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Adiabatic lapse rate

dry, 60

saturated, 232
Advective derivative, 4
Anelastic equations, 39
Atlantic Ocean, 289

potential density, 306
Auto-barotropic fluid, 13
Avogradro’s number, 12

Baroclinic fluid, 13
Baroclinic instability, 151-168
beta effect, 164
Eady problem, 155
linear QG equations, 154
mechanism of, 152
minimum shear, 165
necessary conditions for, 167
sloping convection, 152
two-layer problem, 161
Barotropic fluid, 13
Barotropic instability, 144
Barotropic jet, 237-245
and Rossby waves, 240
numerical example, 245
Bernoulli function, 20
Bernoulli’s theorem, 20
Beta scale, 208
Beta-plane approximation, 33
Boussinesq approximation, 36-39
Boussinesq equations, 36
and pressure coordinates, 43
energetics of, 39
summary, 38
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Brewer—Dobson circulation, 255
Brown dwarfs, 259
Brunt-Vaisala frequency, 58
Buoyancy, 37
Buoyancy frequency, 58

ideal gas, 60

ocean, 61
Burger number, 85

Centrifugal force, 26, 27
Circular reference, see Reference,
circular

Clausius—Clapeyron relation, 229
Convection

dry, 60

moist, 228
Convective instability, 124
Coriolis acceleration, 27
Coriolis force, 27
Coriolis, Gaspard Gustave de, 27

Deep jets, 280

Deformation radius, 71, 72

Dispersion relation, 104-106
Rossby waves, 111

Dry adiabatic lapse rate, 60

Dwarf planets, 258

Eady problem, 155-162

Ekman layers, 99, 290

El Nifio, 333-344

Eliassen—Palm flux, 174-176
barotropic jets, 242
form drag, 185

Eliassen—Palm relation, 175
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Energy budget, 19
variable density fluid, 19
viscous effects, 21
Energy conservation, 19
Boussinesq equations, 39
primitive equations, 45
shallow water equations, 68
Energy inertial range
in 2D turbulence, 203
in 3D turbulence, 195
Energy transfer in 2D flow, 199
ENSO, 333
Enstrophy inertial range, 199, 201
Enstrophy transfer in 2D flow, 199
Entropy, 13, 15
Equation of state, 12, 13
air, 12
ideal gas, 12
seawater, 13
Equations of motion, 3
rotating frame, 24
Equatorial ocean, 324
Equatorial undercurrent, 330
Euler, Leonhard, 4, 27
Eulerian and Lagrangian views, 3
Eulerian derivative, 4
Exner function, 23
Exoplanets, 258, 283, 284

f-plane approximation, 32
Ferrel Cell, 245, 249
eddy fluxes in, 247
residual, 249
surface flow in, 247
Field or Eulerian viewpoint, 3
First law of thermodynamics, 13
Fluid element, 4
Force
centrifugal, 26
Coriolis, 27
Form drag, 185
Frequency, 104
Frictional geostrophic balance, 99
Fundamental postulate of thermo-
dynamics, 13
Fundamental thermodynamic rela-
tion, 14

Gas giants, 259

Geostrophic adjustment, 74—80
energetics of, 79
Rossby problem, 76

Geostrophic balance, 51-57
a variational perspective, 79

frictional, 99
pressure coordinates, 55
spherical coordinates, 53
thermal, 55

Geostrophic scaling, 83

Geostrophic turbulence, 203
two layers, 205

Giant planets, 259

Gravity, 264

Gravity waves, 123-142
hydrostatic, 124

Group velocity, 108-109
internal waves, 129
property for wave activity,

177

Rossby waves, 111

Hadley circulation, 215
angular momentum, 218
ideal, 217
instability, 221
Homogenization of a tracer, 192—
193
Hot Jupiters, 259
Hydrostasy, 11
scaling for, 49
Hydrostatic balance, 11, 51
scaling for, 49-50
Hydrostatic internal waves, 124

