 

Table 3. Completed courses and credit details 805 

Course Credits 

General Introductory Course for PhD Students (NAMN001) 0.5 

Introduction for PhD students at CGB 3 

Modelling project (Part of NGEN13) 5 

Dynamic meteorology 2 (NGEA25) 2 

Synoptic meteorology (NGEA17) 3.5 

General Physical Geography (NAGE006) 4.5 

Global Elemental Cycles and Environmental Change 3 

Statistics for Biologists 7.5 

Written English for Scholarly Publications  5 

Scientific Computing with Python and Fortran 7.5 

Computational Programming with Python 7.5 

Total 49 (+8) = 57 

 806 

6.3 Progress on each objective/paper 807 

 808 
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1. Dependency of four mechanisms of secondary ice production on cloud top 809 

temperature in a continental convective storm. 810 

(Waman, D., Patade, S., Jadav, A., Deshmukh, A., Gupta, A., Phillips, V. T. J., Bansemer, 811 

A., DeMott, P.)  812 

Progress- This paper has been accepted for publication in the Journal of the atmospheric 813 

sciences (JAS) and is now under production. 814 

 815 

2. Effect from time dependence of ice nuclei activation for contrasting cloud types. 816 

(Waman, D., Deshmukh, A., Jadav, A., Patade, S., Gautam, M., Phillips, V. T. J., 817 

Bansemer, A., Jakobsson, J., Kristensen, T.) 818 

Progress- Literature survey, data collection, model and observational data analysis is 819 

completed. Manuscript is submitted to the JAS. 820 

 821 

3. The influence of multiple groups of biological ice nucleating particles on 822 

microphysical properties of mixed-phase clouds observed during MC3E.  823 

(Patade, S., Waman, D., Deshmukh, A., Gupta, A.K., Jadav, Phillips, V., A., Bansemer, 824 

A., Carlin, J. and Ryzhkov, A.) 825 

Progress and contribution- This study is now published in the Atmospheric Chemistry 826 

and Physics (ACP, 2022). In the present study, I was actively participated in creating the 827 

required sounding and forcing data to simulate a case of convective storm, analysing 828 

aircraft data and in model development. 829 

 830 
 831 
4. Time dependence of heterogeneous ice nucleation by ambient aerosols: laboratory 832 

observations and a formulation for models. 833 

(Jakobsson, J., Waman, D. B., Phillips, V. T. J., Bjerring Kristensen, T.) 834 

Progress and contribution-s This paper is recently published in the ACP. I have 835 

performed statistical tests on the laboratory data to test the uniqueness of various aerosol 836 

groups.  837 

  838 
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Appendix 845 

 846 

 847 

Fig. A1. Ice particle morphology illustrating habits of ice crystals as a function of ice supersaturation 848 
and ambient temperature. 849 

 850 

 851 

Fig. A2. Schematic structure of cloud with top reaching up to the level of tropopause. Various processes 852 
of warm and cold cloud microphysics including secondary ice production mechanisms active that are 853 
discussed in Sec. 2 shown. 854 

  855 
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Glossary 996 

 997 

CIP: Cloud-Imaging Probes (25 µm – 1500 µm). 998 

2DC: 2D cloud imaging probe (30 µm – 1000 µm). 999 

HVPS-3: High-volume precipitation spectrometer version 3 (150 µm – 19200 µm). 1000 

Vapor pressure: Pressure exerted over the liquid by its vapor molecules. 1001 

Saturation vapor pressure: Pressure exerted over the liquid by its vapor molecules in 1002 

equilibrium.  1003 

Condensation: An exothermic process in which vapor molecules transform into liquid 1004 

molecules 1005 

Evaporation: An endothermic process in which liquid molecules transform into vapor 1006 

molecules. 1007 

Sublimation: An endothermic process in which solid phase of an element is directly transform 1008 

into the vapor phase. 1009 

Mixing-ratio: The mass of water vapor per unit mass of dry air is known as the mixing ratio. 1010 

