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A 

absorption, 38, 177

coefficient, 43, 44


activated fraction, 236

activation, 219, 228, 241

radius, 226, 242

saturation ratio, 226


adiabatic cooling, 251

adiabatic expansion, 251

adiabatic liquid water mixing ratio, 111,


162, 254

adiabatic process. See process, 


aerosol

aging, 197

anthropogenic, 169

burden, 166, 184, 198, 200, 201

chemical composition, 166, 253

definition, 166

density, 170

dry size, 214, 225, 227, 229, 231, 233,


238

emissions, 184, 185, 187

equivalent size, 169

growth factor, 214

hydrophilic, 197

hydrophobic, 197

hygroscopic, 197

hygroscopic growth, 214, 215

lifetime, 168, 184, 198–201, 429

liquid, 214

mass extinction coefficient (MEC),


171, 405, 408

mixing state, 167, 168

mode, 169. See also aerosol mode

monodisperse, 174

morphology, 171

natural, 170

new particle formation, 181, 204

number concentration, 166, 172, 180,


184, 253, 410

optical depth, 406. See also optical


depth


definition, 406

in GCM simulations, 407


origin, 180

continental, 237

marine, 178, 237


phase state, 171

amorphous solid, 171

crystalline solid, 171

viscosity, 171. See also viscosity,

dynamic


polydisperese, 174

removal from atmosphere. See


scavenging

shape, 166

size, 166, 168, 253

size distribution, 173, 251

conversion, 178. See also

Hatch-Choate equation


geometric mean, 174

geometric standard deviation, 174


soluble, 214, 238

types, 166. See also aerosol types

wet size, 214


aerosol activation. See droplet formation

aerosol formation

binary nucleation, 181

bulk-to-particle conversion, 180, 185,


202

gas-to-particle conversion, 181, 183,


201

homogeneous homo-molecular


nucleation, 181

liquid-to-particle conversion, 180, 185,


202

primary aerosol, 180, 185, 201

secondary aerosol, 180, 181, 201


aerosol mode

accumulation, 169, 194, 201, 230, 405,


410

Aitken, 169, 201, 230

coarse, 169, 201

giant, 169

nucleation, 169, 201, 230


aerosol size distribution, 172, 175, 176

discrete, 172

log-normal, 174–176

mass, 176

number, 172, 175, 176

observations, 178

surface, 176, 178

volume, 176, 177


aerosol types, 167

bacteria, 185

biological particles, 167, 266

black carbon (BC), 167, 186, 200, 404

brown carbon (BrC), 404

mineral dust, 167, 185, 198, 266, 431

nitrate, 167, 187, 200, 203

organic aerosol (OA), 167, 185, 186

pollen, 185

primary organic aerosol (POA), 186,


200

road dust, 266

sea salt, 167, 185, 199, 203, 266

secondary organic aerosol (SOA), 182,


186

sulfate, 167, 185, 186, 197, 200, 203,


215, 251, 429

sulfuric acid, 181


African easterly jet, 389

ageostropic wind, 135

aggregation efficiency, 306. See also


sticking efficiency

air mass, 113, 144

air parcel, 2, 11, 73, 77, 82, 97, 103, 105,


107, 111, 113, 116–118, 120, 122,

126, 140, 141, 148, 151, 152, 159,

163


definition, 82, 155

albedo, 53, 54, 56

cloud, 53

planetary, 45, 430


Aleutian low, 136

Alexander’s dark band 64. See also


rainbow, Alexander’s dark

band
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adiabatic
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angular momentum, 354 
conservation, 354 

angular velocity, 114, 354 
anomaly of water, 91 
anthropogenic forcing, 343 
anvil, 11, 12, 19, 27, 348, 356, 360, 372 
aqueous solution droplets, 203, 206, 223, 

229, 238, 286, 431 
critical radius, 226 
definition, 203 

aqueous solution droplet activation, 226 
atmosphere 
absolutely stable, 126 
absolutely unstable, 128, 154, 157 
baroclinic, 136, 141, 142 
barotropic, 136, 141, 335 
conditionally unstable, 126, 154 
dry neutral, 126, 141 
neutral, 122 
saturated neutral, 126 
stable, 122, 148, 151, 153 
unstable, 122, 145, 148, 151, 153, 154, 

163, 340 
well-mixed, 150, 153, 155 

atmospheric scales, 36 
macro, synoptic or global scale, 37 
mesoscale, 37, 333, 337, 352, 371 
microscale, 37 

atmospheric window, 47, 50 
aureole, 57 
Azores high, 136 

B 

Beer’s law, 43 
Bergen school, 334. See Norwegian 

cyclone model 
boiling point, 91 
Boltzmann constant, 74, 280 
Bouguer-Lambert law, 43. See also 

Beer’s law 
boundary layer 
atmospheric, 5 
marine, 7, 24, 27 
planetary, 5, 11, 20, 22, 116, 121, 133, 

135, 150, 180, 336, 368, 391 
well-mixed, 150 

Brownian motion, 68, 189, 191, 195, 200, 
201 

Brunt-Väisälä frequency, 123, 124, 139 
buoyancy, 10, 11, 113, 118, 140, 152, 

332, 361 

 equation, 119 
force, 117, 118, 123, 141, 142, 155, 

156, 158, 354 
reduction by weight of hydrometeors, 

158, 361 
reduction due to aerodynamic drag, 

158 
reduction due to entrainment, 161 

C 

capacitance, 303, 304 
capillary approximation, 209 
carbon dioxide, 56, 415 
greenhouse gas, 47, 415 

Carnot cycle, 71, 79, 109, 391, 395–396 
efficiency, 81, 395 
tephigram, 394 

Carnot process, 71, 79–81, 395–396 
centrifugal force, 115, 131, 134, 391 
centripetal force, 115 
chemical potential, 86–89, 206, 211, 216, 

