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Λ−Φ
definitions, 170, 256
microray generation condition, 174
observations, 260
strong fluctuation condition, 172

acoustic attenuation
relation to complex wavenumber, 50
sea bed, 51
sea water, 50

acoustic hydrodynamic equations, 40
acoustic normal modes

adiabatic approximation, 86
basic equations, 83
coupling matrix, 84
one-way equations, 85
range independent ocean, 88, 99
transverse coupling, 86
treatment of attenuation, 85
vertical modes, horizontal rays, 87

acoustic wave equation, 41

Born approximation
amplitude and phase, 77
general equation, 76
relation to Rytov approximation, 77
small-angle approximation, 76

buoyancy frequency profile, 45

caustics, 58, 65, 66, 68, 69, 73, 95,
99

coherence, rule of thumb, 183
coupled mode equations

adiabatic approximation, 338
Dyson series, 336
range-ordered exponential, 337

Eckart, C., 4
eddies, 6
Ehrenfest theorem, 61
eigenray plot, 67
ensemble average pulse, 303

experiments
AATE, 267
AET, 200, 226, 268, 310
AFAR, 265, 291, 310, 313, 321, 328
AIWEX, 133
ASIAEX, 300, 382, 398
ATOC, 293, 361, 377, 397
Barents Sea Polar Front, 134, 203, 382
Bermuda, 321
Cobb Seamount and MATE, 203, 261
Ewing and Worzel, 4
IWEX, 128
LOAPEX, 361, 379
MATE, 321, 328
MIMI, 6, 292, 397
NPAL, 293, 379
Perth to Bermuda, 4
Philippine Sea, 18, 136, 260
RTE83, 198, 202
San Diego, 260, 322
SCAVE, 9
Shelfbreak Primer, 17, 398
SLICE89, 18, 200, 310
SW06, 17, 21, 131, 137, 297, 364, 380
SWARM, 381
Yellow Sea, 21

Fermat’s principle, 79
Fresnel zone, vertical

computational approach and examples, 100
constant sound speed, 73
general definition, 73
parabolic profile, 73
problems near caustics, 101
wide-angle, 73

frozen field approximation, 41

Garrett-Munk displacement spectrum
frequency mode number form, 120
maximum mode number J, 123
modifications, 126
other useful forms, 121
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Garrett-Munk displacement spectrum (cont.)
toy model, 139
variable power law, 122

Garrett-Munk horizontal current spectrum
frequency mode number form, 121
Cartesian form, 122

Garrett-Munk spectrum history, 6,
10, 24

Helmholtz equation, 42, 55, 83
homogeneous isotropic turbulence, 10

inertial waves, 104, 197
intensity spectrum, see path integral, intensity

coherence and spectra
internal solitary waves, 21, 107
internal tides, 105
internal-wave spectra observations

Arctic and high latitude, 133
continental shelves, 131
deep ocean mid-latitude, 128, 129
equator, 134
seamounts, slopes, and canyons, 131

internal-wave tomography, 181, 193
path integral form, 301
weak fluctuation theory, 267, 303

internal waves
correlation scales, 124
derived quantities, 108
hydrodynamic equations, 108
Monte Carlo simulation, 141
scalings for horizontal kinetic energy and

gravitational potential energy, 116
strain, 129, 139, 204
wave equation, 108

internal waves, mode theory
mode equation, 113
observables, 114
surface expression, 114
WKB analysis, 115–118
WKB dispersion relation without turning points,

116
WKB dispersion relation with turning points,

117
internal waves, ray theory

critical slope, 113
dispersion relation, 109
motion of water parcels, 110
observables, 110
wave packet propagation, 111

Inuit whalers, 3

Lagrangian manifold, 67
Leonardo da Vinci, 3
log-amplitude spectrum, see weak fluctuation theory,

phase and log-amplitude spectra
loop resonance, 168
Lord Rayleigh, 3
Lyapunov exponent, see ray theory

Markov approximation, see ray-tangent
approximation

mean intensity, see mode transport theory, mean
intensity

microrays
distribution along a front, 149
eigenray bundles, 152
interference and mutual coherence functions,

281
interference and saturation, 153
origin, 147
scattering into shadow zones, 152

mode adiabatic theory, mean intensity, 346
mode adiabatic theory, mean pressure, 342
mode adiabatic theory, mean square intensity

hybrid model, 390
mode adiabatic theory, mutual coherence function

frequency
derivation, 384

mode adiabatic theory, mutual coherence function
space and time

decorrelation in range, 369
derivation, 367
horizontal coherence, 375
time coherence, 372

mode coupling
Dyson series and beat wavenumber resonance, 167
mode energy diffusion, 169, 351
mode multipath, 156

mode transport theory
accomplishments, 34
rough surface scattering, 36, 401

mode transport theory, mean intensity
Dyson series, 347
edge effect, 359
hybrid theory, 354
Monte Carlo validation, 355
observations, 360
range ordered exponential, 349
two-mode example, 352

mode transport theory, mean pressure
connection between transport and adiabatic theory,

