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adding-doubling method 18
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aerosol loading XI, 232
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aerosol particle loading 112
aerosol particle size 47, 112
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aerosols 210
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Airborne Visible/Infrared Imaging
Spectrometer (AVIRIS) 216
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amplitude scattering matrix 15, 31, 39
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associated Legendre functions 36
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atmospheric correction 228, 232, 250
atmospheric scale height 41
attenuation coefficient 54, 110
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backscatter fraction 9, 13
backscattering coefficient 9, 56, 69
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backscattering fraction 56
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basic intensity 67
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Beer–Lambert la XI
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bidirectional polarized reflectance
distribution function (BPrDF) 74, 82

bidirectional polarized transmittance
distribution function (BPtDF) 74

bidirectional reflectance distribution
function (BRDF) 77, 215, 226, 228

bidirectional reflection coefficient 69
bimodal aerosol mixture 233
bimodal aerosol model 233
bimodal mixture 250, 251
binomial distribution 172, 177, 180
binomial expansion formula 170
bio-optical models (BOMs) 53, 56–58, 63,
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bivariate analysis 151
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boundary conditions 30, 31, 38, 89, 97, 105,
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bright targets 250
brightness temperature 70
brine pockets 49, 51, 53, 215

c
C-DISORT 102, 238
C-DISORT coupled RTM (CRTM) 215
C-VDISORT 102, 238
Cauchy distribution 145, 153, 178
CCRR bio-optical model 53
CDM absorption coefficient 235
CDOM 56, 58, 60
𝜒2 distribution 154, 163
chlorophyll concentration 56, 58, 216, 235
chlorophyll concentration CHL 234, 252
climate change 217
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cloud optical depth (COD) 209, 211, 212,
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cloud particles 48, 137, 210, 242
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colored dissolved material (CDM) 234
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completely polarized light 15
complex refractive index 64, 88
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convergence criterion 235
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covariance 149
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“Cox-Munk” BRDF 77
critical angle 119
cross entropy 177
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CRTM forward model 233, 236

d
data null space 192
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degrees of freedom 163
𝛿 fit method 27
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depolarization factor 11, 21, 41
depolarization ratio 54
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DH irradiance 210
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directly transmitted radiance (DTR) 229,
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discrete-ordinate solution 111
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doubling-adding formulas 109
doubling-adding method 3, 105, 106
downward hemispherical (DH) irradiances
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e
effective radius 28, 47–49, 57
effective variance 28, 29, 57
eigensolutions 127
elastic scattering 5
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emissivity 70
empirical orthogonal functions (EOFs)
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equivalent depth 42
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expected value operator 185
expected value solution 190
Exponential-Sum-Fitting of Transmissions
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extinction coefficient 7, 56, 252
extinction cross section 25, 35, 39, 251
extinction law 1

f
far zone 31, 34
fast forward model 259
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first-order scattering 88
flat prior 152, 153
forward model 137, 181, 235
forward RT model (RTM) XII, 2, 237
Fourier cosine series 10, 89
Fourier series 22, 91, 93, 215
Fournier–Forand (FF) scattering phase
function 13, 14, 55, 56, 60

Fréchet derivatives 182
Fresnel formulas 64
Fresnel reflectance 82, 88, 95, 230
Fresnel reflection 91
Fresnel reflection coefficient 72, 110
Fresnel transmission 91
Fresnel transmittance 88, 95
Fresnel’s equations 105, 135

g
gamma distribution 28
Gauss–Newton 253
Gauss–Newton formula 235
Gauss–Newton method 202–204
Gaussian 255
Gaussian distribution 112, 141, 142, 152,
185, 188

Gaussian pdf 179
Gaussian quadrature 102, 117
Gaussian rough surface 74
general solution 134
generalized inverse 193, 195, 199
generalized inverse solution 196, 197
generalized spherical functions 18, 22, 24,
26, 27

generating function 36
generic homogeneous solution 129
GLobal Imager (GLI) 216
grain size 216, 217, 221
Gram–Charlier series 76
GSMmodel 58, 60

h
Hapke BRDF 78
Henyey–Greenstein (HG) scattering phase
function 11, 216

Hessian 202
Hessian matrix 158
hot spot 80
hot spot effect 77
hydrosol 63
hydrosol mass content 63
hydrostatic balance 41
hypergeometric distribution 178
hyperspectral XII
hypothesis testing 163, 167

