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a axis, 73
above-anvil plumes, 347, 422, 426
cirrus plumes, 424
satellite observations, 426

absorption layer
for cloud models, 336

accumulation mode, 136
acid rain, 407
adiabatic cooling, 90
adiabatic process, 89
adiabatic slice model, 314
aerodynamic diameter
of aerosol particles, 136

aerosol
biogenic sources, 149
concentration of, 136
dry removal, 151
Junge size categories, 135
oceanic sources, 148
removal of, 151
size category, 135
size distribution, 139
sources of, 141
wet removal, 396
Whitby size categories, 135

aerosol coagulation, 153
aerosol concentration
variation with height, 137

aerosol in the atmosphere, 134–154
aerosol particles
primary, 143
secondary, 143
sources of, 143
wet removal, 396

aerosol production
biomass burning, 145

aerosol scavenging
below cloud, 154
in cloud, 154
mesoscale simulation, 406

aggregation efficiency, 274
aggregation process
snow, 274

aging of aerosols, 141
anelastic assumption, 332
anelastic models, 331
artificial weather modifications, 427
atmospheric cavity, 369
atmospheric chemistry

and clouds, 396
axial symmetric models, 330
axis ratio

raindrop, 48, 49, 206, 207, 392, 395, 442, 208, 284

bag breakup, 261
basic textures

cirriform, 5
cumuliform, 5
stratiform, 5

bell swing
graupel, 265

bend-bond model, 84
Bernal–Fowler rules, 75
Bernoulli’s law, 197
bilayer structure

of ice crystal surface, 127
bin model, 335
binary nucleation, 142
biogenic IN, 175
Bjerrum defects, 76
blackbody temperature, 415
blue jets, 375
Boltzmann constant, 93
Boltzmann’s law, 93
bounded weak echo region, 353
breakup of drops

due to collision, 261
breakup of raindrops

bag breakup 209
dumbbell breakup, 209

bright band, 285
broadening of size spectrum

giant nuclei, 302
broken ice model, 83
Brownian coagulation

of aerosol particles, 141
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Brownian diffusion regime, 402
Brunt–Väisälä frequency, 317
bubble burst mechanism, 148

aerosol production, 148
bulk parameterization models, 334
buoyant force, 310
buoyant frequency, 317
BWER of severe storms

see bounded weak echo region

canting
raindrops, 209

capacitance, 240
c axis, 73
CCL and LCL, 314
CCN, 134

see also cloud condensation nuclei
chemical property dependence, 171
size dependence, 171

CCOPE supercell, 338
charge distribution

and temperature, 371
in thunderstorm, 371
tripole structure, 371

charge reversal, 384
charge separation, 377
chemical defects, 76
chemical equilibrium, 96
chemical potential, 94

physical meaning of, 94
Chernobyl, 153
cirriform, 5

see basic textures
cirrocumulus

see high clouds
cirrostratus

see high clouds
cirrostratus cloud

simulated, 353
cirrus

see high clouds
cirrus observation

lidar, 356
radar, 356

Clapeyron equation, 98
clathrate model, 84
Clausius–Clapeyron equation, 97, 98

generalized, 116
closed system, 86
cloud albedo effect, 413
cloud and precipitation particles

holographic sampling, 31
sampling of, 31

cloud classification, 4
according to phase, 20
conventional, 4

cloud condensation nuclei, 37, 113, 134, 146,
150, 157, 167, 428

cloud drop size distribution, 35
mathematical expressions, 35

cloud drops, 30
cloud dynamics, 305
cloud electrification, 377
cloud model components, 328
cloud models

dimensions, 329
cloud observation

lidar, 22
radar, 22
remote sensing, 22

cloud phase frequency
empirical relation, 28
temperature dependence, 28

cloud top entrainment, 324
clouds with vertical development

cumulonimbus, 10
cumulus, 10

cloud-to-ground flash, 372, 373
return stroke, 374
stepped leader, 373
streamer, 374

CN, 134
see also condensation nuclei

coalescence
of electrically charged drops, 392
of drops, 257

coalescence efficiency
collision kinetic energy, 261
relative humidity effect, 258

coarse mode, 136
cold cloud seeding, 427
cold pool, 349
collection efficiency, 31, 255, 260, 266, 290,