228 
difference, 207 
for hygroscopic growth, 216 

Clausius inequality, 72 
Clausius-Clapeyron equation, 89, 90, 92, 

93, 95, 146, 245, 246, 403, 421 
approximate integrated form, 93 
general form, 90 

climate change scenario 342. See also 
IPCC climate change scenarios 

climate feedback, 419, 422, 427 
albedo feedback, 422 
cloud feedback, 422, 427 
cloud phase feedback, 426 

lapse-rate feedback, 422 
Planck feedback, 421 
temperature feedback, 421 
water vapor feedback, 422 

climate intervention, 201, 427, 434 
cirrus cloud thinning (CCT), 431, 432 
definition, 427 
marine cloud brightening (MCB), 430 
side effects, risks, costs, 434 
solar radiation management (SRM), 

428 
termination effect, 434 

climate sensitivity parameter, 419, 421 
closed cells, 24, 25 
cloud 

 climatology, 2 
cloud, mixed-phase. See mixed-phase 

cloud 
cover, 1, 3, 7 
different levels, 21, 22 
trend, 417 

definition, 1 
formation, 1, 5 
hydrometeor, 30, 241, 302 
lifetime, 13, 412 
phase, 426 
polluted, 34, 35, 411 
regimes, 24, 27 
vertical extent, 7, 11–13 

cloud condensation nuclei, 32, 35, 171, 
194, 195, 213, 219, 230, 236, 237, 
267, 274, 311, 408, 430 

activation, 230 
counter, 235, 236 
giant (GCCN), 266, 267 
typical concentration, 241 

cloud feedback. See climate feedback 
cloud particles, 30 
cloud properties 
dependence on height, 253 

cloud radiative effect (CRE), 51, 53, 55, 
56 

albedo, 51 
cirrus, 53, 54 
deep convective clouds, 53 
definition, 51 
global distribution, 53, 55 
greenhouse, 51, 53 
longwave (LCRE), 51, 54, 425, 431 
low clouds, 54 
shortwave (SCRE), 51, 54, 56, 431 

cloud top, 11 
overshooting, 156, 347, 348, 356, 360 

cloud top cooling, 151, 412 
cloud top temperature, 53, 54 
cloud types, 3, 6, 120 
altocumulus (Ac), 12, 13, 151 
altocumulus castellanus (Ac cas), 13 
Altocumulus lenticularis (Ac len), 119, 

124 
altocumulus lenticularis (Ac len), 13 
Altostratus (As), 12, 26 
altostratus (As), 13, 333 
asperatus, 18, 19 

banner, 17,  18 

effect of compensating downdrafts,
162 

albedo, 51, 410. See also albedo
base, 6, 12, 104, 155 
clean, 34, 35, 411

   

boundary layer clouds, 411, 430 
cirrocumulus (Cc), 13, 151 
cirrostratus (Cs), 13, 333 
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cirrus (Ci), 6, 13, 16, 26, 53, 277, 415, 
424, 431 

anvil, 16, 348 
in situ, 287 
response to increasing temperature, 
424, 425 

cirrus homogenitus, 13, 16 
cirrus uncinus (Ci unc), 6, 13 
convective, 148, 151, 332 
lifecycle, 151 

cumulonimbus (Cb), 9–11, 27, 151, 
255, 326, 331, 333, 346, 372, 374, 
379 

cumulus (Cu), 5, 10, 12, 25, 151, 255, 
326, 333, 346 

continental, 32 
marine, 32, 34 
response to increasing SST, 419 
trade wind, 26 

cumulus congestus (Cu con), 11, 27, 
151, 255, 326, 331, 346 

cumulus fractus, 119 
cumulus humilis (Cu hum), 9, 11 
cumulus mediocris (Cu med), 11, 27 
deep convective, 24 
fog, 19, 20, 35 
funnel, 365 
genera, 6 
high, 6, 13, 21, 22, 50, 418 
high fog, 20 
hole-punch clouds, 344 
Kelvin-Helmholtz wave, 18, 19 
low, 6, 7, 21, 22, 50, 418 
response to 2xCO2, 423 

mammatus, 18, 19, 347, 349, 356, 358, 
360 

mid-level, 6, 12, 21, 22, 418 
multilayer, 23 
nimbostratus (Ns), 9, 10, 26, 326, 

333 
overview (WMO), 3, 6 
pileus, 24, 348 
polar stratus, 26 
roll, 17, 18, 356 
rotor cloud, 119 
shelf, 356, 358, 360 
species, 6 
stratocumulus (Sc), 7, 9, 26, 254, 333 
response to increasing SST, 418 

stratus (St), 6, 7, 9, 25 

cloud types in atmospheric systems 
extratropical cyclone, 26, 333 
Hadley circulation, 26 

cluster formation, 206, 213 
coagulation, 188, 192 
coagulation efficiency, 188, 192 
coalescence, 241, 251 
coalescence efficiency, 257, 271, 272, 308 
empirical, 272 

cold cloud, 28 
cold pool, 349 
collection efficiency, 188, 192, 257, 263, 

272 
collection kernel, 202, 262, 265 
collector drop, 188, 263 
collision 
effective cross section, 190 
geometrical cross section, 189 
impact parameter, 188 

collision efficiency, 188, 189, 256, 264, 
272, 411 

collision kernel, 268 
increase by turbulence, 268 

collision kinetic energy, 271, 317 
complex index of refraction, 321 
condensation, 86, 88, 102, 107, 145–147, 