i
ice inclusions 49
ideal blackbody 70
ill conditioned 156, 191
ill posed 191
imaging XI, 2
impedance 74
impurities 49, 51, 53, 56, 215, 217, 252
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inelastic scattering 5
inherent optical properties (IOPs) XI, XII,
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inherent optical property 7
initial-value problem 106
inorganic (mineral) particles 53
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integro-differential radiative transfer
equation 249

interaction principle 106
inverse problem 111, 137, 189, 201
inverse RT problem XII, 2
inverse-square law XI
irradiance 10
ISBRDF 215
ISIOP tool 49, 215
isotropic 69
isotropic scattering 9
isotropic slope distribution 76
iterative inversion 232

j
Jacobian(s) XII, 2, 111, 112, 114, 115, 160,
161, 182, 233, 238, 253

Jacobian matrix 235
Junge coefficient 13
Junge distribution 13, 234
Junge size distribution 61

k
k-distributions method 44
kangaroo problem 173
Kirchhoff approximation 72
Kirchhoff’s law 70

l
L-curve 198
Lagrange multipliers 173, 177, 178
Lambertian XII
Lambertian surface 71
Landsat Thematic Mapper (TM) 216
laser beam 4
least-squares approximation 159
least-squares estimate 158
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least-squares likelihood function 179
least-squares method 158
least-squares solution 183, 193, 194
Lebesque measure 177, 180
Legendre polynomials 9, 11, 24, 26, 89,
117, 233–235

Levenberg–Marquardt method 203
Levenberg–Marquardt parameter 235, 253
lidar 4
light attenuation XI, 1
likelihood function 138
line-by-line (LBL) methods 44
linear inverse problem 182
linearized CRTM 233
linearized radiative transfer 111
liquid water content 28
local surface slopes 73
location parameter 172
log-normal distribution 28
log-normal particle size distribution 242
log-normal size distribution 239
look-up table (LUT) method 112, 209, 210,
232

LOWTRAN/MODTRAN band model 43
LU-factorization 111
LUT 211, 213

m
marginal error bar 149
marginalization 139, 164, 167, 169
matrix operator theory 105
matrix operator method 3
matrix-exponential 107
matrix-exponential solution 106
MaxEnt 179, 180
MaxEnt principle 178, 180
maximum a posteriori (MAP) solution 190
maximum likelihood estimate 157, 182
Maxwell’s equations 1, 24, 31
MC methods 225
mean intensity 10
mean-square deviation 172
MEdium Resolution Imaging Spectrometer
(MERIS) 228, 250

melt onset date 224
melt onset maps 224
melt ponds 218
meridian plane 16, 17, 20
meridian planes 19
MERIS 250
metamorphism 224
metamorphosis 223
micro-phytoplankton 57
microwave XII

microwave sensors (SSM/I AMSR,
NSCAT, etc.), 225

Mie code 47, 49, 57, 231, 233
Mie scattering 249
Mie–Lorenz theory 3, 5, 24, 29, 30
mineral particles 54, 58, 61
minimum length solution 193
mirror symmetry relation 19, 22
model data 211
model null space 192, 193
model resolution 194
model selection 163, 166
Moderate Resolution Imaging
Spectroradiometer (MODIS) 216, 228,
249, 250

moderately nonlinear 201
modified gamma distribution 28
MODTRAN 44
moments 10, 56
monkey argument 176
Monte Carlo method 3
Monte Carlo simulations 18, 102, 109, 110,
238, 242, 245

Mueller matrix 15, 17, 33
multimodal pdf 142
multinomial distribution 176
multiple scattering 2, 4, 86, 90, 93, 96, 206,
230, 231

multiply scattered light field XII, 2
multiply scattered radiance (MSR) 229, 230
multispectral XII
multivariate case 151
multivariate Gaussian 151
multivariate Jacobian 161

n
nano-phytoplankton 57
natural unpolarized light 15, 21
neural network 112, 252
neural network forward model 210, 258
neurons 114, 237
Newton’s method 202
Newton–Raphson 156
NILU-UV instrument 208–210
non-Gaussian statistics 190
non-Lambertian XII
nonlinear inverse problem XII
nonlinear inverse RT problem 2
nonspherical particles 5
normal distribution 142
normalized angular scattering cross section
3

normalized difference vegetation index
(NDVI) 83
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nuisance parameter 148, 149, 151
nuisance parameters 140
null space 183, 186

o
Ockham’s razor 165
OE 236
OE/LM 258
OMI 212, 213
open ocean 250
opposition effect 77, 79
optical theorem 35
optical thickness 101
optimal estimation (OE) 62, 147, 155, 233,
235, 250, 253, 254, 256, 261