293, 401, 402, 405
collision

crystal–crystal, 273
giant nuclei and large drop, 300

collision and coalescence, 252
collision efficiencies

drop–drop, 255
collision efficiency

definition, 253
turbulence effect, 257

collision efficiency
ice–drop, 266

collision efficiency of cloud droplets
enhancement by electric effect, 387

collision growth, 252–253
collision kernel, 254

geometrical, 254
colloidal system, 27
compressible models

for cloud simulation, 332
condensation broadening, 300
condensation coefficient, 232
condensation freezing nuclei, 174
conditional instability, 311
conduction current, 367
conical graupel

flow fields around, 216
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conical particle, 49
mathematical description, 49

contact angle, 112
Teflon, 113

contact nuclei, 174
continuity equation, 182
continuous growth model, 289
convective available potential energy, 377
convective charging theory, 380
convective cloud formation
conceptual model, 313

convective condensation level, 314
cosmic rays, 366
critical electric field, 372
critical initial offset, 253
critical nucleation rate, 163
crystal–crystal collision, 274
cubic ice, 80
cumuliform, 5
see basic textures

curvature effect, 118

D defect, 76
dart leader, 374
deposition nuclei, 174
desorption, 169
deuterium, 70
diffusion flux density, 229
diffusion growth, 228
effect of latent heat, 233
electrostatic analogy, 239

diffusion relaxation time, 230
diffusiophoresis, 398
dipole structure, 371
disdrometers, 34
disk breakup, 261
dislocations, 77
double gamma distribution, 46
DPC, 143
drag coefficient, 202
falling ice crystals, 212

drag force, 191
drop size
influence of updraft, 290

drop size spectrum
effect of breakup, 302
impact of giant nuclei, 300

drop-to-particle conversion, 143
dry adiabatic lapse rate, 91
dry growth
hail, 263

dry removal
inertial impaction, 151

dynamic pressure, 183

eddy shedding, 185
edge dislocation, 77
effect of entrainment
on convective clouds, 325

electric breakdown, 372
electric charges

and hydrometeor type, 371
transport by lightning, 372

electric conductor, 240
electric fields

in storms, 370
electric potential

no space charge, 364
electron avalanche, 372
electrosphere, 369
electrostatic analogy

diffusion growth for ice particles, 239
elementary step

ice crystal surface, 127
elves, 375
embryo

population of, 158
pre-nucleation, 158

entrainment, 92, 321
entrainment rate, 326
equilibrium

pure water drop and humid air, 119
solution drop and humid air, 122

equilibrium level, 312
equivalent potential temperature, 310
equivalent size, 42
Euler equation, 95

fair-weather electric field, 363
fall attitudes

melting snowflakes, 286
fall velocity

hydrometeors 216
filament breakup, 261
first law of thermodynamics, 87
flickering cluster model, 84
flipping

during riming, 264
flow past spherical drops

numerical solutions, 199
flow pattern

dependence on Reynolds number, 184
formation of sulfuric acid drop

chemical reactions, 407
free energy of germ formation, 170
free energy of i-mer formation, 158, 159, 161, 162
Frenkel defects, 76
front stagnation point, 191
Fukushima, 153
funnel cloud

of tornadoes, 307

gas-to-particle conversion, 142
Gauss law, 240
generalized Clausius-Clapeyron equation, 118
germ

post-nucleation, 158
GEWEX, 355
giant particles, 135
Gibbs surface, 108
Gibbs–Duhem relation, 96
gigantic jets, 375
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global circuit, 369
global electric circuit, 369
Global Energy and Water Cycle Experiment, 355
global warming, 412
global water vapor cycle, 421
GPC, 142
graupel, 30, 51

