
Index

Absorptance, see also Absorptivity
in cloud, 188
optical path, 157

Absorption
band-averaged, 281, 282
exponential atmosphere, 184–

187
weighting function, 184–187

Absorption coefficient, 73, 149
homogeneous medium, 27
mass, 161–163

small particle, 349–351
volume, 161–163

mixtures, 162–163
Absorption cross-section, 161–163
Absorption efficiency, 161–163

small particle, 347–348
spheres, 356–358

Absorption index, 73
Absorptivity, 95–96
Adding-doubling method, 418–419
Advanced Microwave Sounding Unit

(AMSU), 223
Aerosols

extinction efficiency, 356
indirect cooling by, 193–194
properties, abundance, 178, 193,

337
Albedo, 98, see also Reflectivity, Re-

flectance
clouds, see Clouds, radiative

properties

natural surfaces, 99
planetary, 133, 137
shortwave, 129

Atmosphere
composition, 170
emission spectra, 211–220
emissivity of, 204–205
transmission spectrum, 168–179

microwave, 175
Atmospheric heating/cooling

cooling-to-space approximation,
305

equations, 299–305
examples

longwave, 309–312
shortwave, 307–309

Azimuthal angle, 33

Band transmission
isolated line, 281–286

equivalent width, 281–285
Lorentz line, 283–285
square line, 282–283
strong line limit, 284–285
weak line limit, 282

models, 277–292
comparison, 291
defining, 286–287
Elsasser, 287–290
HCG approximation, 291–

292
random/Malkmus, 290–291
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Bands, spectral, 54–64
and diabatic heating, 57
and photochemistry, 57
and remote sensing, 57
gamma rays and X-rays, 58
infrared, 61–63
microwave, 63–64
radio, 63–64
ultraviolet, 58–60
visible, 60–61

BDRF, see Bidirectional reflection func-
tion

Beer’s law, 75, 155, 279
as limiting case, 289, 291

Beer-Bouguer-Lambert law, 75, see
Beer’s law

Bidirectional reflection function (BDRF),
102–104, 108

and remote sensing, 107–108
sunglint, 108

Blackbody, 112–114
Blackbody emission, 112–120

broadband flux, 118
Blueing, 354–355
Boltzmann’s constant, 114
Boundary layer

daytime heating of, 21
marine, 142

BRDF, see Bidirectional reflection func-
tion

Brewster angle, 86
Brightness temperature, 124–126, 375

in IR images, 144–145
in satellite images

diurnal variation, 145
microwave, 126

ocean, 147–148
Broadband radiation

definition, 17
Bruggeman dielectric mixing for-

mula, 78

Carbon dioxide
15 µm band, 174, 214, 217, 269–

270, 304
4.3 µm band, 174, 269
absorption in near IR, 174

as greenhouse gas, 62, 138
atmospheric abundance, 170,

171
dipole moment, 244
in Martian atmosphere, 67
IR absorption spectrum, 265,

269–270
molecular structure, 240

Carbon monoxide
atmospheric abundance, 170
IR absorption spectrum, 264–

265
molecular structure, 240

CCN, see Cloud condensation nuclei
CFCs, see Chlorofluorocarbons
Chapman layer, 186
Chlorofluorocarbons (CFCs)

and ozone depletion, 70
as greenhouse gas, 62
atmospheric abundance, 170
molecular structure, 240

Cloud condensation nuclei (CCN),
192–193

Cloud droplets
asymmetry parameter, 366
effective radius, 195–196
extinction efficiency, 356
monodisperse vs. polysdis-

perse, 189
number concentration, 337
single scatter albedo, 366–368
size distribution, 194–196, 365
typical sizes, 188

Cloud water
microwave extinction coefficient,

375
microwave remote sensing, 148,

351, 374–379
Clouds

as contaminant in satellite mea-
surements, 145

effective radius
remote sensing, 368

in IR images, 144
radiative properties, 366–368

albedo, 188, 394–396, 400, 402
dependence on drop size,
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368
dependence on phase, 368
diffuse transmittance, 402–

