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ABC flow, 6, 8
absolute flux, 112
active scalar, 27
adjoint equation of variations,

117
advection-diffusion, 2, 27
advection-driven diffusion, 14,

29
advective, 14, 29
altimetry, 11
Antarctic Circumpolar Vortex,

10, 12
appended (see also augmented),

42
arclength representation, 118
area-preserving, 36, 39, 50
arrow of time, 155
atmospheric science, 134
attracting trajectory, 205
attractor, 204

nonautonomous, 204, 205
augmented, 42
augmented phase space, 42, 46,

76, 80, 114, 137
autonomous, 2, 12, 16, 30, 31,

41, 60, 103, 110
average along trajectory, 22
average flux, 175, 177

backward-time FTLE, 63, 73
barotropic, 27, 161
basin of attraction, 103, 202
Bernoulli function, 164
β-plane, 27, 161

cat’s-eyes, 5, 168, 169
Cauchy-Green strain tensor, 24
Cauchy-Schwarz inequality,

183, 194
chaos, 35

control, 203

chaos control, 197, 212
chaotic transport, 8, 9, 28, 35,

36, 38, 65, 106, 131, 174,
177

clipped manifold, 47, 219, 220
coherent structures, 2, 103, 114
computational fluid dynamics,

15
concentration variance, 27, 28,

180
control, 9, 197, 203, 212, 218,

224, 226
transport, 216

control theory, 197
control velocity, 197, 198, 222,

223
controlling chaos, 197, 203
Coriolis, 134
cotangent equation, 117
critical point, 2, 30
cross-channel micromixer, 155,

178, 179, 184, 186, 191,
195

cross-interface transport, 173
cyclone, 4

diagnostics, 17, 24
difference equation, 35
diffusion, 2, 13, 27
diffusive mixing, 28
dipole, 5
Dirac delta, 74, 75, 149
Dirac delta function, 143
direct numerical simulation, 15
discrete dynamical system, 35
divergence-free, 37, 50
double-gyre, 4, 8, 10, 27, 61, 65,

69, 72, 85, 98, 99, 125,
129, 149, 175, 215, 226

Duffing oscillator, 7, 8, 21, 45,
51, 72, 120, 133, 178, 202

dynamically consistent, 4, 10

earthquake, 143
eddy, 1, 4, 10, 134, 168
eddy detachment, 10
eddy diffusivity, 12
eigenvalue, 2, 30, 31, 114
eigenvector, 2, 67, 93, 212
Einstein summation

convention, 207
energy-constrained, 181
equation of variations, 30, 32,

33, 58, 67, 70, 163
Euler equations, 159, 160
Euler-Lagrange equation, 182,

194
Eulerian, 7, 8, 11–13, 16, 103,

109, 124, 176
Eulerian flux, 124
exponential dichotomy, 17, 30,

99, 204, 205, 213
exponential stretching, 28

filament, 28, 29
Finite-Size Lyapunov Exponent

(see also FSLE), 19
finite-time, 17, 93–99, 101, 102

hyperbolic trajectory, 94
stable manifold, 98
tangent vectors, 96
unstable manifold, 97

finite-time Lagrangian strain, 20
Finite-Time Lagrangian

Stretching, 21
Finite-Time Lyapunov

Exponent (see also
FTLE), 17

fixed point, 2, 30, 31
flow

autonomous, 1
control, 209
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nonautonomous, 1, 40, 173,
198, 204

nonautononmous, 150
steady, 1, 2
unsteady, 1, 2

flow barrier, 2, 4, 5, 9, 11, 12,
14, 15, 24, 29, 110, 150,
187

nonheteroclinic, 151, 152
flow control, 197, 201
flow interface, 150, 151, 155,

188, 189
flow map, 25, 93
flux, 29, 103, 108, 110, 111, 113,

121, 129, 136, 137, 149,
154

absolute, 112
average, 175, 177
fluid, 136
forward-time, 155
instantaneous, 112, 146, 154,

177
nonheteroclinic, 154, 190
unidirectional, 140, 168, 178
viscous, 165

flux function, 108, 113, 129,
137, 143, 150, 173

flux of scalar density, 124
forward-time FTLE, 63, 73
four-roll mill, 200
Fourier, 137
Fourier series, 137, 138
Fourier transform, 130, 138,