Optimal Estimation/Levenberg–Marquardt
252

optimal solution 158, 189
optimal spectral sampling (OSS) method
44

optimal value 174
organic (algae) particles 53
organic particles 60, 63
Ozone Monitoring Instrument (OMI) 209

p
parallel polarization 64
parameter estimation 139, 166
particle mass content (PMC) 28
particle size distribution (PSD) 13, 28, 45,
49, 63, 234

particle volume fraction 47
particular solution 132
particular solution vector 132, 134
PC analysis 205
peakedness 76
peakedness coefficients 76
permeability 69, 73, 74
permittivity 69, 73, 74
permutations 170
perpendicular polarization 64
Petzold scattering phase function 14, 54
PFTs 57
phase (or backscattering) 78
phase angle 80, 81
phase matrix 91
phytoplankton particles 58
pico-phytoplankton 57
pigmented particles 55–58, 62
Planck function 69, 86, 91, 95, 133
plane interface 63, 65
plane of incidence 64, 66, 70
plane wave 31, 32, 37, 70, 72
plane-parallel 4, 10

plane-parallel geometry 86
plane-parallel medium 86
Poisson likelihood distribution 159
polarization XI
polarization effects 3, 100
polarization measurements 250
polarized radiation XII, 1, 3, 137
polarized radiation components 245, 246
polarized reflectance XII, 65, 82
polydispersion 24
positive definite 185
posterior probability 138
power-law distribution 28
Poynting vector 32, 34, 67
principal component (PC) method 44
principal plane 232
principle of detailed balance 71
principle of indifference 168, 180
principle of insufficient reason 168
principle of maximum entropy 173
prior knowledge 186
prior probability 138
probability density 139
probability theory 138
product rule 138, 139, 169
PSD slope 234
pseudo inverse solution 193
pseudo-spherical 4
pure water 53, 234

q
quadratic approximation 148
quadrature points 118, 120, 121, 124, 125
quasi-monochromatic 43

r
radial basis function neural network
(RBF-NN) 112, 209, 210, 252

radial-basis functions neural-network
(RBF-NN) 236

radiance XI, 1, 7, 8, 69, 227
radiances 228
radiation modification factor (RMF) 209,
210, 212

radiative transfer XI
radiative transfer equation (RTE) 1, 86, 137
radiative transfer model (RTMs) 60, 210,
249

radiative transfer model for the coupled
system (CRTM) 112

radiative transfer theory 1
radiometry XI, 1
Rahman–Pinty–Verstraete (RPV) BRDF 79
Raman scattering 11



352 Index

random band model 44
random walks 109
Rayleigh limit 249
Rayleigh scattering 21, 83, 127, 233, 238
Rayleigh scattering phase function 11, 14,
43, 56, 83

Rayleigh scattering phase matrix 43
Rayleigh–Jeans limit 70
RBF 113
RBF-NN 112, 114, 209, 211, 213, 236
reciprocity relation 19, 70, 71
reduction of order 124
reflectance matrix 74
reflected polarized radiation components
239, 240, 242, 243

reflection matrix 66, 74, 98, 106, 131
refraction region 99
refractive index XI, 9, 12, 13, 24, 29, 45–47,
51, 53, 56–58, 60, 61, 65, 67, 88, 94, 105,
135, 230, 238, 239, 245

refractive region 118
regularization 197
regularization parameter 198
relative humidity (RH) 46
relative refractive index 40, 96
remote sensing XI, 2
retrieval (state) parameters 115
retrieval parameters (RPs) XI, XII, 2, 112,
211, 233, 238, 251, 260

retroreflectance 77, 79
Ross–Li BRDF 80
roughening matrices 200
RT models 238, 249
RTE 26, 86, 88–90, 101, 109

s
sampling problem 242
sampling with replacement 169
scalar radiance 10
scalar RTE 3, 63, 100, 124, 238
scalar wave equation 35, 36
scattering XI, XII
scattering angle 8, 13, 17, 19, 27, 31, 37, 39,
78, 79, 88

scattering coefficients 3, 7, 24, 43, 53, 54,
56, 110, 234

scattering cross section 25, 40, 251
scattering efficiencies 51
scattering matrix 27, 33
scattering phase functions 3, 8, 9, 11, 14,
18, 21, 25, 27, 54, 60, 79, 86, 87, 89, 119,
125, 205, 233, 234, 239, 252

scattering phase matrix 3, 18, 100, 238,
242, 251, 252

scattering plane 8, 15–17, 21, 31, 39, 64, 90
SCIATRAN 102
sea ice 218
sea ice BRDF 215
sea ice inclusions 48
Sea-viewing Wide Field of view Sensor
(SeaWiFS) 228