406
direct transmittance, 187–194
flux and heating profiles, 397–

398
general case, 401–406
multiple layers, 415–417
non-absorbing, 399–401
optical thickness, 187–196
over non-black surfaces, 410–

415
semi-infinite, 393–398
transmittance, 400–409

Collision broadening, see Pressure
broadening

Color and wavelength, 60
Color temperature, 118
Conductivity, electric, 23
Continuum absorption, 260–263, 275

water vapor, 262–263, 309, 311
microwave, 176

Cooling to space, 304
as approximation, 305

Corona, 363
Cosmic rays, 58
Crepuscular rays, 363
Cross-section

absorption, 161–163
extinction, 160–163
scattering, 161–163

Dew formation, 139–140
Diamond, refraction and reflection

by, 86
Dielectric constant, 76–79

effective, 78–79
of heterogeneous mixtures, 77–

79
relationship to index of refrac-

tion, 76–77
Dipole radiation, 340–344
Discrete ordinates method, 418
Doppler broadening, 254–256

compared with pressure broad-
ening, 258–260

Doppler effect, 15–16, 255
Doppler wind profilers, 64

Eddington approximation, 417
Effective emitting temperature

Sun, 119
top of atmosphere, 133

El Niño, 145
Electric charge density, 22, 23
Electric conductivity, 23
Electric current vector, 22
Electric displacement, 22
Electric field, 22
Electromagnetic radiation

absorption of, 26–27
coherent and incoherent, 17–19
electric, magnetic fields, 9–10
energy, 20–21
frequency, 14–16, 53–54
mathematical description, 22–

27
Maxwell’s equations, 22–24
monochromatic and broadband,

17
phase speed

and reflection, refraction, 72
in a medium, 73

polarization, 18–20
circular, 18
degree of, 20
elliptical, 19
linear, 18
neglect of, 20

properties, 9–33
quantum properties, 28–30
quasi-monochromatic, 17
wavelength, 14–16, 53–54
wavenumber, 54
waves, 11–27

homogeneous, 24, 25
phase speed, 25–26
plane, 24–25
time-harmonic solution, 23–

24
Emission, 110–112

infrared spectra of earth, atmo-
sphere, 125
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weighting function, 200–203
when it matters, 126–128

Emissivity, 120–122
graybody, 121–122
in IR images, 144
longwave, 129
microwave, 125–126

land and ocean, 146, 148
polarization dependence, 146
wind speed dependence, 147–

148
monochromatic, 120–121

Equilibrium temperature
Earth’s surface, 137–138
moon’s surface, 129, 130
of sphere, 130–132

Equinox, 48
Error function, 289
Exitance, radiant, 21, see also Flux
Extinction

absorption vs. scattering, 151
by aerosols and clouds, 178–179
classroom demonstration, 150–

152
extended path, 155–157
infinitesimal path, 154–155

Extinction coefficient, 150, 152
mass, 157–159, 161–163
scattering plus absorption, 153
volume, 158, 161–163

mixtures, 162–163
size distributions, 195, 365

Extinction cross-section, 159–163
Extinction efficiency, 160–163

absorbing sphere, 356–358
nonabsorbing sphere, 352–356

limiting value, 354
small particle, 347–348

Extinction law, 75, see Beer’s law
Extinction paradox, 160–161, 363,

423–424, 428

Far infrared, see also Infrared radia-
tion

absorption by water vapor, 174
Flux, 21, 30–32

absorbed, 96

and photons, 28
broadband, 31
monochromatic, 31, 205–207

transmittance, 206, 276
typical units, 31
weighting function, 206

net
and heating profile, 277, 299–

301
definition, 44

reflected, 96
relationship to intensity, 33, 43–

45
for isotropic intensity, 44
general, 44

spectral, 31
Flux density, 21, 30, see also Flux
Fogbow, 364–365
Forward diffraction peak, 360–363,

422, 423
truncation of, 424–426

Fourier decomposition, 16
Frequency, 14–16, 53–54, 66

decomposition, 16–17
Fresnel relations, 83, 88, 93, 147
Frost formation, 111, 139–140