205, 209, 210 
rate, 147 

conditional instability, 126 
conduction, 150, 245 
continuity equation, 354 
contrail, 13, 16 
convection, 6, 12, 50, 130 
deep, 5, 16, 22, 151 
definition, 147, 148 
dry, 148, 150, 153, 155 
embedded, 151, 337 
free, 154 
intensity, 155. See also convective 

available potential energy 
(CAPE) 

moist, 154 
parcel theory, 155 
shallow, 5, 151 
slantwise, 140 
trigger 
mechanical lifting, 151, 338 
solar heating, 155, 338 

types, 144 
buoyant, 144 
dry, 144 

moist, 144 
moist free, 151 

convective condensation level, 152–155 
convective inhibition, 157 
definition, 157 
tephigram, 151 
tornadic supercell, 368 
tornado, 368 

convective storm, 19, 341, 346, 370, 374 
CAPE values, 157, 347 
isolated, 346 
multicell, 346, 350, 356, 357 
ordinary, 346–348 
pulse storm, 346, 347 
stages, 332, 347 
supercell, 346, 351 
bounded weak echo region 
(BWER), 363 

characteristics, 359, 363 
flanking line, 361 
forward flank downdraft, 361 
hook echo, 366 
mesocyclone, 357, 360, 366, 368 
radar echo, 361 
rear flank downdraft, 361 
schematic, 360 
tornadic, 157, 351 
Tornado Alley, 359 
vault, 361, 363 

vertical wind shear, 351, 352, 361, 368 
convectively available potential energy 

(CAPE), 155, 347 
analytical expression, 156 
downward, 162. See also downward 

convectively available potential 
energy (DCAPE), 

ordinary convective storm, 349 
pseudoadiabatic, 156, 157, 162 
reduction due to entrainment, 161 
relation to vertical velocity, 156 
reversible saturated, 162 
tephigram, 151, 155 
tornadic supercell, 368, 370 
tornado, 368 
typical values, 157 

conveyor belt. See extratropical cyclone, 
conveyor belt 

coordinates 
cylindrical, 131 

Coriolis force, 27, 114, 115, 131, 
133–138, 388, 391 

cloud types (cont.)

varieties, 6 
wall, 360, 368 

forced, 144 
free, 144, 148 

Coriolis parameter, 114, 398 
midlatitudes, 114 
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corona, 57 
critical radius 
for homogeneous nucleation, 181, 211 
tabulated, 213 

solution droplet, 226 
crystallization, 214, 216 
crystallization relative humidity, 216, 

217 
cyclogenesis, 334 
cyclone 
mid-latitude cyclone, 397. See also 

extratropical cyclone 
cyclostrophic wind, 132. See also wind, 

cyclostrophic wind 

D 

Dalton’s law, 73, 74 
degrees of freedom, 75 
deliquescence, 214, 252 
deliquescence relative humidity, 215, 217 
density 
moist air, 101 

deposition, 86, 205 
deposition velocity, 195 
detrainment, 159, 165 
dew point 
depression, 104 

dew point mirror, 102 
diffraction, 57 
diffusion of water vapor in air, 303 
tabulated, 248 

diffusion rate, 242. See also diffusivity 
diffusional droplet growth, 242, 254 
diffusional growth equation, 244 
droplet populations, 251, 253 
heat conduction equation, 245 
mass growth equation, 247 
radius growth equation, 249 
solution of droplet growth equation, 

249 
diffusiophoresis, 191. See also phoretic 

forces 
diffusive flux, 244 
diffusivity, 196, 242, 248 
dimethyl sulfide, 185 
distrometer (Joss-Waldvogel), 314 
downburst, 349 
macroburst, 349 
microburst, 349 

downdraft velocity, 162 
downdrafts, 348 
downward convective available potential 

energy (DCAPE), 162 

drag coefficient, 258 
for oblate raindrop, 270 

drag force, 306 
drizzle, 9, 30, 34, 226, 318, 411 
drop size, 241 
radar reflectivity, 323 

droplet 
condensational/diffusional growth, 

244, 255, 264 
condensation rate, 251, 253 
heat conduction, 245, 246 
mass growth equation, 244 
simplified droplet growth equation, 
249 

nucleation from vapor phase, 282 
number concentration, 13, 34, 410 
radar reflectivity, 323 
size, 13, 30, 241 
size distribution 
marine versus continental, 32, 34 

terminal velocity, 259. See also 
terminal velocity 

droplet activation, 181, 226, 229, 240 
radius, 225, 226, 229 
saturation ratio, 225, 226, 236 

droplet formation, 181, 213, 224, 232, 
235, 238 

activation, 219 
heterogeneous, 227 

droplet growth 
bottleneck, 255 
collision-coalescence, 241, 254, 

254–257, 263, 274, 309, 311, 329, 
347, 372, 375, 376, 411 

continuous collection, 263–265 
definition, 254 
initiation by giant cloud 
condensation nuclei (GCCN), 266 

initiation by turbulence, 267, 268 
stochastic collection equation 
(SCE), 265 

wake capture, 256 
colloidal stability, 255 
gap, 255 
mass growth equation, 247 

droplet growth equation, 246 
droplet nucleation 
from vapor phase, 204, 210, 213, 228 
critical radius, 211 
energy barrier, 204, 205, 238, 

281

 

droplet number concentration, 241, 
253 

droplet size, 253 
droplet size distribution, 262, 265 
droplet terminal velocity, 259 
dry adiabat, 85, 97, 103, 107, 109, 153 
dry air, 73, 98 
composition, 73 

dry deposition. See scavenging 

E 

efflorescence, 214. See also 
crystallization 

efflorescence relative humidity. See 
crystallization relative humidity 

electrical circuit, global, 377, 378 
electrical conductivity, 377 
electrosphere, 377 
elementary parcel theory, 144 
emissions 
anthropogenic, 185, 430 
natural, 185 
primary, 184 
secondary, 184 

emissivity, 39, 48, 49 
energy 
internal, 75, 77, 86 
kinetic, 75, 148, 155, 156, 271, 314 
moist static, 159 
potential, 148 

energy balance, 45–50 
atmosphere, 47 
Earth’s surface, 49, 50 
sensible heat flux, 50 

greenhouse effect, 48 
latent heat flux, 48, 50 
sensible heat flux, 48, 50 
top of the atmosphere, 45, 47 

energy barrier. See also Gibbs free 
energy 

energy of coalescence, 271, 272 
enthalpy, 88, 90, 92, 210 
entrainment, 35, 111, 159–161, 163, 165, 

