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Index

Absorbance, 62
Absorptance, 62
Absorption

bio-optical models for, 95, 536
chlorophyll-specific, 93
coefficient
defined, 63, 246
example for case 1 water, 536
fluorescence, 304, 309
inelastic, 246
modeling of, 66, 536
Raman, 293
related to electromagnetic properties, 81
total, 246
cross sections, computed from Mie theory, 137
diffuse absorption functions for irradiance, 272, 274
dissolved organic matter, 91, 97
measurement of, 86
organic detritus, 94, 96
phytoplankton, 91
radiative process, 237, 246
sea water, 88
yellow matter; see dissolved organic matter

Air-Water Surfaces

Albedo

also see Capillary Waves, Transfer Functions, and Water Waves
boundary conditions at, 152, 353, 406, 507

effects on underwater light fields, 521

energy conservation across, 165, 209

foam on, 231

interaction principles for, 151, 194

irradiance reflectance by; see Irradiance Reflectance
level, 154, 164,211

radiance reflectance by; see Radiance Reflectance
radiative transfer across, 147

symmetries of, 172, 404

wind-blown, 147, 183, 194, 209, 210, 220

compared to irradiance reflectance of the surface, 193
of an entire water body, 193, 235, 548
of single scattering, 65, 325, 536
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Angle
azimuthal, 17
between two directions, 18, 241
nadir, 17
polar, 18
solid, 19
AQOP; see Apparent Optical Properties
Apparent Optical Properties
also see Average Cosine, Diffuse Attenuation, K-functions, and Reflectance
asymptotic behavior of, 460
defined, 67
parameters in two-flow equations, 266
relations among AOP's and IOP's, 277
summary chart of, 143
Asymptotic Radiance Distribution
behavior of, 261, 457, 470
computation of, 457
dependence on IOP's, 461
existence of, 457
inherent optical property of, 460
integral equation for, 468
rate of approach to, 463
Attenuation; see Beam Attenuation and Diffuse Attenuation
Average Cosine
of phase function, 64, 114, 437
of radiance distribution, 69, 268, 278,317, 464, 551
Beam Attenuation
bio-optical models for, 112, 128
compared to diffuse attenuation, 71
defined, 63, 247
example for case 1 water, 536
total, 247
Beer's Law, 254, 259
Bioluminescence, 309, 315, 335
Bio-optical Models
for absorption, 95, 536
for beam attenuation, 128, 536
for diffuse attenuation, 131
for scattering, 117, 536
for volume scattering functions, 119
Blackbody Radiation, 43, 58,318
Bottom Effects, on underwater light fields, 526
Boundary Conditions
at air-water surface, 152, 194, 343, 348, 353, 421,507
at bottom, 233, 344, 347, 373
discrete, spectral forms of, 403, 421
effects on underwater light fields, 516, 521, 526, 534
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spectral decomposition of bottom, 408, 455
spectral decomposition of surface, 406
Bubbles
backscatter by, 102
effects on underwater light fields, 524, 552
Capillary Waves
Cox-Munk wave-slope wind-speed law, 167
gravity waves, mixed, 225
irradiance reflectance by; see Irradiance Reflectance
numerical model of, 168
probability distribution of slopes, 171
radiance reflectance by; see Radiance Reflectance
symmetries of, 172
Cardioidal Radiance Distribution, 38, 142, 190, 516
Case 1 and Case 2 Water
defined, 96
numerical simulation of case 1 water, 533
C.L.E. Diagrams; see Colorimetry
Closure, 141, 510
Colorimetry
C.I.E. diagrams, 53, 56, 132
defined, 47
tristimulus functions, 49
Complete Operators
defined, 350, 366
interpretation of, 350, 421
Delta functions
Dirac, 20, 162, 439
Kronecker, 21, 432
Depth
geometric, 149, 252, 534
notation for, 150
optical, 150, 252, 534
Detectors, for radiant energy, 13
Diffuse Absorption Functions
defined, 272
significance of, 274
Diffuse Attenuation
approximate relations for K, 281
bio-optical models for, 131
coefficients, 70
compared to beam attenuation, 71
functions for irradiance, 268
normalization of K, 72
Jerlov water types, 128
K-functions; see separate listing under K-functions
pure water, 88
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Diffuse Scattering Functions
defined, 268-273
significance of, 274
Discrete Ordinates Method
basic idea of, 431
compared with other methods, 502
development of equations, 433
strengths and weaknesses of, 441, 505
Directions
angle between two, 18
coordinate system for specifying, 16
discretization of; see Quad Averaging
specification of, 17
unit sphere of all, 19, 195, 199
unit vectors, 17
Dissolved Organic Matter
absorption by, 91
fluorescence by, 301, 305
Distribution Functions, 69, 73, 268, 278
Emission
effective, 251
true, 247, 251
Emittance, 31, 38
Exitance, Radiant, 31
Fluorescence
absorption coefficient, 304, 308
discussed, 300
excitation and emission spectra, 303
phase function, 308
quantum efficiency, 304
scattering coefficient, 308
volume scattering function, 304
wavelength redistribution functions, 307
Fourier Analysis
of discrete functions, 389
utility of, 388, 402
Fraunhofer Lines, 8, 298, 486
Frequency, 5, 32
Fresnel Reflectance
formula, 157, 161, 173, 216
of level air-water surfaces, 155, 552
Fundamental Solutions
depth dependence of, 370, 488
discussed, 346, 360
eigenrepresentation of, 448, 454
group properties of, 357
including internal sources, 358
mapping properties of, 357
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operators for air-water surface, 353
operators for source-induced irradiances, 359
radiance amplitudes, 409
source-free water bodies, 354
Gelbstoft; see Dissolved Organic Matter
Geometrical Radiometry; see Radiometry
Gershun's Law, 264, 278, 315
Hydrologic Optics, 1
Index of Refraction
complex, 80, 138
imaginary part, related to absorption, 81
real part, 83, 248
Inelastic Scattering, 66, 486
also see Raman Scattering and Fluorescence
Inherent Optical Properties
also see Absorption, Albedo of single scattering, Beam Attenuation, Index of
Refraction, and Scattering
defined, 61
local reflectances and transmittances, 403
modeling of, 66
relations among IOP's and AOP's, 277
summary chart of, 143
Intensity, 29
Interaction Equations
local, for radiance amplitudes, 402, 443
Interaction Principles
air-water surface, 151, 194
composite slabs, 367
discussed, 148
global, 345, 363, 367
irradiance-level, 153
local, general matrix formulation, 442
radiance-level, 152
Invariant Imbedding Methods
applied to the radiance transfer equation, 379
applied to the two-flow equations, 342
characteristics of, 342, 352, 375,417, 505
compared with other numerical methods, 502
computational efficiency of, 503
example solution of a two-flow problem, 345
relations for a slab, 366, 369
summary flowcharts, 426
Inverse Methods
based on the irradiance quartet, 478
based on plane irradiances, 483
based on radiances, 236,474, 511
classification of, 473
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584 Index