189
frame-independence, 25
frequency, 177

optimal, 177
FSLE, 19
FTLE, 17, 19, 22, 28, 64, 100,

216
backward-time, 19, 21, 63, 64,

73
forward-time, 19, 21, 63, 64,

73
ridge, 19, 20, 64

gate, 112, 122, 144–146, 155,
167, 168, 190, 217

geophysical flow, 9
geophysics, 134
geostrophic, 11
Great Red Spot, 10
Gulf Stream, 1, 5, 10, 100, 134
gyre, 10

Hadamard-Rybczynski
solution, 5, 14, 210

Hamiltonian, 39, 50, 52
harmonic, 129
hat, 47
,̂ 47
heteroclinic cycle, 13, 103
heteroclinic manifold, 5, 15, 61,

109, 110, 113, 114, 135
heteroclinic tangle, 104, 177,

217
heteroclinic trajectory, 15, 47,

106, 114, 131
Hill’s spherical vortex, 5, 14
homoclinic manifold, 5, 36, 37,

114, 168
homoclinic tangle, 35
homoclinic trajectory, 47, 52
hurricane, 4
hyperbolic, 3, 205
hyperbolic LCS, 23
hyperbolic trajectory, 16, 26,

30, 32, 93, 197–199, 203,
204, 206

finite-time, 94, 101
hyperbolicity

finite-time, 32
hyperdiffusivity, 12

�, 72, 76, 190
Implicit Function Theorem, 37,

77
impulse, 143
impulsive, 74, 143, 146
impulsive differential

equations, 74, 75, 81, 143
incompressible, 37, 50, 106,

119, 173, 175, 208
indicator function, 72, 120
instantaneous fixed point, 16
instantaneous flux, 112, 121,

122, 146, 154, 177
instantaneous stagnation point,

21
integral equation, 74, 76
invariant density, 124
inviscid, 159

Jacobian, 2, 50
Jacobian derivative matrix, 24,

37
jet, 4, 10
jump discontinuity, 71

Kelvin-Stuart cat’s-eyes flow,
168, 169

kinematic, 4
kinetic energy, 181, 193
Koopman operator, 23
Kuroshio Current, 134

L’Hôpital’s rule, 232, 234
Lagrangian, 7, 8, 11, 12, 16, 25,

102, 103, 109, 176
Lagrangian Coherent

Structures (see also LCS),
8

Lagrangian flux, 125
laminar, 13
LCS, 8, 23, 24, 109
limit cycle, 103
lobe area, 104, 105, 107, 108,

127, 128, 175, 177
lobe dynamics, 40, 103, 104, 108
lobe transport, 139
lobes, 103, 137
local manifold, 67
Lorenz system, 6, 8, 208
Lyapunov function, 53
Lyapunov-Schmidt reduction,

117, 162

manifold
clipped, 47, 60, 219, 220
heteroclinic, 5, 15, 61, 109,

110, 114
homoclinic, 5, 36, 37
local, 67, 212, 213
pinned, 229
primary, 50, 217
stable, 4, 9, 21, 26, 36, 60, 93,

104, 212, 218, 220, 224
finite-time, 98

unstable, 5, 9, 21, 26, 36, 45,
93, 104, 212, 218, 224,
226

finite-time, 97
material curve, 109
material derivative, 165
matrix norm, 33
Melnikov function, 38, 49, 80,

113, 114, 116–122, 126,
128–131, 133, 135, 136,
138, 139, 144, 146, 149,
154, 162–164, 222

scaled, 118, 131
stable, 60, 82, 91
unstable, 49, 54, 80, 87

Melnikov integral, 162
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Melnikov method, 35, 45, 60
Melnikov theorem, 38
Melnikov theory, 35, 36, 38
mesoscale, 10, 12, 161
microdroplet, 5
microfluidic, 13
microfluidic device, 13, 143
micromixer, 187

cross-channel, 155, 178, 179,
184, 186, 191, 195

mix-norm, 28
mixing, 1, 28
mixing versus transport, 28

nanofluidic, 13
Navier-Stokes equations,

159–161
nearly autonomous, 100, 101
nonautonomous, 2, 8, 9, 12, 16,

17, 25, 40, 110, 114, 197
nonheteroclinic, 150, 152, 154,

187

objectivity, 25, 102
oceanic jet, 4, 5
oceanography, 134
optimize, 9, 14
optimizing transport, 173, 177,