229, 251, 268, 348, 388, 412 
cloud-top, 161 
intermittence and inhomogeneity, 161 
lateral, 161 
rate, 160 

entropy, 68, 71, 79, 85, 108, 157, 205 
specific, 69, 83, 84 

equation of motion, 113. See also 
Navier-Stokes equation 

equation of state, 74. See also ideal gas 
law 

equilibrium 
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hydrostatic, 121. See also hydrostatic 
balance 

metastable, 228 
stable, 119, 226, 228, 230, 240 
unstable, 119, 226 

equilibrium climate sensitivity, 423, 427 
equilibrium level. See level of neutral 

buoyancy 
equivalent potential temperature, 107 
equivalent spherical radius, 261, 269 
eutonic composition, 218 
eutonic mixture, 218 
evaporation, 50, 72, 86, 89, 112, 205, 

210, 230 
evapotranspiration, 50 
externally mixed aerosol, 167 
extinction, 38, 43 
coefficient, 41–43, 405 
efficiency, 43 

extratropical cyclone, 22, 26, 334, 336, 
397 

cloud types, 22, 334 
cold conveyor belt (CCB), 336 
conveyor belt, 336 
cold conveyor belt (CCB), 336 
dry intrusion, 336 

front, 335 
Norwegian cyclone model, 334 
occlusion, 335 
rainbands, 337 
warm conveyor belt (WCB), 336 

extratropical transition, 397 

F 

fair weather electric field, 379 
fallstreak, 13 
feedbacks, 403, 422 
lapse rate feedback, 421 
Planck Feedback, 420 
surface-albedo feedback, 421 
water vapor feedback, 421 

Ferrel cell, 27 
Fick’s law, 242 
first law of thermodynamics, 68, 75, 77, 

78, 83, 90, 124, 246 
Foehn, 112 
wall, 112 

fog, 19, 102 
definition, 19 
formation, 102, 145 
high, 21 
types, 19 

advection fog, 20 
high-fog, 20 
ice fog, 20 
mixing fog, 20 
sea fog, 145 
steam fog, 144 
radiation fog, 19 
steam fog, 20 

force 
apparent, 114 
centripetal, 115. See also centripetal 

force 
Coriolis, 114. See also Coriolis force 
drag, 257, 259, 261, 269 
external pressure force, 75 
gravitational, 331 
gravity, 257, 262 
inertial, 114, 132, 258 
intermolecular, 75 
pressure gradient, 114. See also 

pressure gradient force 
restoring, 119 
surface tension, 208, 269 
van der Waals, 74 
viscous, 258 

Fourier’s law of conduction, 245 
free troposphere, 180 
freezing, 86, 205 
probability, 284 

freezing point depression, 286 
front, 129, 140, 144, 335 
cold, 11, 22, 327, 333, 335, 336, 

371
 

gust, 347, 349, 351, 358, 359, 
371 

occlusion, 12 
warm, 12, 26, 333, 335, 336 

G 

gamma distribution, 31. See also 
hydrometeor, size distribution 

function 
gas constant 
dry air, 74, 78, 101, 251 
moist air, 101 
specific, 78 
universal, 73 
water vapor, 75, 246 

geoengineering, 427. See also climate 

intervention 
geostrophic flow 
scale analysis, 116, 132 

geostrophic wind, 132. See also wind, 
geostrophic wind 

Gibbs free energy, 86, 88, 204, 278 
aqueous solution droplet, 226 
barrier, 211 
heterogeneous freezing, 289 
heterogeneous ice nucleation, 287 
homogeneous ice nucleation from 
liquid, 281, 283, 289 

homogeneous ice nucleation from 
vapor, 278, 280 

homogeneous nucleation of liquid 
phase from vapor, 207, 210 

definition, 86 
deliquesced aerosol particle, 227 
equality of specific different phases, 90 
excess, 206, 207, 209 
extremum principle, 89, 204, 229 
homogeneous nucleation, 204, 210 
energy barrier, 205, 206, 210, 278, 
281 

minimum principle, 86, 88 
for phase transitions in TDE, 89 
total derivative, 87 

Gibbs potential. See Gibbs free energy 
global brightening, 408 
global climate model, 422, 423 
coupled atmosphere-ocean, 343 
tropical cyclones, 400 

global dimming, 341, 408 
glory, 57, 58 
Brockengespenst, 57 

gradient wind, 131. See also wind, 
gradient wind 

graupel, 30, 308 
formation, 308 
terminal velocity, 305 

gravity force, 305 
gravity waves, 7 
Greenfield gap, 192, 201 
greenhouse effect, 50 
anthropogenic, 47 
natural, 47 

greenhouse gases, 44, 47, 50, 342 
well mixed, 414, 415 

gust front, 349 

H 

Hadley circulation, 3, 5, 22, 26, 426 
hail 
global occurrence, 384 

terminal velocity, 305
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hailstone, 30, 308