remote sensing, 487
uniqueness of inversions, 475
IOP's; see Inherent Optical Properties
Irradiance
boundary conditions for, 153
cosine law for, 25
defined, 24
divergence law for, 262, 264
example computations of, 27
excitance, 31
incident on a slab, 345, 361, 365
inverse square law for, 7
inversion of measured irradiances, 478, 483
net, 27,278, 281
numerical examples of, 520, 524, 527, 529, 532, 543, 546
plane, downward and upward, defined, 24
quartet, 478
reflectance; see Irradiance Reflectance
response leaving a slab, 345,361, 365
scalar, downward and upward, defined, 26
solar, 8
summary chart, 143
transfer functions for; see Transfer Functions, irradiance
typical values at sea level, 11
vector, 27, 316
Irradiance Reflectance
approximate relations for, 281
asymptotic value, 464, 548
computations of, 177
capillary waves and air-incident rays, 183, 190
capillary waves and water-incident rays, 187, 192
case 1 water, 548
defined, 70
equations for, 346, 376
example of, 548
inversion of, 485
relations for, 278
Irradiance Transfer Equations; see Two-flow Equations
Jerlov Water Types
color of, 132
defined, 129
K-functions
approximate relations for, 281
asymptotic behavior, 460, 465
defined, 70
inversion of, 485
nondimensional, 464, 529, 553
normalization of, 72, 519
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numerical simulations of, 465, 543, 546
observable, 444
relations for, 277
sky effects on, 519
summary chart, 143
utility of, 71
Lambertian Surfaces, 233, 235, 340, 347, 373, 382, 429, 456, 526
Legendre Polynomials, 387,431, 469, 475
Light
electromagnetic-field viewpoint, 4, 37, 136, 254
energy of, 5, 11, 37
frequency of, 5
measurement of, 13, 36
momentum of, 5,12, 38
photon viewpoint, 4, 324
sunlight; see Sunlight
wavelength of, 5
Local Transfer Matrix
eigenstructures of, 444, 449, 455
inherent optical property of, 379, 410, 436
radiance amplitudes, 410, 430, 436, 443
two-flow equations, 358, 471
Luminance
defined, 42
example computations of, 44
typical values at sea level, 45
Matrix Methods
also see Discrete Ordinates Method
general, 442
irradiance, 470
radiance, 444
Mean Free Path, 324
Mie Theory
computation of IOP's using, 107, 138
discussed, 136
size distributions, as used in, 139
Monte Carlo Methods
application to air-water surfaces, 173, 205, 211
application to the RTE, 326
backward, 329
basic ideas of, 166, 321
computational efficiency of, 328, 502, 505
forward, 321
fundamental principle of, 324
statistical noise, 328
strengths and weaknesses of, 327,334, 417, 505
variance reduction, 336
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Ocean Color
expressed on C.I.E. diagrams, 56
remote sensing of, 488
Optical Constants of Water, 81
Optical Depth
defined, 150
utility of, 252, 327
PAR; see Photosynthetically Available Radiation
Particles
size distributions of, 77
types of, 75
Path Function
elastic scattering, 238, 249, 260, 262, 267, 279
inelastic scattering, 245, 263, 387
true emission, 248, 389
Path Length
geometric, 251, 260, 323
optical, 255, 323
Phase Function
analytic models for, 114
asymmetry parameter of; see average cosine of
average cosine of, 64, 114, 437
defined, 64
effects on underwater light fields, 531
examples of, 113
fluorescence, 304, 308
Henyey-Greenstein, 114, 437
inelastic scattering, 245
Legendre polynomial expansion of, 387, 431, 437, 475
modeling of, 67, 114, 385, 536
normalization of, 64, 245, 386
pure water, 103
quad-averaged, 383
Raman-scattering, 293
Rayleigh-scattering, 103
wavelength dependence of, 541
Photosynthesis, 36
Photosynthetically Available Radiation (PAR)
defined, 36
numerical example of, 546
Photometry
also see Colorimetry
geometrical, 40
photopic luminosity function, 40
summary of concepts, 47
transition from radiometry, 46
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Phytoplankton
absorption by, 91
concentrations of, 75, 79
fluorescence by, 301, 307
scattering by, 105
Polarization
discussed, 284
Mueller matrices, 286
Stokes vectors, 285
Quad Averaging
bidirectional functions, 202
bottom boundary conditions, 429, 455
directional functions, 195
mathematical formalism of, 197
phase function, 383
radiance transfer equation, 382
radiance transfer functions, 209
reason for, 194
source functions, 387
surface boundary conditions, 204
Radiance
apparent, 257
asymptotic behavior of; see Asymptotic Radiance Distribution
boundary conditions for, 152
defined, 22
depth development of
measured, 260,511, 518
numerical example, 512,518
simple models for, 354, 259
examples of
measured, 58, 260, 510
numerically simulated, 503, 510, 518, 543
field, 31
fundamental role in hydrologic optics, 23
incident on a slab, 411
inherent, 257
invariance law for, 33
inversion of measured radiances, 474
n* law for, 159, 163, 216
notation for, 30
path, 239
polarized, 285
reflectance; see Radiance Reflectance
response leaving a slab, 411
simple models for, 254, 259
sky, 35, 38, 39
surface, 31, 35
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588 Index