GCM, see General circulation models
General circulation models (GCMs),

138, 277
Geometric optics, 423

and extinction paradox, see Ex-
tinction paradox

and rainbow, halo, 87
as alternative to Mie theory, 352

Gigahertz (GHz), definition, 63
Global heat engine, 4–6
Global warming, 138

countered by aerosols, 193
Glory, 361, 364
Graybody approximation, 97–98, 129
Grayness parameter, 288
Greenhouse effect, 137
Greenhouse gases, 62, 138

Halo, 91
HITRAN spectroscopic data base,

273
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Hydroxyl radical (OH), 69–70

Ice
index of refraction, 73, 74
microwave emissivity, 125

Ice crystals, 91
Ideal gas law, 163
Index of refraction, 26

and phase speed, 26
complex, 26, 72
imaginary part, 73–75

relationship to absorption co-
efficient, 27

Kramer-Kronig relations, 72
of air, 73
of ice, 73, 74
of water, 73, 74
real part, 73
relative, 84, 339

Infrared
spectral window, 143, 174

Infrared (IR) radiation, 61–63
and greenhouse gases, 62
atmospheric absorbers, 264–272
atmospheric absorption, 174
atmospheric transmission spec-

trum, 173
far IR band, 63
near IR band, 62–63
significance for energy exchange,

61, 62
thermal IR band, 63

Infrared radiation
thermal

significance of, 3, 65
Insolation

daily average, 50
global, 46–47
regional and seasonal, 47–50

Intensity, 30, 32–45
and polarization, 40–42
conservation of, 38–40
formal definition, 37–38
relationship to flux, 33, 43–45

for isotropic intensity, 44
general, 44

scalar, 40

IR radiation, see Infrared radiation
Irradiance, 21, see also Flux

k-distribution method, 277–279, 292–
298

correlated-k, 296–298
Kirchhoff’s law, 112, 122–123, 129

Lambertian reflection, 100–103
in radiative transfer equation,

209–210
Latent heat flux, 105
Legendre polynomials, 420–422

expansion of phase function,
420–423

Lightning detection systems, 64
Line strength, 253
Line strength distribution models,

287
Line-by-line (LBL) calculations, 274–

277
Local thermodynamic equilibrium

(LTE), 123, 231–232
Longwave radiation, 110, see also In-

frared (IR) radiation
separation from shortwave, 127

Lorentz line shape, 256–257
LTE, see Local thermodynamic equi-

librium

Magnetic field, 22
Magnetic induction, 22
Magnetic permeability, 22

of free space, 26
Marine haze

scattering phase function, 325
Mass absorption coefficient, see Ab-

sorption coefficient, mass
Mass extinction coefficient, see Ex-

tinction coefficient, mass
Mass path, 183, 281

non-dimensional, 283
Mass scattering coefficient, see Scat-

tering coefficient, mass
Maxwell Garnett dielectric mixing

formula, 78
Maxwell’s equations, 22–24
Methane

Return to: A First Course in Atmospheric Radiation

http://www.sundogpublishing.com/AtmosRad.htm


INDEX 439

absorption in near IR, 174
as greenhouse gas, 62
atmospheric abundance, 170
IR absorption spectrum, 271–

272
molecular structure, 240

Microwave imaging
transparency of clouds, 374

Microwave radiation, 63–64
atmospheric transmission, 174–

176, 376
brightness temperature, 126

Microwave radiometers, 374–375
Microwave remote sensing, 64, 126,

146–148, see also Remote
sensing, microwave

resolution, 148
transparency of clouds, 146

Mie theory, 351–365
absorption efficiency, 356–358
asymmetry parameter, 358
extinction efficiency, 351–358
forward diffraction peak, 360–

363
phase function, 358–365
scattering coefficients, 352
scattering efficiency, 351–352
series truncation, 352
single scatter albedo, 356–358

Model atmospheres, 305–307
Molecular absorption and emission

combined transitions, 251
continuum, 260–263
electronic transitions, 249–250
line positions, 233–235
line shape, 251–260