definition, 375

formation, 308

growth (dry or wet), 376

life cycle, 375, 376

radar reflectivity, 323

size, 30, 306


Hallett-Mossop process, 309

halo, 13, 42, 57, 65, 66

22 ◦ , 65

46 ◦ , 65


halogen, 415

harmonic oscillations, 123, 139

Hatch-Choate equation, 178

haze, 225

heat capacity, 340

specific, 50


heat capacity, specific, 76, 145

at constant pressure, 77

at constant volume, 77

definition, 76

dry air, 77, 145, 147

ice, 93, 97

liquid water, 95, 246

water vapor, 93, 95, 145


heat engine, 79–81

heat fluxes, 48

heat reservoir, 69, 70, 88

high fog, 20

hodograph, 363, 365

humidity

absolute, 74

relative, 100

specific, 103, 146, 147, 149, 150, 153,


159

hurricane, 387. See also tropical 

cyclone



hydrological cycle, 339

hydrometeor, 30

size distribution function, 30

gamma distribution, 30


typical sizes, 241

hydrostatic balance, 116, 118, 124, 157,


159

hydrostatic equation, 117, 121, 129,


136

hydrostatic equilibrium, 149

hygrometer, 102

hygroscopic growth, 203, 214,


252

hygroscopicity parameter, 232

hypsometric equation, 117, 136

hysteresis, 216


I


ice cloud, 13, 29, 286

definition, 28


ice crystal

basal face, 65

equilibrium shape, 299

growth by aggregation, 306, 329

growth by coagulation

accretion, 309

aggregation, 306, 329

riming, 308


growth by deposition

mass growth equation, 303


growth by diffusion, 100, 277, 302,

303, 328


growth by riming, 372

growth involving collisions, 302, 308,


309, 329

mass growth equation, 309

sintering, 308


habit, 298–300 
basal face, 65, 298–300 
as function of temperature and 
supersaturation, 300


prism face, 65, 298–300

heterogeneous ice nucleation modes

condensation freezing, 290

contact freezing, 291

contact freezing inside out, 291

deposition nucleation, 291

immersion freezing, 290


homogeneous ice nucleation modes, 
284


modes, summary, 286

melting, 329

multiplication, 309

nucleation, 204

nucleation from liquid phase

critical radius, 283

energy barrier, 281, 289


nucleation from vapor phase

critical radius, 283

energy barrier, 278

nucleation rate, 280


number concentration, 13, 
431




prism face, 65

pristine, 302

rimed particle, 308

shape parameter, 303

size, 13

solid hydrometeor, 308

terminal velocity, 305


ice embryo, 281, 287

ice germ, 281

ice nucleating particles, 194, 408

active sites, 292, 295, 413

contact angle, 288, 289

definition, 287

frozen fraction, 296

requirements, 294, 296

significance in heterogeneous ice


nucleation, 287, 290

types, 293, 297


ice nucleation

probability, 294, 295


ice water content (IWC), 13, 31

Icelandic low, 136

ideal gas, 73, 74

ideal gas law, 74, 82, 83, 93, 146

dry air, 73, 101

moist air, 101

water vapor, 75, 246


inertial impaction, 190

inertial instability, 137, 140

oscillation frequency, 139


inertial stability, 141

instantaneous radiative forcing (IRF),


403

interfacial energy. See also surface 

tension

internally mixed aerosol, 167, 217

International Standard Atmosphere, 126

Intertropical Convergence Zone, 3, 22,


27, 55, 340, 341, 389

ionic dissociation, 221

ionosphere, 377, 378

IPCC

climate change scenarios, 342, 430

precipitation projections, 343


isobar, 85, 103, 104

isotherm, 85, 103, 104


J 

jet stream, 136, 137

Junge layer, 201


K 

kappa-Köhler theory, 232, 233

Kelvin effect

basal face, 65, 299–300

droplet, 213

ice crystals, 278


Kelvin equation, 212

Kelvin’s law, 224, 225, 228, 237, 238
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Kirchhoff law, 39 
Köhler curve, 224, 225, 229, 231, 237, 

238, 246 
Köhler equation, 225, 232, 236, 237 

L 

Lagrangian 
parcel model, 251 
time derivative, 114 

land-sea breeze, 18, 37, 338, 340 
Laplace equation, 208 
Laplace pressure, 209 
lapse rate, 11, 111, 150, 164 
dry adiabatic, 121, 123, 150, 163, 164 
environmental, 47, 121, 150, 163, 164 
pseudoadiabatic, 126 
saturated adiabatic, 111, 124, 126, 

160, 163 
saturated adiabatic with entrainment, 

160 
latent heat, 10, 11, 19, 50, 84, 90, 94, 97, 

104, 106–108, 111, 126, 130, 146, 
151, 191, 205, 210, 336, 349, 361, 
429 

definition, 90 
fusion, 92, 99 
sublimation, 93, 97, 99 
temperature dependence, 97 

tabulated, 94 
vaporization, 92, 93, 95, 99, 147, 

244–247, 251 
temperature dependence, 95, 107 

level of free convection, 148, 150, 151 
ordinary convective storm, 349 

level of neutral buoyancy, 151, 155, 348 
definition, 155 
ordinary convective storm, 349 
tornadic supercell, 368 

lidar, 2 
lifting condensation level, 104, 124, 130, 

151, 152, 154, 337 
empirical formula, 153 
tornadic supercell, 366, 368 
tornado, 368 

light pillar, 66 
lightning, 373, 374, 384 
charge separation within clouds, 379, 

381 
thermoelectric theory, 379 

cloud-to-ground, 381 
dart leader, 384 
ground flashes, 381, 384 

main charging zone, 379 
return stroke, 383 
stepped leader, 382 
types, 374 

liquid water content (LWC), 13, 31, 254, 
409 

vertical distribution, 253 

M 

macrostate, 67, 205 
marine aerosol 
CCN activity, 237 
observed size distribution, 180 

mass absorption coefficient, 405 
mass conservation, 162 
mass extinction coefficient, 405 
Maxwell’s growth theory, 244 
mean free path, 248 
molecules in air, 248 

melting, 86, 205 
curve of water negative slope, 91. See 

also anomaly of water 
pre-melting, 306 

melting point, 91 
mesocyclone, 368 
mesoscale convective complex, 373 
mesoscale convective system, 27, 37 
characteristics, 370 
mesoscale convective complex (MCC), 

27 
quasi-linear convective system 

(QLCS), 37 
squall line, 37, 373 
CAPE values, 157 

metastable phase, 204, 205 
metastable state, 204, 205, 211, 214, 216 
methane 
greenhouse gas, 47 

methane sulfonic acid, 185 
microburst, 162 
microstate, 67, 205, 211 
mixed-phase cloud, 26, 278, 286, 303, 