Ice giants, 259
Ideal gas, 12
buoyancy frequency, 60
equation of state, 12
Incompressible flow, 9, 34
Inertia circles, 62
Inertial gyres, 302
Inertial oscillations, 62, 73
Inertial range, 203
enstrophy, 201
in 2D turbulence, 201
in 3D turbulence, 195
Inertial terms, 48
Inertial waves, 80
Inflection point criterion, 150
Instability, 144—168
baroclinic, 144, 151
barotropic, 144
Kelvin-Helmholtz, 144
necessary conditions in baro-
clinic flow, 167
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necessary conditions in shear
flow, 150

parallel shear flow, 146
Internal waves, 123-125

group velocity, 129

polarization properties, 125

polarization relations, 126

topographic generation, 135
Inverse cascade, 199, 203

vorticity elongation, 199

Jets, 209, 211, 237-245
and the EP flux, 242
atmospheric, 237
deep, 280
eddy-driven, 237
production by Rossby waves,
240
pseudomomentum  budget,
243
vorticity budget, 239
Jump conditions, 148
Jupiter, 277-283
JWKB approximation, 119

K41 theory, 193

Kelvin waves, 73

Kelvin—Helmholtz instability, 144,
149

Kinematic pressure, 21, 37

Kinematic viscosity, 11

Kinematics of waves, 104

Kolmogorov scale, 197

Kolmogorov theory of turbulence,
193

Lagrange, Joseph-Louis, 4
Lagrangian derivative, 4
Lagrangian viewpoint, 3
Laplace tidal equations, 27
Lapse rate, 60

dry adiabatic, 60

saturated, 232, 235
Liouville—Green  approximation,

119

Log-pressure coordinates, 43

Mass continuity, 7
Eulerian derivation, 7
in a rotating frame, 27
in Boussinesq equations, 37
Lagrangian derivation, 8
Mass continuity equation

shallow water, 65
Material derivative, 4—6
finite volume, 5
fluid property, 4
Material viewpoint, 3
Meridional overturning circulation,

307

Minimum shear for baroclinic in-
stability, 165

Mixing, 308

Mixing length, 191

Mixing ratio, 229

MOC, 307

Moist convection, 228

Moisture, 228

Mole, 12

Momentum equation, 10, 11
in a rotating frame, 27
shallow water, 64

Mountain waves, 135

Munk wind-driven model, 297
properties of, 298

Necessary conditions for instability,
187
baroclinic flow, 167
Charney-Stern—Pedlosky cri-
terion, 167
Rayleigh—Kuo criterion, 150
shear flow, 150
Non-acceleration theorem, 182-
185
Nondimensionalization, 47-50
external numbers, 260
in rotating flow, 83

Observations
atmospheric MOC, 249
El Nifio, 334-335
equatorial ocean, 324-325
ocean gyres, 289-291
ocean MOC, 305-307
stratosphere, 252
thermocline, 306

Ocean circulation
overturning, 305
wind-driven, 291

Parcel method, 58, 61
gravity waves, 127, 132
moist convection, 232
static instability, 58

Partial pressure, 229
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Phase speed, 105-106
Phillips instability problem, 161
Piecewise linear flows, 148
Plane waves, 104
Planetary atmospheres, 257-284
Planetary-geostrophic equations,
85-86, 92-93
Planetary-geostrophic  potential
vorticity, 93
Planets, 258-260
dwarfs, 258
exoplanets, 258
giants, 259
in Solar System, 273
terrestrial, 258
Poincaré waves, 71, 72
Poincaré, Henri, 72
Polar vortex, 253
Polarization properties of internal
waves, 125
Polarization relations, 126
Potential density, 15, 18
and static instability, 58
Potential temperature, 15
Potential vorticity
flux, 174
shallow water, 69, 88
staircase, 209-211
Pressure, 10
Pressure coordinates, 35, 40, 42
and Boussinesq equations, 43
Primitive equations, 32
Pseudomomentum, 175
and zonal jets, 243

Quasi-equilibrium, 235
Quasi-geostrophic
wave-mean-flow interaction,
170
Quasi-geostrophic equations, 87-
91,93-96
boundary conditions, 96
continuously stratified, 93, 94
shallow water, 87
two-level, 96