transfer functions for; see Transfer Functions, radiance
water-leaving, 488, 548
Radiance Amplitudes
basis function representation of, 444
discrete, 395
equations for, 402, 409
fundamental solution for, 410
interior, 423
local interaction equations for, 402
local transfer functions for, 400, 409
summary of solution for, 425
transport solution for, 411
water-leaving, 424
Radiance Reflectance
computations of, 210
capillary waves and air-incident rays, 211
capillary waves and water-incident rays, 220
infinitely deep water, 453
Radiance Transfer Equations (RTE)
canonical form of, 260
derivation of, 236, 248, 258
directional discretization of, 382
general form of, 250
global formulation of, 258
history of, 312
integral forms of, 254, 256
limitations of, 253
local formulation of, 258
mathematical statement of RTE problem, 380
matrix form of, 433
monochromatic, 251
phenomenological foundations of, 148
polarized light form, 290
quad-averaged form, 382
solution algorithm for, 425
source terms in, 248, 250, 310, 380
spectral form of discrete equations, 393
standard form of, 252
wavelength discretization of, 533
Radiometry
concepts, hierarchy of, 32
defined, 3
fundamental theorem of, 161
geometrical, 22
physical foundations of, 37
terminology for, 29
transition to photometry, 46
units for, 3, 31
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Raman Scattering
absorption coefficient 293
importance in oceanography, 292, 298, 300, 302
phase function, 293, 298
scattering coefficient, 293
wavelength redistribution function, 295, 318, 326
Ray Tracing
air-water surfaces, 173, 214
examples of ray paths, 176
recursive, 178
solution of RTE, 326
Rayleigh Scattering, 103, 287
Reciprocity Relations
level air-water surface, 163
origin of backward Monte Carlo methods, 329
Reflectance
bottom boundary, 234
complete; see Complete Operators
Fresnel, 155
irradiance; see Irradiance Reflectance
local reflectance functions for irradiance, 266, 276
local reflectance functions for radiance 400, 470
radiance; see Radiance Reflectance
remote-sensing
defined, 70
discussed, 493
example of, 550
Remote Sensing
basic ideas of, 487
diffuse attenuation (K,), 491
ocean color, 488
Q factor, 494
reflectance, 70, 493, 550
Riccati Equations, 371, 376,415, 420
RTE; see Radiance Transfer Equations
Scattering
albedo for single scattering
defined, 65
example for case 1 water, 536
use in Monte Carlo simulations, 325
backward, 64, 275, 479, 484
coefficient
defined, 63, 244
elastic, 243
example for case 1 water, 536
fluorescence, 308
inelastic, 245, 246, 308
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590 Index