309, 311 
definition, 28, 29 
observations, 28 
radar reflectivity, 323 

mixing 
adiabatic, 144 
dilution of parcel by entrainment, 159 
isobaric, 20, 144, 147 
isobaric and adiabatic, 144–146 
ratio (mass), 31 

moist air, 97, 98 
mole, 67 
momentum 
absolute, 137, 139, 142 
convervation, 137 
linear, 137 

monsoon, 22, 319, 341, 389 
mountain-valley wind, 338 
Mt. Pinatubo eruption, 201, 429 

N 

Nakaya diagram, 300 
Navier-Stokes equation, 113, 115, 132, 

138 
horizontal component, 138 
vertical component, 116 

Normand’s point, 106 
Normand’s rule, 106 
Norwegian cyclone model, 334 
nucleation, 181, 205, 311 
definition, 204 
heterogeneous 
ice, 287, 431 
liquid, 224 
rate, 295 

homogeneous 
ice, 278, 287, 431 
liquid, 204, 206, 209–211, 280 
nucleation rate, 280 
rate, 280 

homogeneous freezing, 277 
process, 203–206, 216 

O 

open cells, 24, 25 
optical depth, 2, 12, 43, 431 
aerosol, 406, 407 
cloud, 2, 12, 53, 54, 57, 409, 431 
definition, 43 

optical phenomena 
blue sky, 57 
red sky, 57 

optical thickness, 43. See also optical 
depth 

ordinary convective storm, 347 
orographic cloud, 326 
oscillatory motion, 123, 156 
Ostwald’s rule of stages, 283, 291 
overshoot, 155 

P 

parcel theory 
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elementary, 155

modifications to elementary theory,


158 
vertical velocity predicted by, 156 

parent phase, 204, 208 
partial pressure, 74, 92, 147 
water vapor, 74, 75, 99 

phase diagram, 93, 216, 218 
bulk water, 91 
triple point, 91 
water, 91 

phase transitions, 86, 88, 90, 91, 97, 107, 
203, 204, 205, 211, 215 

first-order, 205 
timescale, 205 
water, 50, 91 

phoretic forces, 191 
diffusiophoresis, 191 
electrophoresis, 191 
thermophoresis, 191 

Planck function, 39, 44, 421 
Planck’s law, 39 
planetary boundary layer, 150 
point dischrage current, 378 
potential instability 
dry air, 129, 130 
moist air, 130, 131 

potential temperature, 82, 83 
precipitation 
classification, 327 
convective, 326, 331, 334, 346 
conveyor belt, 336 
radar echo, 332 

diamond dust, 303, 317 
formation, 99, 254, 276 
formation of warm rain, 254, 255, 263, 

264, 274 
global annual mean, 340 
global distribution, 340, 343 
mesoscale structure, 343 
orographic, 337, 338 

orographic, 112, 341 
rate, 267, 318 
stratiform, 326, 328, 334, 337 
microphysical processes, 326 
radar echo, 327, 330 

suppression, 411, 412 
trend, 343 

pressure gradient force, 114, 116, 131, 
133–136, 138, 391 

process 
adiabatic, 77, 78, 81, 82, 108, 121, 124, 

145, 148, 251, 355, 361 

compression, 361 
dry, 77, 82–85, 97, 107, 112, 149 
pseudo, 111, 161, 162 
saturated, 85, 109, 112, 124 
wet/saturated/moist, 97, 111 

irreversible, 70–72 
isentropic, 84 
isobaric, 77, 78, 88, 102, 104 
isochoric, 76–78 
isothermal, 71, 78–81 
isothermal expansion, 71 
Lagrangian, 251 
reversible, 71, 72, 76, 81, 88 
saturated, 108 

psychrometer, 106 
psychrometer chart, 106 

Q 

quantity 
specific, 69, 75, 113 

quasi-liquid layer, 92, 311, 329 

R 

radar, 2, 319 
bright band, 328–330, 332, 372, 373 
cloud radar, 42, 320 
Doppler, 325, 327 
echo, 320 
equivalent reflectivity factor, 323 
height-time indicator (HTI) 
radar image, 324, 325, 330 

plan position indicator (PPI), 324 
radar image, 327 

precipitation radar, 42, 320 
range-height indicator (RHI) 
radar image, 326 

reflectivity, 322, 323, 327 
as function of rainfall rate, 324 
typicalatmospheric values, 323 

reflectivity factor, 322 
wavelengths, 320 

radiation 
balance, 45, 47 
top of the atmosphere (TOA), 45, 50 

black body, 38, 39, 44, 46, 48, 50, 54 
absorption, 39 
definition, 38 
emission, 39 
non-black body, 39 

diffuse, 38 
electromagentic 
near infrared, 38 

ultraviolet range, 38 
visible, 38, 41, 42, 54, 56, 62 

longwave or terrestrial, 38, 46 
outgoing longwave, 46 
shortwave or solar, 38, 45 
transfer, 38, 43 
Earth atmosphere, 44 
two-stream method, 44 

visible, 59 
radiative equilibrium, 47 
radiative forcing, 47, 343, 409 
climate feedbacks, 403 
cloud lifetime effect, 412 
deactivation effect, 413 
doubling of carbon dioxide (2xCO2), 