345
Dyson series, 343
range ordered exponential, 344
solution, 344

mode transport theory, mean square intensity
asymptotic behavior, 391
derivation, 387, 391
edge effect, 390
full-field scintillation index, 393
mode scintillation index, 393
observations, 397
scintillation index, exponential growth, 394
two-mode example, 394

mode transport theory, mode energy
asymptotic behavior, 351
equipartion of energy, 352
mode energy diffusion equation, 351
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mode energy equation, 350
observations, 360
two-mode example, 352

mode transport theory, mutual coherence function
frequency

cross mode coherence, 382
derivation, 383

mode transport theory, mutual coherence function
space and time

depth average coherence, 366
depth coherence, 368
derivation, 366
horizontal coherence, 373
horizontal coherence, quadratic approximation, 375
Monte Carlo validation, 369, 373
observations, 376
time coherence, 371
time coherence, quadratic approximation, 372

mode transport theory, the scattering matrix
correlation function of the coupling matrix, 338
frequency separations, 384
GM spectrum, 341
horizontal separations, 373
Lorentzian spectrum, 341
space and time separations, 367
time separations, 371

moment equation method, 28
Monte Carlo simulation, 12, 25
Munk canonical profile, see sound speed

ocean acoustic tomography, 14

parabolic equation
derivation, 42
path integral, 80, 276
ray tube functions, 59
rays, 55

path integral, general
accomplishments, 32
as a Green’s function, 273
definition, 80
free space solution, 275
ocean acoustic formulation, 81
path integrals as products of delta functions, 329
solution for Gaussian form, 330
solution of the parabolic equation, 81

path integral, intensity coherence and spectra
depth separations, 320
derivation, 314
frequency separations, 321
full saturation, 315
observations, 321
partial saturation, 315
time separations, 318

path integral, intensity moments
derivation, 323
observations, 328
relation to the microray focusing parameter, 323

path integral, mean pressure, 277
path integral, mutual coherence function frequency

derivation, 303
microray bandwidth parameter, Q(Δω), 306, 307
observations, 309
pulse time spread and bias, 307, 309

path integral, mutual coherence function space and
time

coherence time, 285
derivation, 278
horizontal coherence length, 286
observations, 288
relation to the phase structure function, 280
vertical coherence length, 284

perpendicular wavenumber resonance
conceptual, 157

phase spectrum, see weak fluctuation theory, phase
and log-amplitude spectra

phase structure function
definition, 282
depth separations, 284
horizontal separations, 286
ray-tangent approximation, 283
time separations, 285

probability distributions
exponential, 180
generalized Gamma, 179
log-normal, 176
Rayleigh, 180

pulse time bias, see path integral, mutual coherence
function frequency

pulse time spread, see path integral, mutual coherence
function frequency

pulse time wander, see ray theory, travel time variance

quantum chaos, 30, 188

ray chaos
anomalous diffusion, 216
exponential intensity PDF, 235
introduction, 59
KAM theory, 212
Lyapunov exponent, 61
mapping, 214
microray statistics, 215
observations, 226
peak intensity PDF, 232
pulse time spread, 231
ray amplitude and stability, 56
resonances, 211
response to nonlinear forcing, 209
the α parameter, 166, 216
the α parameter and ray stability, 219
the α parameter and travel time stability,

221
unperturbed ray expansion, 165

ray-tangent approximation
currents, 197
curvature corrections, 198
displacement, 195
overestimation of anisotropy, 198
perpendicular wavenumber resonance, 196
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ray theory
accomplishments, 28
action angle variables, 68, 217
asymptotic analysis, 55
general, 52, 53
Helmholtz equation rays, 54
intensity variance, 204
Liouville’s theorem, 60, 67, 214, 216
Maslov number, 58
parabolic equation rays, 55
range independent ocean, 63–69
ray amplitude, 58
ray amplitude, perturbation, 205
scattering along and across the front, 206
travel time linearization, 191
travel time variance, comparisons to observations,

200
travel time variance, displacement and current,

192
variational approach, 78, 192
vertical angle variance, 202
with currents, 189

ray-mode equivalence, 335
Richardson Number, 124
Rytov approximation, 77

scintillation index, 13
mode transport theory, 387
path integral theory, 323

shadow zone scattering, 20
SOSUS, 9, 20, 296
sound speed

adiabatic gradient, 44
Arctic profile, 49
example profiles, 47
general, 43–49
internal-wave fluctuations, 10, 47
Medwin equation, 44
Munk profile, 46
potential gradient, 44
shallow-water profile, 50

spice, 24, 136
split-step algorithm, 82

thermal wind, 139
tidal dissipation, 104
time lagged intensity covariance, 312
time front, 18, 65
transmission loss

mode theory, 88
ray theory, 58

travel time statistics random walk, 222
eigenray constraint, 224
unconstrained, 225

vertical flux of horizontal momentum, 193
vortical mode, 24, 139

wave chaos, 235
entropy, 237

wave propagation regimes, 169–181
partially saturated regime, 177
saturated regime, 179
unsaturated regime, 175

wave front distortion
triplication, 145
weak fluctuations, 145

weak fluctuation theory
accomplishments, 30
correlation length in the direction of the ray, 161
diffraction and the Fresnel filter, 159
observations, 260
perpendicular wavenumber resonance, 159
turning points, 163

weak fluctuation theory, phase and log-amplitude
spectra

an example, 254
depth/time observation plane, 252
no waveguide, plane wave, 242
no waveguide, point source, 246
ocean waveguide, 247
ocean waveguide, new approach, 248
variances, 253

white noise gain, 181
WKB method

general, 102
internal waves, no turning points, 116
internal waves, two turning points, 117
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