definition of, 30
density of, 52
shape of, 51

graupel/hail region
of simulated storm, 352

gravity wave breaking
storm top, 424

grazing collision, 253
Greenfield gap, 402
growth rate

diffusion for drop, 231
growth rates of rimed crystals

empirical expressions, 273
Gunn–Marshall distribution

of snowflakes, 63

habit change
of ice crystals, 247

habit of ice crystals, 58
Hadamard–Rybczynski flow, 197

drag, 199
hail, 30, 52

density of, 52
soft, see graupel

hail pad, 34
hail size distribution, 52
Hallett–Mossop mechanism

of ice multiplication, 180
HDO, 70
heat capacity at constant volume, 89
heat conduction equation, 233
Helmholtz free energy, 159
heterogeneous nucleation, 156, 169, 170

on curved substrate, 170
on plane substrate, 169

hexagonal ice, 73
high clouds, 5

cirrus, 5
high tropical cirrus clouds

ice-Ic, 81
ice-Isd, 81

Hill’s spherical vortex, 199
homogeneous freezing

of pure water, 164
surface, 165

homogeneous nucleation, 156
homogeneous condensation, 156
homogeneous deposition, 156

hook echo, 353
hydrometeors

types of, 30
hydrophilic materials, 113
hydrophobic materials, 113
hygroscopic particles, 168

ice
molecular structure of, 73

ice clouds
frequency, 28

ice crystal surface
bilayer structure, 127
elementary step, 127
liquid-like layer, 128

ice crystals, 30
ice enhancement

see ice multiplication
ice multiplication, 179

Hallett–Mossop mechanism, 180
ice nuclei, 134, 144, 157, 167, 173, 175, 178,

428, 431, 439
chemical composition of, 174
condensation freezing nuclei, 173
contact nuclei, 174
deposition nuclei, 173
effective criteria, 176
immersion nuclei, 174
Pseudomonas syringae, 175

ice particles
fall pattern, 210
flow fields past, 211

ice–drop collision, 262
ice-Ic, 80

see also cubic ice
ice-Ih, 73

see also hexagonal ice
basal face, 73
c axis, 73
defects of, 75
prism face, 73

ice-Isd, 81
ideal mixture, 119
ideal solution, 115
i-mer, 157
immersion nuclei, 174
impaction scavenging, 397

Brownian diffusion, 397
incompressibility assumption, 183
indirect aerosol effect, 413
inductive, 380
inductive charging mechanisms

drop breakup, 382
rebound during collision, 382
selective ion capture, 381

inertial impaction, 398
inertial impaction regime, 402
infrared heating

in cirrus clouds, 415
initialization method

of cloud models, 335
IN storm, 176
interception, 398
inter-cloud flashes, 375
interface

conceptual model, 107
interfacial layer, 107
interfacial transport
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of SO2 into a drop, 410
internal gravity waves, 317, 347, 423
breaking, 423

interstitial defects, 76
interstitial model, 83
intra-cloud flashes, 375
ionized states defect, 76
ionosphere, 369
isochoric process, 89
isothermal process, 89
isotopes
of water, 70

jumping cirrus, 344, 347, 425, 426
Junge layer, 139
Junge size distribution
of aerosol, 141

Kelvin equation, 120
Khrgian–Mazin distribution, 38
kinematic viscosity, 184
KM distribution
see Khrgian–Mazin distribution

Knollenberg probes, 32
Knudsen number, 192
Köhler equation i, 122, 123, 172, 234
stable regime, 123
unstable regime, 123

L defect, 76
Lagrangian description, 327
Laplace equation, 230
large ions, 367
large particles, 135
large raindrops
shape of, 41

latent heating, 418
in cirrus clouds, 418

lateral entrainment, 324
layer method
see slice method

LCL
see lifting condensation level

leakage current, 367
Lennard-Jones potential, 72
level of neutral buoyancy, 312
lifting condensation level, 92, 308
lightning
and updraft speed, 378
blinking, 375

lightning frequency
radar echo, 379

lightning hole
and BWER, 379

lightning holes, 379
liquid drop
flow past, 197

liquid water
molecular structure of, 81

liquid water content, 35
liquid water structure

theoretical models, 83
log-normal distribution, 40
low clouds

nimbostratus, 9
stratocumulus, 9
stratus, 9

MADT
see modified anomalous diffusion theory

Magono–Lee classification, 59
Marshall–Palmer distribution, 42
mean maximum charge