54, 420, 429 
effective, 402, 415 
effective radiative forcing (ERF), 54, 

409 
effective radiative forcing due to 

aerosol-cloud interactions 
(ERFaci), 404 

effective radiative forcing due to 
aerosol-radiation interactions 
(ERFari), 404, 408 

glaciation indirect effect, 412, 413 
greenhouse gases, 403, 414, 415 
instantaneous, 403 
ship tracks, 430 
Twomey effect, 408, 409, 412 

radiosonde, 84 
radius, 224, 226 
critical, 211 
equivalent, 31 

rainbands, 327, 336, 337, 386 
rainbow, 42 
Alexander’s dark band, 64, 65 
angles, 59, 63 
angular position, 63 
formation, 58, 61, 63 
primary, 61, 62 
secondary, 61, 62 
viewing angles, 63 

raindrop 
break-up, 257, 330 
collision kinetic energy (CKE), 269, 

271, 272 
size distribution, 316 
size distribution of satellite drops, 
316


types, 273, 274, 317

evaporation, 268, 330

formation. See droplet growth
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raindrop (cont.) 
internal reflections of light, 58 
radar reflectivity, 323 
reflection, 65 
size, 30 
size distribution 
Marshall-Palmer, 314 
measurement, 314 

terminal velocity, 305 
raindrop size 
maximum, 262, 270 

Raoult curve, 229 
Raoult’s law, 181, 220, 222–225, 228, 237 
dependence on droplet radius, 224 

reflection, 60–62 
refraction, 59, 60 
refractive index, 44, 169 
of water, 59, 62 
of water, wavelength dependece, 59 

relative humidity, 216, 238 
crystallization, 214, 216 
definition, 98 
deliquescence, 214, 215 
distribution in the atmosphere, 99 
with respect to ice, 99 
with respect to liquid water, 99 

remote sensing, 319 
Reynolds number, 189, 258, 259, 268, 

269 
Rossby number, 132, 352, 398 

S 

Saffir-Simpson scale, 386 
satellite data, 2, 21, 25, 26 
CALIPSO, 2, 21, 23, 53–55 
CloudSat, 2, 21, 23, 53–55 
CloudSat/CALIPSO, 424 
ISCCP, 2 
MODIS, 406 

satellite drops, 272 
saturated adiabat, 85, 97, 104, 107, 109, 

155 
saturation equivalent potential 

temperature, 109 
graphical determination, 109 

saturation equivalent temperature 
graphical determination, 109 

saturation mixing ratio, 85, 108 
saturation ratio, 88, 207, 211, 213, 225, 

226, 229 
activation, 226 
environmental, 211 

rate of change, 251 
saturation specific humidity, 85, 

102–104, 108, 153, 160, 161 
saturation vapor pressure, 90, 205, 207, 

222, 229 
saturation water vapor pressure, 88, 99, 

146, 147, 212, 251 
empirical formula, 95–97 
with respect to ice, 93, 94, 99, 103 
with respect to liquid water, 92, 93, 98, 

99, 103 
tabulated, 93 

Sawyer-Eliassen circulation, 393 
scale analysis, 115, 116, 132, 259 
scattering, 38, 40, 44, 45, 51, 62 
coefficient, 43 
efficiency, 43 
geometric optics, 42, 58, 65 
geometrical optics, 41 
Mie, 41, 42, 404 
Rayleigh, 41, 42, 57, 320, 321 
regimes, 40, 41 
size parameter, 41 
soft sphere approach, 322, 323 

scavenging 
definition, 188 
dry, 188, 194, 195 
wet, 188, 194 
impaction, 188, 189, 194, 262 
interception, 189, 191 
nucleation, 194, 195 
phoretic forces, 189, 191 

Schmidt number, 196, 268, 269 
Schwarzschild equation, 44 
sea breeze, 340 
second law of thermodynamics, 72, 86 
sedimentation velocity, 196. See also 

deposition velocity 
seeder-feeder process, 338, 373 
sensible heat, 106 
ship tracks, 9, 409, 430 
size distribution 
aerosol particles. See aerosol size 

distribution 
cloud droplets, 34 
continuous, 173 
discrete, 172 
hydrometeors, 31 
log-normal, 174 
number, 172–175 
mass, 175, 177 
raindrops, 315 
snowflakes, 317 

surface, 175, 177 
volume, 175, 177 

slantwise displacement, 140, 327 
slantwise instability, 140 
Snell’s law, 59, 61 
snowflake 
formation. See ice crystal growth 
melting and sublimation, 311 
radar reflectivity, 323 
size, 30 
size distribution (Gunn-Marshall), 

317 
terminal velocity, 305 
terminal velocity, dependence on 

dimensionality and density, 
304 

solar constant, 40 
solid 
amorphous, 219 
crystalline, 219 

solute 
ionic, 221 

solution 
density, 223 
ideal, 220, 221, 227 
non-ideal, 220 

solution droplet, 203 
activation radius, 242 

South Pacific Convergence Zone, 3, 22, 
55, 340 

specific heat capacity. See heat capacity 
specific humidity, 98, 104, 106, 130, 145 
specific volume, 76, 77, 90 
speed of light, 59 
spherical cap model, 288 
squall line, 37, 140, 157, 373. See also 

mesoscale convective system, 
squall line 

derecho, 373 
stability 
with compensating downdrafts, 163 
general, 163 

stability criteria 
absolutely stable, 128 
with compensating downdrafts, 163 
absolutely unstable, 128 
conditionally unstable, 128, 152, 163, 

347 
dry neutral, 128 
inertial, 140 
neutral, 122 
potential, 131 
saturated neutral, 128 
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stable, 122