modeling of, 66, 122, 124
Raman, 293
cross sections, computed from Mie theory, 137
diffuse scattering functions for irradiance, 268, 274, 317
elastic, 238
forward, 64, 275
inelastic, 244
measurement of, 100, 239
modeling of, 117
multiple, 176, 182, 351, 375
particle, 105, 109, 118
Petzold's measurements of, 109
phase function; see Phase Function
polarized light, 286
radiative process, 237
Raman; see Raman Scattering
Rayleigh; see Rayleigh Scattering
sea water, 89, 102, 282, 294, 326
terminology, 242
turbulence, 107
volume scattering function; see Volume Scattering Function
wavelength dependence of, 117, 541
Shape Factors, 276, 480
Similarity Parameters, 481
Size Distributions
for particles in natural waters, 77
role of, in Mie theory, 139
Sky
effects on underwater light fields, 260, 516
irradiance distribution of, 9, 520
radiance distribution of, 38, 39, 190
Snell's Law, 155, 159, 173, 282, 506
Solid Angle
computation of, 20
defined, 19
differential element of, 20
steradian, 19
Source Function
effective
irradiance-level, 270
radiance-level, 251,416
quad-averaged, 387
true, 248, 309
two-flow equations, 267, 270, 273, 359, 361
Standard Operators
differential equations for, 346, 370, 415
irradiance-level, 345, 361
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radiance-level, 413, 420
transition to complete operators, 366
Stratification, effects on underwater light fields, 283, 529
Sunlight
Fraunhofer lines, 8, 298, 486
generation within the sun, 6
heating of water by, 11, 533
irradiance of, 9
solar constant, 8
solar emittance, 38
spectrum of, 8
Transfer Functions
as ensemble averages, 180
irradiance
defined, 153
level surface, 164
wind-blown surface, 147, 183
radiance
defined, 152
inherent optical properties of, 154, 403
level surface, 211
Monte Carlo computation of, 205
wind-blown surface, 147, 194, 209, 210, 220
within the water, 256
power, 206, 217, 220
Transmittance
complete; see Complete Operators
local, for irradiance, 266
local, for radiance, spectral form, 400
radiance, by air-water surfaces, 211
Transport Solutions
bare slabs, 361, 364, 373, 421
bounded slabs, 365
discussed, 346, 363
imbed rules, 365, 367, 369
notation for, 364
radiance amplitudes, 409, 414
summary of, 374
transport operators for air-water surfaces, 353
transport operators for source-induced irradiances, 359
union rules, 367, 369
Turbulence, 107
Two-flow Equations
alternate forms of, 271
boundary conditions for, 153, 343, 348
derivation of, 265, 267
general integration of, 355, 359, 374
history of, 277, 313
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Index

inversion of, 479

mathematical statement of two-flow problem, 343
notation for parameters in, 266, 277

parameters in, 266,269, 272,274, 276, 313, 343, 479
source terms in, 263, 267, 270, 273, 343, 359, 361
utility of, 271

Volume Scattering Function

Water

bio-optical models for, 119

defined, 63, 240

inelastic, 244, 293, 297, 304
Petzold's measurements of, 109
polarized light, 286

symmetries of, 241

wavelength dependence of, 117, 541

also see Absorption, Scattering, etc.
absorption

by natural waters, 97

by pure water, 88
classification of natural

Case 1 and case 2, defined, 96

Jerlov water types, defined, 129
constituents of natural, 73
electromagnetic properties of, 80
index of refraction of, 83
optical properties of, 60, 81
scattering

by pure water, 89, 102

by natural waters, 106

Water Waves

also see Capillary Waves
focusing of light by, 231
gravity, 224

spectra, 226, 230
whitecaps and foam, 231

Wavenumber, 10, 32, 295
Yellow Matter; see Dissolved Organic Matter
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