Doppler broadened, 254–256
pressure broadened, 256–258
van Vleck-Weisskopf, 258
Voigt, 260

physical basis, 231–232
rotation spectra, 241–243
rotational transitions, 236–244
transition types, 235
vibration modes, 247–249
vibration/rotation spectra, 245–

247

vibrational transitions, 244–249
Molecular scattering

polarization, 346
transmission spectrum, 177–178

Molecules
dipole moment, 243
moments of inertia, 236–240
quantized angular momentum,

240–241
Monochromatic radiation, 17
Monte Carlo model, 385, 418
µ, definition, 165, 318
Mueller matrix, 41–42

Net flux
and atmospheric heating, 299–

301
definition, 44

Nitrogen
atmospheric abundance, 170
lack of dipole moment, 244
molecular structure, 240

Nitrogen oxides, 68
Nitrous oxide

absorption in near IR, 174
atmospheric abundance, 170
IR absorption spectrum, 272
molecular structure, 240

Number density (of particles), 160

OLR, see Outgoing longwave radia-
tion

Optical depth, 155, see Optical thick-
ness

δ-scaled, 427
as vertical coordinate, 167–168
exponential atmosphere, 183
similarity transformed, 409

Optical path, 155
additive property, 156
constant extinction coefficient,

156
Optical thickness, 166, see also Opti-

cal depth
clouds, 187–196

Outgoing longwave radiation (OLR),
132, 133

zonally averaged, 5
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Oxygen
118 GHz band, 175, 376
60 GHz band, 175, 223, 376
atmospheric abundance, 170
binding energy of, 29
dipole moment, 244
molecular structure, 240
photodissociation of, 29, 66

Ozone
9.6 µm band, 174, 214–215, 271
as pollutant, 68–69
atmospheric abundance, 170
formation of, 66
importance for heating profiles,

307–311
IR absorption spectrum, 270–

271
molecular structure, 240

Ozone layer, 57, 59, 66–67
and atmospheric temperature

structure, 67
depletion of, 67

P-, Q-, R-branches, 246–247
Parhelia, 91
Particles

atmospheric, 337–338
nonspherical, 340
physical properties, 338–340
size distributions, 365–366
size parameter, 338

Penetration depth, 75
water, ice, 75

Permittivity
in a medium, 24
of free space, 22, 26
relative, 76

Peroxyacetyl nitrate (PAN), 68
Phase function, 316, 319–325

δ-scaling, 423–429
compared with similarity trans-

formation, 427
asymmetry parameter, 322–325
Henyey-Greenstein, 324–325

double, 325
isotropic, 320–322

Legendre polynomial expansion,
420–423

marine haze, 325
normalization, 316, 320
Rayleigh, 323
relation to phase matrix, 352
size distributions, 366
spheres, 358–365

Photochemistry, 57
and air pollution, 57, 67–69

Photodissociation, 29, 261
of oxygen, 29, 66

Photoelectric effect, 28
Photoionization, 260–261
Photon, 28

energy, 28–29
Planck’s constant, 28, 114
Planck’s function, 111, 114–116, 124,

127, 128
as function of frequency, 116
physical dimensions, 115

Plane parallel approximation, 163–
168

and Earth’s curvature, 164
validity for atmosphere, 163
validity for clouds, 164

Planetary albedo, 133, 137
Polarization, 14, 18–20, see also Elec-

tromagnetic radiation, po-
larization

and microwave emissivity, 146
and Rayleigh scattering, 344–

347
and reflectivity, 84–86
in radiative transfer equation,

317
Stokes representation, 40–42
vertical and horizontal, 85

Polarized sunglasses, 20, 86, 347
Precipitable water, 145
Pressure broadening, 256–258

compared with Doppler broad-
ening, 258–260

Quantum number
rotational, 241–242
vibrational, 245, 247–249
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Radar, 15, 19, 64, 146, 351, 368–374
backscatter cross-section, 369
backscatter efficiency, 370

dependence on phase, 371
hailstones, 371
raindrops, 371
Rayleigh, 370

equivalent reflectivity factor, 372
operation, 368
reflectivity factor, 372

Radiance, 30, see Intensity
Radiant intensity, 30, see Intensity
Radiation budget, 129–142
Radiation, ionizing, 58
Radiative cooling

atmosphere, see Atmospheric
heating/cooling

cloud top, 141–142
surface, 139–141

Radiative equilibrium, 129
in vacuum, 129–132
of Earth, 132–134
of sphere, 130–132
on moon, 129–130
two-layer system, 134–138