water drops, 372
mean ventilation coefficient, 236
mechanical equilibrium, 96

curved interface, 112
melting, 276

large ice particles, 278
small frozen drops, 276
theoretical treatments, 279

mesohigh, 348
microphysics parameterizations, 333
middle clouds, 7

altocumulus, 7
altostratus, i, 7

middle clouds, 7
mixed phase cloud, 21
mixing models, 318
modeling electrification, 387
modified anomalous diffusion theory, 354
moist adiabatic process

reversible, 308
molecular dynamics, 71
molecular structure

X-ray diffraction, 82
molecular volume, 161
monomer, 157
morphological changes

melting snowflakes, 286
mother-of-pearl clouds

see nacreous clouds
mountain waves

clouds produced by, 306
MP distribution

see also Marshall–Palmer distribution
Mt. Pinatubo, 147

nacreous clouds, 3
Navier–Stokes equation, 183

non-dimensional, 187
noctilucent clouds, 3
N0 jump, 43
non-ideal solutions, 116
non-inductive, 380
non-inductive charging mechanisms, 383

air bubbles escaping from melting graupel, 387
Dinger-Gunn effect, 387
drop breakup, 386
fracture of freezing drops, 386
freezing of solution drops, 386
riming electrification, 384

Index 449

www.cambridge.org/9781107005563
www.cambridge.org


Cambridge University Press & Assessment
978-1-107-00556-3 — Physics and Dynamics of Clouds and Precipitation
Pao K. Wang
Index
More Information

www.cambridge.org© in this web service Cambridge University Press & Assessment

non-inductive charging mechanisms, (cont.)
splintering during riming, 386
thermoelectric effect, 383
Workman–Reynolds effect, 386

non-wettable surface, 113
nuclear power plant accident, 153
nucleation

two-dimensional, 128
heterogeneous, 156
homogeneous, 156

nucleation of liquid water
on p–n junction, 172

nucleation scavenging, 397
nuclei mode, 136
numerical cloud models, 328

one-moment scheme, 335
open system, 87
orientation defects, 76
Oseen drag, 193
overshooting, 312
overshooting dome

see overshooting top
overshooting top, 11, 312, 344, 350, 423, 424, 426

perturbation field, 345
phoretic effects, 398
plasma, 368
plume, 319
PM2.5, 136
PMS probes

see Knollenberg probes
p–n junction

n-type, 173
p-type, 173

Poisson equation, 365
polymer state

of water vapor, 157
population dynamics

drop–drop collision, 288
potential flow, 194
potential temperature, 307
precipitation particles

sampling of, 33
precipitation scavenging

flux model, 399
mathematical models, 399
of aerosol particles, 397
trajectory model, 401

preferential riming
of ice crystals, 272

pressure perturbation
in cloud models, 331

pressure perturbation equation, 332
primary aerosol particles, 143
pseudoadiabatic lapse rate, 310
pseudoadiabatic process, 309
Pseudomonas syringae, 175, 176
pseudo-sound speed, 332
pyroCb

see pyrocumulonimbus
pyrocumulonimbus, 146

QLL
see quasi-liquid layer
alpha-type, 129
beta-type, 129
thickness of, 129

quasi-compressible models, 332
quasi-liquid layer, 78, 129

radar observation
dual polarization, 23

radiation boundary condition, 336
radiative impact

cirrus clouds, 412
radioactive emanation, 366
raindrop size distributions, 41
raindrops, 30

canting, 209
fall behavior, 205
oscillation, 207
shapes, 206

rainout, 154
raindrop shape, 46, 47
raindrops

breakup, 209
Raoult’s law, 116
rational activity coefficient, 116
rebound, 258
relative humidity, 92
return stroke

negative flash, 374
positive flash, 374
speed, 374
temperature, 374

Reynolds number, 184
falling drops, 185
physical meaning of, 184

riming, 263, 264
wind tunnel experiments, 264

satellite, 24
CALIPSO, 23
CloudSat, 23
geostationary, geosynchronous, 24
GOES, 24
Meteorsat, 24
MODIS, 24
polar orbiting, 24
TRMM, 23

saturation vapor pressure, 92
effect of different salts, 126
over a concave surface, 120
over a convex surface, 120
over a curved surface, 120
over a salt solution, 123