Radiative equilibrium, 270-271

Radiative transfer, 269-271

Radiative—convective equilibrium,
271

Radius of deformation, 71, 72

Ray theory, 119

Rayleigh criterion for instability,
150
Rayleigh'’s equation, 147
Rayleigh—Kuo equation, 147
Rays, 118
Reduced gravity equations, 66
Reference, circular, see Circular ref-
erence
Relative humidity, 229
Residual circulation, 179
atmospheric, 249
oceanic, 321
Reynolds number, 47
Reynolds stress, 191
Reynolds, Osborne, 47
Rhines scale, 208
Rossby number, 51
external, 261, 266
thermal, 261
Rossby waves, 109-119
and barotropic jets, 240
and turbulence, 208
barotropic, 110
continuously stratified, 114
dispersion relation, 111
finite deformation radius, 112
group velocity property, 177
mechanism of, 112
momentum transport in, 240
Rotating frame, 24-28

Salinity, 13
Saturation vapour pressure, 229
Scale height
atmosphere, 34, 44
Scaling, 47-48
geostrophic, 83
Seawater, 13
equation of state, 13
Shallow water equations, 63—-80
potential vorticity in, 69
reduced gravity, 66
Shallow water waves, 70-74
Shallow-atmosphere  approxima-
tion, 32
Sloping convection, 152
Solar System, 273
Southern Oscillation, 335
Specific humidity, 229
Spherical coordinates, 28-32
Staircases of potential vorticity,
209-211
Static instability, 58—61
Stommel wind-driven model, 292
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boundary layer solution, 293
properties of, 298
Stommel-Arons model, 313

Stratosphere, 251

Super-Earths, 259

Surf zone, 252

Surface westerlies, 237

Sverdrup balance, 290, 293
near the equator, 325

Sverdrup interior flow, 294

Sverdrup relation, 291

Tangent plane, 32
Taylor-Proudman effect, 54
Teleconnections, 119
TEM equations, 178
Terrestrial planets, 258
Thermal equation of state, 12
Thermal wind, 51
Thermal wind balance, 51-57
pressure coordinates, 55
Thermocline, 305, 308, 312
advective scaling, 311
diffusive scaling, 311
kinematic model, 308
scaling for, 310
Thermodynamic equation, 14-15
Boussinesq equations, 37
Thermodynamics, 13-19
first law, 13
fundamental postulate, 13
fundamental relation, 14
Thickness, 44
Thin-shell approximation, 32
Tidal locking, 283
Tracer homogenization, 192
Traditional approximation, 33
Transformed Eulerian Mean, 178-
180
isentropic coordinates, 181
quasi-geostrophic form, 178
Tropical circulation, 215, 222
Tropical convection, 232
Tropopause, 271
Turbulence, 188-211
energy transfer, 193, 199

enstrophy transfer, 199

three-dimensional, 193, 195

two-dimensional, 198
Turbulent diffusion, 191
Two-layer instability problem, 161

Unit vectors
rate of change on sphere, 29

Venus, 274-277
Vertical coordinates, 40-44
Viscosity, 11

effect on energy budget, 21
Viscous scale, 197

Walker circulation, 335, 336
Water vapor, 228
Wave activity, 175
and pseudomomentum, 175
group velocity property, 177
Wave activity flux, 174-176
Wave—mean-flow interaction, 173
quasi-geostrophic, 170
Wave-turbulence cross-over, 208
Wavelength, 105
Waves, 104
barotropic Rossby, 110
frequency, 104
hydrostatic gravity, 124
inertial, 73, 80
Kelvin, 73
kinematics, 104
Poincaré, 71, 72
Rossby, 109-119
Rossby, single-layer, 110
rotating shallow water, 71
shallow water, 70
Wavevector, 104
Weak temperature gradient, 223—
228,284
Western boundary layer, 296
frictional, 295
inertial, 302
Wind-driven ocean circulation, 291
homogeneous model, 291
WKB approximation, 119-121
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