SeaWiFS Data Analysis System (SeaDAS)
228, 229

Shannon–Jaynes entropy 177
simultaneous retrieval 235, 250
single-scattering albedo 8, 25, 27, 48,
51–53, 79, 86, 87, 90, 100, 101, 111, 123,
205, 206, 215, 234, 239, 250, 252

single-scattering approximation 96, 100
single-scattering source term 88
singular value decomposition 184, 192, 200
singular values 184, 192, 196, 197
singular vectors 184
size parameter 40
skewness 76
skewness coefficients 76
slab geometry 10
slope parameter 61
slope parameter 𝜉 13, 61
Snell’s law 64, 67, 105, 110, 119, 135
snow grain size 217, 221
snow grains 48–51
snow impurities 217
snow impurity 219
snow melt 217, 224
snow metamorphism models 224
snow surface temperature 218, 221
solid angle 1, 67, 69, 227
SOS method 100
source function 86, 90, 96, 98, 101
source terms 88, 91, 132, 133
specific intensity XI, 1
spectral intensity 69
specular reflection 232
spherical particles 5, 233, 249
state parameters 237, 252
statistical fluctuations 239, 242
statistical noise 245
steepest descent method 235
Stirling’s approximation 175
Stokes parameters 1, 33, 103, 110, 112, 120,
122, 252, 253

Stokes rotation matrix 18
Stokes scattering matrix 16–18, 21, 23, 25,
26, 48, 83, 110

Stokes vector 3, 14, 15, 20, 65, 66, 83, 90,
91, 93, 100, 106, 110, 123, 132, 135

stratified medium 2
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Student-t distribution 153
successive order of scattering method 3
sum rule 138
sun–satellite geometry 228
sunglint 76, 227, 230, 231
sunglint contamination 232
sunglint radiance 229
surface classification 218
surface reflectance 205, 211, 250
surface roughness 63
surface scattering 77
surface slope 74
surface slope components 76
surface temperature 216–219, 221
synthetic (model) data 112
synthetic dataset 254
synthetic measurements 211

t
tangent plane approximation 72, 228
Taylor expansion 155
Taylor series expansion 140
Terra satellite 249
testable information 173, 180
thermal emission 71, 86, 91, 95, 101
thermal radiation 71, 87
thermodynamic equilibrium 71
3-D RT modeling 4
time-dependent 4
time-dependent RTE 5
time-independent 5
total ozone column (TOC) 208, 209, 211,
213, 214

total reflection 66, 99, 118, 134
translucent media 1
transmission matrix 98, 106
transmittance matrix 74
transmitted polarized radiation components
239, 241, 242, 244

transparent medium XI
transverse electric field vector 15
truncated SVD 196
turbid media XI, 2

turbid medium 4
two-point boundary-value problem 135

u
ultraviolet (UV) radiation XII, 207–209
uniform prior 159, 164
unpolarized 1, 69, 137
unpolarized (scalar) RTE 124
unpolarized light 65
unpolarized radiation XII, 124
US Standard Atmosphere 42

v
variance 149, 171, 178, 255
variational principle 174
VDISORT 102, 238
vector harmonics 36
vector radiative transfer model 260
vector radiative transfer theory 14
vector RT method 238
vector RT models 249
vector RTEs 3, 63, 102, 123, 124, 238
vector scattering amplitude 34
vector spherical harmonics 36–38
vector wave equations 30, 35, 36
vertical optical depth 86, 88
vertically inhomogeneous media 128
vertically stratified medium XII
virtual measurement 186
VLIDORT 102
volume fraction 28, 50, 53, 63
volume scattering 77
volume scattering function 8
vsf 8

w
water activity 46
water vapor 217
water-leaving radiance 232, 250
weighting function matrix 182
weighting functions 111
well-posed problem 190
Wigner d functions 27