static

moist air, 128

subsaturated air, 122


symmetric, 142

unstable, 122, 152, 347


state variables, 68, 69, 80, 86, 88, 206

conjugate, 68

extensive, 68

intensive, 68, 73, 145


static stability, 120, 137, 140, 141, 157,

346


oscillation frequency, 123

stationary state, 70

steady-state, 246, 247

steady-state conditions, 132, 243

Stefan-Boltzmann constant, 39

Stefan-Boltzmann law, 39, 46, 50, 51, 53,


425

sticking efficiency, 306, 308

temperature dependence, 306


Stokes law, 260

storm tracks, 5, 22, 55, 185, 341, 426

storm-splitting, 363, 364

stratosphere, 11

sublimation, 50, 86, 112, 205, 311

supercell, 350. See also convective storm,


supercell

supercooling, 99, 100

supersaturation, 32

peak, 252

sources and sinks, 251, 253

typical values in the atmosphere, 35,


241

vertical distribution above cloud base,


252–254

surface roughness, 195

surface tension, 208, 210

force, 269

ice in vapor, 278

liquid in vapor, 210

value for water, 212

water in air, 212, 226, 307


surfactant, 232

sweep-out volume, 188, 265

symmetric instability, 140–142, 327,


337

system

closed, 69, 86, 88

isolated, 69

one-component, 91, 92

open, 69


T 

tangential wind, 131. See also wind,

tangential wind 


temperature

convective, 154, 155

dew point, 98, 102, 103, 153

analytical approximation, 102

graphical determination, 103, 104


distribution in the atmosphere, 142

effective, 46, 47, 49

equivalent, 109

graphical determination, 104


equivalent potential, 107, 108, 336

graphical determination, 104, 107


frost point, 103

inversion, 5, 11, 22, 27, 151, 150, 153

isentropic condensation, 104, 109

graphical determination, 104


melting point, 91

potential, 83, 85, 97, 111, 121–123,


129, 136, 141, 144, 148, 150, 153,

336


change with altitude, 122, 137

distribution in the atmosphere, 142

graphical determination, 104

horizontal gradient, 142

relation to entropy, 83


saturation equivalent, 109

graphical determination, 104


saturation equivalent potential, 109

graphical determination, 104


triple point, 91

virtual, 98, 100, 101, 117, 119, 136, 156

cloudy air parcel, 162


wet-bulb, 105

adiabatic, 106

definition, 106

graphical determination, 104

isobaric, 106


wet-bulb potential, 85, 107, 130, 163

graphical determination, 104


tephigram, 84. See also thermodynamic

chart, tephigram


terminal velocity, 257, 261

cloud droplets, 259

empirical expressions, 259

graupel, 305

hail, 305

ice crystals, 305

raindrops, 305

snowflakes, 305


thermal, 144, 158


thermal conductivity, 245, 303

in air, 245, 247

tabulated, 248


thermal wind, 136. See also wind,

thermal wind


thermodynamic charts, 84

tephigram, 84, 85, 103, 104, 151, 153,


164, 350, 368

Carnot process of a tropical

cyclone, 394


ordinary convective storm, 350

reaching the convective

condensation level (CCL), 153


supercell, 368

thermodynamic equilibrium, 68–72, 76,


86, 89, 91, 203, 204

mutual, 70


thermophoresis, 191. See also phoretic

forces


thunder, 374, 383

thunderstorm, 37, 257

CAPE values, 157

electrification, 257


tornado, 134, 151, 351, 360, 365, 366, 373

Fujita scale, 366

landspout, 361

non-supercell, 361

waterspout, 361, 373


total derivative, 77, 88, 117

enthalpy, 88

Gibbs free energy, 90

time, 114

velocity, 114


trace gases, 73

trade wind, 341

transmitted angle, 59

triple point, 91

tropical cyclone, 37, 131, 135, 140, 386

CAPE values, 157

Carnot efficiency, 395

Carnot process, 394, 395

circulation, 391

climate change, 400

decay, 396

differences from extratropical cyclone,


397

extratropical transition, 397

general features, 386

hurricane Sandy, 397

landfall, 396

maximum windspeed, 396

names, 386

overturning circulation, 394
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tropical cyclone  (cont.) 
prerequisites, 388 
primary circulation, 391 
Saffir-Simpson scale, 386 
satellite data, 397 
secondary circulation, 393 
storm surge, 387, 396 
tropical transition, 389 

tropical depression, 390 
tropical easterly wave, 389 
tropopause, 5, 11, 56, 348, 393, 424, 425 
turbulence, 148, 189, 190, 195, 258, 267, 

268 
definition, 148 

Twomey power law, 236 
typhoon, 387. See also tropical cyclone 

U 

updraft speed, 157, 160, 161, 165, 251, 
253, 326, 331, 384 

in convective clouds, 157, 165 
in supercells, 360 

V 

van’t Hoff factor, 221, 229 
variable 
extensive, 68, 145 
intensive, 68–70, 73 

ventilation coefficient, 268, 269 
vertical velocity, 251. See also updraft 

velocity 
vertical wind shear, 346, 349 

virga, 13, 269, 347, 349, 360 
viscosity 
dynamic, 171, 196, 258 
kinematic, 196, 259 

volatile organic carbon, 182, 185 
volume mixing ratio, 73 
vorticity, 352, 389 
absolute, 139 
definition, 352 
generation in convective storms, 356 
horizontal, 354, 355 
planetary, 139 
relative, 139, 352 
vertical, 352, 354 
vorticity equation, 352 

W 

wake-capture, 192 
Walker circulation, 5 
warm cloud, 29, 254, 286 
definition, 27 

water activity, 216, 220, 221, 226, 286 
water vapor, 44 
abundance in atmosphere, 97 
atmospheric residence time, 339 
density, 74 
greenhouse gas, 47, 97, 403 
mixing ratio, 98, 101, 108, 145 
partial pressure, 99. See also partial 

pressure 
water vapor pressure, 92, 98, 147 
definition, 74 

saturation. See saturation vapor 
pressure 

waterspout. See tornado, waterspout 
Wegener-Bergeron-Findeisen process, 

100, 303, 312, 344, 413 
West Pacific Warm Pool, 22, 31 
wet deposition. See scavenging 
Wien’s displacement law, 39 
Wien’s scaling law, 39 
wind 
Chinook, 112 
cyclostrophic wind, 132, 134, 365 
geostrophic wind, 132–134, 136, 138 
change with altitude, 136, 137 

gradient wind, 131, 132, 391 
radial wind, 391–394 
Santa Ana desert, 112 
subgradient wind, 135, 392, 394 
supergradient wind, 135, 392, 394 
tangential wind, 131, 354, 391, 

392 
thermal wind, 136, 137, 393 
vertical wind, 392 

wind barbs, 350, 368 
wind shear 
generation of vorticity, 352 
in a TC, 389 
turning, 352 

Wulff theorem, 299 

Y 

Young’s equation, 208, 288 
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