181
Oseledets spaces, 16, 31, 67, 212

particle image velocimetry, 14
passive scalar, 27
pathline, 8, 16
period, 104, 137, 177
periodic orbit, 30
⊥, 43, 47
perpendicular vector, 43, 47
Perron-Frobenius operator, 23
phase portrait, 4
phase space, 4
pinned manifold, 229
PIV, 211
pixel intensity, 27
plankton, 1
Poincaré map, 26, 36, 37, 64,

104, 107, 108, 113,
127–129, 137, 139, 174,
217

Poincaré-Bendixson Theorem,
36, 103

point
critical, 2
fixed, 2
stagnation, 2

Poisson bracket, 39, 50
pollutant, 1
potential vorticity, 10, 13, 27,

161
primary intersection point, 117
primary manifold, 50, 60, 64,

222
principal intersection point,

107
projected rate of strain, 47, 60
projection, 30, 32
proof of chaos, 36, 117, 131
pseudomanifold, 72, 144, 216

stable, 144
unstable, 80, 81, 143

pseudoseparatrix, 107, 111, 121,
129, 135, 144, 153, 155,
178

quantifying
flux, 103
transport, 103

rate of strain
projected, 47, 60

repelling, 205
Reynolds number, 13, 159
ridge, 23
ring, 4, 10
Rossby wave, 134

saddle point, 3–5, 16, 17, 35, 41,
44, 45, 61, 78, 114, 132,
166, 169, 181, 198, 200,
203, 209, 210, 212, 218,
227

sea-surface height, 11
sea-surface height (SSH), 11
separating trajectory, 150
shaking, 123, 178
signed arclength, 174
signed distance, 116
singular perturbation, 39, 159
sinusoidal, 129
Smale-Birkhoff Theorem, 35,

38, 106, 117, 131, 177
Sobolev norm, 28, 41, 204
soliton, 53
spaghetti plot, 11
stable manifold, 4, 21, 26, 36,

60, 93, 104, 212, 218, 220,
224

finite-time, 98
local, 3

stable pseudomanifold, 144

stagnation point, 2, 30
steady, 2, 15, 16, 18, 198
stochastic perturbations, 39
Stokes flow, 13, 14
streakline, 8, 16, 151, 152, 190

single, 190
streamfunction, 11, 50, 119,

134, 160
streamline, 4, 8, 16
Strouhal number, 177, 194, 195
submesoscale, 11, 12
SWOT, 11

T-mixer, 123, 178
tangent vector, 67, 93

finite-time, 96
Taylor-Green flow, 4, 140, 184,

215, 226
time

aperiodic, 40
discontinuous, 71, 74
finite, 17, 93, 99, 102
general dependence, 108
harmonic, 103, 106, 128, 129,

173, 175, 188
periodic, 25, 36, 61, 103, 137
sinusoidal, 103, 106, 129, 173

total derivative, 165
Tr, 37, 55
trace, 37, 55
trajectory

hyperbolic, 16, 30, 93, 197,
203

trajectory complexity, 21
transfer operator, 23
transitory, 73, 94
transport, 1, 9, 26–28, 103, 143,

150, 159
cross-interface, 103

transport barrier, 29
transport control, 216
transport flux, 110
transpose, 47
transverse, 35, 38, 104
turbulent, 13, 159
turnstile, 108
two-dimensional, 45, 60, 197

uncertainty, 98
unidirectional flux, 140, 168
unit vector, 47
unstable manifold, 5, 21, 26, 36,

45, 93, 104, 212, 218, 224,
226

finite-time, 97, 101
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local, 2
unstable pseudomanifold, 80,

81, 143
unsteady, 1, 2, 9, 11, 16, 18, 108,

113

vanishing viscosity, 159, 162
variational equation, 30, 32, 33,

58, 67, 70, 163
velocity shear, 68, 213, 214
viscosity, 13, 159–161
viscous, 100
viscous dissipation, 169
viscous filamentation, 168
viscous fingering, 168, 171
viscous flux, 165, 167, 168, 170

volcanic eruption, 143
vortex, 4, 10, 134
vorticity, 160, 163–165, 167, 171
vorticity equation, 160, 161

watershed, 198
wave profile, 53
wedge product, 38


