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Symbols
f -plane,255, 257, 257, 258, 285
Cd, drag coefficient,106
Cp, heat capacity at constant pressure,322
Cv, heat capacity at constant volume,74
H , vertical length scale,24
K, Decay rate,150
L, Length scale,3
L, horizontal length scale,24
Lβ, Critical meander scale,554
N2, square of the Brunt–Väisälä frequency,

324
Q, source term,57
R, Rossby radius of deformation,252
S, Source,150
S, salinity,73
T , temperature,73
T , time scale,24
∆t, time step,50
ℑ, imaginary part of a complex number,254
Ω, rotation rate,37
ℜ, real part of a complex number,254
α, implicit level of a numerical scheme,53
〈u〉, average ofu, 91
Bu, Burger number,331
C, Courant numberC = u∆t/∆x, 157
δij , Kronecker symbol (0 ifi 6= j , 1

otherwise,240
D, dimensionless number for discretized

diffusion,131
ǫ, Dissipation,408
η, sea surface height,103
Fr, Froude number,329
γ, constant of an ideal gasCp/Cv, 322
i , square root of -1,i 2 = −1 , 133
κS , coefficient of salt diffusion,76
λ, longitude,47

L, a linear operator,156
lm, mixing length,411
c̃, Numerical approximation of tracer

concentrationc, 129
ũ, generic numerical field of physical fieldu,

57
ũ, numerical approximation ofu, 50
I, unit vector in absoluteX direction,37
J, unit vector in absoluteY direction,37
Ω, vector rotation,40
i, unit vector in localx direction,37
j, unit vector in localy direction,37
k, unit vector in localz direction,37
r, position vector,37
O(a), Order of magnitude ofa, 3
q , flux, 81
Pm,n, Legendre function,600
Ym,n, Spherical harmonic function,600
k, Kinetic turbulent energy,408
A, a matrix,143
L, lower triangular matrix,725
U, upper triangular matrix,725
‰, parts per thousand,73
K, Von Karman constant,220
U, transport inx–direction,197
V, transport inv–direction,197
∇2, Laplace operator,74
ν, kinematic viscosity,78
νE , eddy viscosity in vertical,93
ω, frequency,30
φ, phase angle,42
ψ, Streamfunction,170
arg(̺), Argument of a complex number̺,

i.e.,angle with the real axis,134
ρ, density (in kg/m3), 71
Ri, Richardson number,405
τx, wind stress in directionx., 106
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τy, wind stress in directiony., 106
τyz, shear stress,72
τx
b , x component of bottom stress,238
θ, potential temperature,324
×, vector product,40
ϕ, latitude,47
̺, Amplification factor,134
ζ, Relative vorticity,194, 196
b, position of a bottom boundary,103
c, Tracer concentration,127
du/dt, material derivative ofu, 72
f , Coriolis parameter,50
f∗, reciprocal Coriolis parameter,50
kT , thermal conductivity,74
psu, practical salinity unit,73
q, Potential vorticity,196
q, specific humidity,74
t, time,37
tn, value oft at discrete momentt = n∆t,

50
u, any physical variable,57
u, x-component of velocity (in m/s),71
v, y-component of velocity (in m/s),71
w, z-component of velocity (in m/s),71
x, local coordinate west-east,37
y, local coordinate south-north,37
z, local coordinate upwards,37
Ek, Ekman number,100
Pe, Peclet number,153
Ra, Rayleigh number,430
Re, Reynolds number,100
Ri, Richardson number,101
RoT , temporal Rossby number,100
Ro, Rossby number,100
A, eddy viscosity in horizontal,93
Sv, 1 Sv= 106 m3/s,86

A
Absolute acceleration,39–40, 44, 47–50,

278, 279
Absolute temperature,73, 74, 288
Absolute velocity,38–42
Abyssal circulation,see also thermohaline

circulation
Adams-Bashforth method,60
Adaptive time stepping,114

Advection,81, 87, 100, 102, 107, 115, 140,
149–164, 166–167, 170–171, 177,
180–182, 192, 218, 244, 271, 272,
274–276, 283, 302–304, 311

Advection scheme,276
Ageostrophic,257
Air masses,89
Algorithm,20
Aliasing,30, 302–304, 306, 310, 313
Alternating direction implicit,144
Ambient vorticity,see also Planetary

vorticity, 194, 196, 264–265, 291
Amphidromic point,283
Amphidromic points,352
Amplification factor,134, 304
Amplitude,129, 158, 171, 241–243, 251,

253, 255, 278, 281, 283, 286,
292–294, 300–304, 312

Angular momentum,195
Antarctic Circumpolar Current,294
Anticyclones,see also Weather patterns,3,

13, 18, 95, 256
Approximations,109, 111, 155–156, 169,

180, 215, 236, 242, 244, 249,
256–258, 261, 266–267

Arakawa, A.,265, 271, 286, 289
Arctic Ocean,234
Arithmetic operations,17, 20
Aspect ratio,95, 104, 314
Asselin filter,306
Atlantic Ocean,see also Gulf stream,25, 86,

253
Atmosphere,73, 74, 76–78, 86, 89, 104,

106, 129, 144, 149, 150, 153, 189,
194, 221, 230–231, 278, 294

Atmospheric boundary layer,230, 236, 243
Available potential energy,see also Potential

energy,353

B
Backward difference,26
Backward scheme,57
Baltic Sea,50, 51
Banded matrix,139
Baroclinic,291
Barotropic,192, 255
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Barotropic flow,292
Barotropic instability,291
Basis functions,237
Beam-Warming,see Advection scheme
Beam-Warming scheme,164
Beta effect,263, 265, 292, 297
Beta parameter,256
Beta plane,244, 257, 263, 296, 297, 312
Bickley jet,314
Bjerknes, V.,76, 89, 246
Bottom slope,189–191, 212, 229, 230, 260,