SAXS, 84
scavenging of aerosol particles by ice

crystals, 402
SCE

see also stochastic growth equation
Schmidt number, 237
Schottky defects, 76
Schumann resonance, 369
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Schumann–Ludlam limit, 263
screw dislocation, 77
second return stroke, 374
secondary aerosol particles, 143
secondary ice production
see ice multiplication

Sekhorn and Srivastava distribution
snowflakes, 63

shape
cloud particles, 29–65
hydrometeors, 29–65

shape and size of ice crystals and snowflakes, 57
shape of large raindrops
electric effect, 392

shedding of drops
melting ice particles, 279

sheet breakup, 261
sheet lightning, 375
Shuttleworth equation, 109
single water molecule
structure of, 68

size distribution, 29–65
slab symmetric models, 330
slice method, 316
small-angle X-ray scattering, 84
small ions, 367
snow crystals
stereographs, 58

snow pellet
see graupel

snowflakes, 30, 63
size distribution of, 63

solar heating
in cirrus clouds, 415

solute effect, 118
space charge density, 365
specific heat of air at constant pressure, 91
specific volume, 90
spongy ice, 263
sprite halos, 375
stability
colloidal system, 27

stability condition
by potential temperature, 311

stability criteria
in slice method, 316

stacking faults, 77
starting plume, 319
static stability, 310, 316
static stability condition, 311
statistical growth model
see stochastic growth model

stochastic collection equation, 293
stochastic growth model, 292
Stokes drag, 191
Stokes flow, 189
Stokes–Cunningham slip correction factor, 191
stratiform, 5
see basic textures

stratosphere–troposphere exchange
by deep convective clouds, 420

stratospheric aerosol layer
see Junge layer

streamfunction, 188
subsun, 16
supercooled clouds

frequency, 28
supersaturation, 103, 156, 168, 172, 248, 299
surface charge density, 363
surface diffusion, 169
surface free energy, 109

and surface tension, 109
surface melting, 129
surface tension, 108
surface tension of solids

see Shuttleworth equation

terminal velocity, 218, 222
distance to reach, 222

thermal, 319
thermal accommodation coefficient, 234
thermal conductivity coefficient, 233
thermal equilibrium, 96
thermals

lidar observation, 319
thermodynamic equilibrium

general conditions of, 96
water substances, 86

thermophoresis, 398
three-moment schemes, 335
thunder, 376

acoustic energy spectrum, 376
mythology, 376

time splitting, 332
TIP4P

empirical water model, 164
transient luminous events, 375

see transient luminous events
transport of gases

in acid rain formation, 408
trimodal distributions

and breakup, 303
tritium, 70
tropical tropopause layer (TTL), 421
turbulent closure scheme, 335
two-moment scheme, 335
two-stream radiative transfer, 354

upper atmospheric lightning, 375

vacancies, 76
vapor density gradient, 231
vapor jumping length, 232
ventilation effect, 236
videosonde, 34
virga, 5, 15

wake capture, 256
warm bubble, 335, 336, 338, 342, 344, 354
warm cloud seeding, 427
warm rain process, 289
wash out, 154

Index 451

www.cambridge.org/9781107005563
www.cambridge.org


Cambridge University Press & Assessment
978-1-107-00556-3 — Physics and Dynamics of Clouds and Precipitation
Pao K. Wang
Index
More Information

www.cambridge.org© in this web service Cambridge University Press & Assessment

water molecular structure
X-ray diffraction, 80

water molecule
electric dipole moment, 69
hydrogen bond in, 70
O–H bond, 69

water vapor, 1
concentration, 1
dimers in, 71
distribution, 1
molecular structure of, 71
trimers in, 71

wave-driven extratropical pump
in global water vapor cycle, 421

Weber number, 262
wet growth

hail, 263
wet removal

aerosol, 153
of trace gases, 407

wettability
and contact angle, 113

wettable surface, 113
wetting coefficient, 113
wind-blown dusts

chemical composition, 144
WISCDYMM, 338
Wisconsin Dynamical/Microphysical

Model, 338

α-QLL, 129
β-QLL, 129
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