It can be expressed in g/kg. 1011 

Saturation mixing ratio: Mixing ratio of saturated air. 1012 

Relative humidity: Ratio of actual mixing ratio to the saturation mixing ratio. 1013 

Supersaturation: Condition in which relative humidity is greater than 100 % and can be 1014 

defined as RH-100 %. 1015 

Cloud Condensation Nuclei (CCN): Suspended hygroscopic particles in the atmosphere 1016 

which can serve as centres for condensation are known as CCN.  1017 

Ice Nuclei (IN): Suspended solid particles in the atmosphere which can acts as the nucleus for 1018 

the formation of ice crystal.  1019 

Homogeneous nucleation: The process of formation of pure cloud droplets (or ice crystals) 1020 

by condensation from a supersaturated vapor without the aid of foreign particles CCN (or IN 1021 

in case of ice) is known as homogeneous nucleation. It occurs at temperatures colder than -36o 1022 

C. 1023 
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Heterogeneous nucleation: The process of formation cloud droplets (or ice particles) by 1024 

condensation of supersaturated vapor on CCN (or IN in case of ice) is known as heterogeneous 1025 

nucleation. Heterogeneous nucleation can occur at temperatures warmer than -36o C. 1026 

Cloud-droplets: Condensational product of water vapor are known as cloud droplets. The 1027 

approximate size of cloud droplet is 1-100 µm in diameter. 1028 

Supercooled cloud droplets: Cloud droplets that remain liquid at temperatures below 0o C. 1029 

Cloud-ice crystals: Ice particles formed by vapor diffusional growth under various conditions 1030 

of temperature and humidity. Ice particles can be found in wide variety of shapes (e.g., 1031 

dendrites, needles, columns, plates, etc) 1032 

Coalescence: Process in which smaller cloud droplets collide and overtake by the larger cloud 1033 

drops. Collision efficiency is negligible if both droplets are smaller than 10-20 µm and collision 1034 

cannot occur. 1035 

Collision efficiency: The probability of collision of two drops if one is in the path swept out 1036 

by the other is known as collision efficiency. 1037 

Warm rain process: It includes growth of cloud droplet by collision-coalescence. 1038 

Liquid water content (LWC): Amount of liquid water present in unit volume of air (g m-3).  1039 

Cloud droplet concentration: Total number of cloud droplets present in unit volume of air 1040 

(#/cm-3). 1041 

Vapor-diffusional growth: In the mixed phase cloud where supercooled cloud droplets and 1042 

ice crystals co-exist, the air is saturated with respect to liquid water and hence supersaturated 1043 

with respect to ice. In such environment, ice particles will grow more rapidly from vapor phase 1044 

than droplets. This process is known as vapor diffusion. 1045 

Accretion: Process in which supercooled cloud droplet is captured by an ice phase 1046 

precipitating particle. Riming is the accretion process in which droplet freeze immediately on 1047 

contact with an ice particle forming a coating of rime leading to formation of rimed crystal or 1048 

graupel. 1049 

Riming: In mixed phase cloud where supercooled cloud droplets and ice crystals can co-exist. 1050 

Ice particles can increase in mass by colliding with these supercooled cloud droplets that later 1051 
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freeze onto them. This process is known as riming. If the freezing is not immediate, denser 1052 

structures are created of which hail is an extreme example. 1053 

Aggregation: Process of formation of snowflakes by clumping of ice crystals. 1054 

Rain: Type of precipitation that forms because of collision-coalescence of cloud-droplets.  1055 

Raindrop: Liquid particles in the form of precipitation. Typical size of raindrop is 0.1 to 5 1056 

mm. 1057 

Primary ice: Ice particle formed only by heterogeneous or homogeneous nucleation and not 1058 

by any other mechanism is known as primary ice. 1059 

Secondary ice: Ice particle formed by processes other than heterogeneous or homogeneous 1060 

nucleation. It typically involves fragmentation of pre-existing ice particles. 1061 

Snow: Product of aggregation composed of ice crystals. Snow is not heavily rimed. 1062 

 1063 