Radiative transfer
as diabatic process, 1–2
relevance for climate and weather,

1–6
relevance for remote sensing,

6–8
Radiative transfer equation

azimuthally averaged, 385–386
Lambertian lower boundary, 209–

210
polarized, 317
simplified for microwave ra-

diometer, 377
single scattering, 326–329
specular lower boundary, 208–

209
with absorption and emission,

199
plane parallel, 203–204

with absorption and scattering,
381

with extinction only, 155

with scattering, 315–319
plane parallel, 318–319

with source function, 316
Radio band, 63–64

and remote sensing, 64
Rain rate

Marshall-Palmer size distribu-
tion, 374

microwave remote sensing, 148
radar estimation, 368–374

Z–R relationship, 373, 374
Rainbow, 52, 72, 87–91

from Mie theory, 361, 364–365
primary, 89
secondary, 91

Ray tracing, 87, see also Gometric op-
tics432

Rayleigh-Jeans approximation, 119–
120, 125, 146, 375

Reddening, 354–356
Reflectance, 188, see also Albedo, Re-

flectivity
Reflection, 72

angle, 79–81
critical angle, 82
homogeneous medium, 79–86
Lambertian, 100–103
specular, 80, 99, 102
total, 82
water surfaces, 100

Reflectivity, 95–96, see also Albedo,
Reflectance

directional dependence, 99–104
homogeneous medium, 83–86
natural surfaces, 96–97
normal incidence, 85
of water, 85–86
polarization dependence, 84–86

Refraction, 72
angle (Snell’s law), 81–82
homogeneous medium, 79–86

Remote sensing, 6–8, 57, see also
Satellite

active and passive, 146
humidity profiles, 228
infrared, 124
microwave, 20, 64, 85, 124, 126,
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146–148
cloud water, 148, 351, 374–

379
rain rate, 148
snow, 148
water vapor, 148, 377–379

ocean wind speed, 147–148
radio band, 64
satellite, 6–8
sea surface temperature, 145–

148
split window method, 145
sunglint, 128
temperature profiles, 126, 221–

225
water vapor, 145

Retroreflective beads, 364

Satellite, see also Remote sensing
images, 6–8

clouds, 144, 145
infrared, 8, 108–109, 143–146
microwave, 146–148
visible, 6–8, 61, 106–109
water vapor, 8, 225–228

infrared spectra, 125
surface classification, 109

Scattering, 150
as source, 313–314
by aerosols, 178–179, 330–331
by clouds, 178–179
clear air, 177–178
multiple, 380–385

visualizing, 382–385
Rayleigh, 340–351

frequency dependence, 344,
349

phase function, 344–346
polarization, 346–347

single and multiple, 325–326
Scattering coefficient

mass, 161–163
volume, 161–163

mixtures, 162–163
size distributions, 366

Scattering cross-section, 161–163
small particle, 349–351

Scattering efficiency, 161–163
small particle, 347–348

Scattering phase matrix, 317, 352
Scattering, isotropic, 320–322
Schwarzschild’s equation, 198–199
Sea surface temperature

from IR images, 145–146
Semi-infinite cloud

as approximation, 407–409
flux and heating profiles, 397–

398
radiative properties of, 393–398

Sensible heat flux, 105
Shortwave radiation, see also Solar

radiation
separation from longwave, 127

Similarity transformations, 409–410
compared with δ-scaling, 427

Single scatter albedo, 153, 161
δ-scaled, 427
clouds, 367–368

dependence on drop size,
368

dependence on phase, 368
mixtures, 163
similarity transformed, 409
size distributions, 366
small particle, 348–349
spheres, 356–358

Single scattering co-albedo, 368
Size parameter, 338
Skylight

blue sky, 330, 351
from single-scatter approxima-

tion, 329–331
Slab geometry, see Plane parallel ap-

proximation
Smog, photochemical, 67–69
Snell’s law, 81–82, 88, 93
Solar constant, 130
Solar heating

atmosphere, 304
surface, 104–105

Solar radiation
absorbed, 46

by snow, 105
globally averaged, 132
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zonally averaged, 5
at top of atmosphere, 45

indirect measurement, 179–
181

atmospheric heating, 304
in clouds, 380–382
infrared, 2, 62–63
non-overlap with terrestrial ra-

diation, 65
significance of, 2–3, 65
spectrum of, 61
ultraviolet, 3, 58–60
visible, 60–61
wavelength range of, 65

Solid angle, 34–37
Solstice, 48
Source function, 316
Spectral window, 143, 176

“dirty”, 177
Spectrometer, 211
Specular reflection, 80, 99, 102

in radiative transfer equation,
208–209

Speed of light, 26, 73
in nonvacuum, 26
in vacuum, 26

Spherical polar coordinates, 33–34
Split window method, 145
Stefan-Boltzmann law, 112, 118–119,

121
Steradian, 34–37
Stokes parameters, 41, 317
Stratocumulus, 141–142

albedo, 401
microwave brightness temper-

ature, 379
Successive orders of scattering, 418–

419
Sun

color temperature, 118
effective emitting temperature,

119
Sundogs, 91, see Parhelia
Sunglint, 108, 128
Susceptibility, 22

Terrestrial radiation, 65, see also In-

frared (IR) radiation
non-overlap with solar radia-

tion, 65
Thermal emission, see Emission
Thermal infrared radiation, see In-

frared radiation, Longwave
radiation

Transmissivity, see Transmittance
Transmittance, 75, 155–157

band-averaged, 279
diffuse, 188, 385, 402
direct, 188, 405
exponential atmosphere, 181–

187
monochromatic flux, 206
multiplicative property, 75, 156
plane parallel, 166, 168
small optical path, 156

Two-stream method, 381, 385–393
backscatter fraction, 389–390
boundary conditions, 393
solution, 391–393
two-stream approximation, 386–

387
two-stream equations, 388–389

Ultraviolet (UV) radiation, 58–60
absorption by oxygen and ozone,

66, 172
as ozone source, 66–67
biological hazards of, 59, 67
significance of, 59–60
UV-A, 59, 67

and tropospheric chemistry,
68

UV-B, 59, 66–67
UV-C, 59, 66–67

van Vleck-Weisskopf line shape, 258
Visibility, 331–335
Visible radiation, 60–61

contribution to solar output, 60
reflectivity of clouds for, 60
transmission spectrum, 173, 177
transparency of atmosphere to,

60
Voigt line shape, 260
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Volatile organic compounds (VOC),
68

Volume absorption coefficient, see
Absorption coefficient

Volume extinction coefficient, see Ex-
tinction coefficient

Volume scattering coefficient, see
Scattering coefficient

Water
index of refraction, 73, 74
microwave emissivity, 125

Water vapor
183.3 GHz band, 175
22 GHz line, 175, 379
6.3 µm band, 174, 214, 226
6.7 µm imagery, 225–228
absorption in near IR, 174
as contaminant in satellite mea-

surements, 145
as greenhouse gas, 62
atmospheric abundance, 170
continuum absorption, 262–263,

309, 311
microwave, 176

dimers and trimers, 262
far IR absorption, 174
importance for heating profiles,

307–311
IR absorption spectrum, 265–

267
microwave remote sensing, 148
molecular structure, 240
profile retrievals, 228

Wavelength, 14–16, 53–54, 66
and color, 60
units of, 54

Wavenumber, 54, 66
units of, 54

Weighting function
absorption, 184–187
band-integrated flux, 301
emission, 200–203
in profile retrievals, 222–225
monochromatic flux, 206

Wien’s Displacement Law, 111, 115,
117–118

Zenith angle, 33
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