262–263, 291
Bottom topography,see Topographic

variations,212
Boundary conditions,56, 91, 101–103, 107,

109, 110, 129–132, 136, 141, 145,
154, 157–159, 161, 168, 189, 199,
200, 203–204, 206, 210, 223,
226–227, 229, 231, 239, 240, 242,
267–269, 274, 276–277, 287, 293,
296, 307, 311

periodic,116
Boundary element,306
Boundary layer,105, 223
Boundary layers,see also Ekman layer;

Western,88, 100, 154, 168–169, 176,
218, 219, 221, 223–233, 245, 247,
277

Boundedness,152
Bounds on wave speeds and growth rates,

see Semicircle theorem,295
Boussinesq approximation,71, 76, 79, 80,

86, 95, 98, 111
Boussinesq, J.,88, 93, 96
Brunt–Väisälä frequency,see Stratification

frequency
Bryan, K.,204
Bullet train,63
Buoyancy force,see Gravitational force,see

also Gravitational force,78

C
Cambridge University,217
Cannonball,63
Cartesian coordinates,72, 213, 215, 281
Cauchy condition,107

Centrifugal force,5, 40–50, 72, 280
Centripetal acceleration,see Centrifugal

force
CFD,104
CFL parameter,157
Characteristic,158
Characteristic lines,268
Characteristics,102, 267–269, 313
Charney, J. G.,148
Checkerboard mode,270
Circulation,195, 195–196, 218, 289, 307
Clouds,151
Coastal upwelling,see Upwelling,13, 14
Coherent structures,316
Collocation methods,237
Compressibility,75, 77, 79, 178–179
Computational mode,159
Computers,17, 18, 20, 21, 23, 26, 256, 289
Conditional stability,134
Conduction,74, 127
Conjugate gradient,207
Conservative formulation,80
Consistent,52, 268, 273, 282
Continental shelf waves,263
Continuity equation,71, 75–78, 85, 94, 96,

98, 151, 169, 189, 192, 194, 224,
228–233, 250, 257, 260–262, 292

Contour surgery,311
Convection,98, 180, 236, 243, 315
Convergence,27, 33, 54, 54–56, 71, 96,

110–113, 136–138, 143, 146, 168,
189, 195, 205–207, 209–211,
214–215, 228, 242, 245, 251

Convergence/divergence,282
Coriolis,96, 99, 115, 249, 270, 272, 283,

286
Coriolis force,37, 40, 42, 46, 47, 64, 97,

99–100, 115, 188, 196, 245, 255, 267,
268, 274, 292

Coriolis parameter,see also Reciprocal
Coriolis parameter,42, 43, 50, 72, 98,
188, 189, 194, 214, 220, 225, 227,
244, 250–251, 256, 259, 284, 292

Coriolis, G. G. de,187, 192, 223, 224, 245
Courant number,157, 157, 165–172
Courant, R.,157, 159, 183–184
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Crank-Nicholson scheme,165
Crest,300–301
Critical level,291, 296, 301
CTU, 171
Curvature,71–72, 310
Cutoff frequency,31
Cyclones,see also Weather patterns,13, 18,

21, 89, 95, 256

D
Data assimilation,671
Dead waters,7, 7, 246
Deformation radius,see Radius of

deformation,255, 258, 262, 274, 286
Density equation,79, 94, 98, 107, 149
Density variations,see also Stratification

effects,12, 79, 187
Diagnostic,102, 309
Dimensionless number,131
Dimensionless numbers,91, 99, 119
Dirichlet condition,107
Discretization,23, 266, 268–276, 286, 302,

306, 309, 311
Discretization error,267
Discretization errors,110
Dispersion relation,135, 158, 160, 179, 181,

251, 254, 255, 258, 273, 286,
299–300, 313

Divergence,see Convergence/divergence,
71, 75, 79, 80, 96, 170, 176, 177, 189,
192, 194, 195, 198, 200–202,
228–272

Domain decomposition,116
Donor cell,see Advection scheme,160
Double diffusion,79
Downwelling,see Upwelling,228, 229, 233,

251, 253
Drag coefficient,277
Drag force,64
Dynamic pressure,79, 86, 97, 115, 193, 197,

212, 225

E
Earth,115, 144, 230, 243, 246, 255, 256,

278–282, 285, 288
Earth’s radius,72, 256

Easterly,244
Eddies,see also Vortices,13, 14, 25, 79, 93,

121–125, 128, 144, 194, 234, 235,
311, 314

Eddy diffusivity,79, 94, 222, 305
Eddy viscosity,see also Viscosity,93, 93,

94, 98, 100, 115, 215, 222, 223, 225,
234, 236, 243–245, 286

Eigenvalue problem,294
Ekman drift,see also Ekman transport,234
Ekman layer,219, 224, 224, 226, 228–239,

243–244
Ekman number,100, 100, 187, 223, 226
Ekman pumping,228, 230, 233, 233,

233–244
Ekman transport,see also Ekman drift,233
Ekman, V. W.,246
Elliptic, 314
Elliptic equation,198
Energy budget,74, 115, 162
Energy equation,75, 76, 78–80, 85, 94, 129
Energy method,161
Equation of state,73, 76, 79–80, 87
Equilibrium tide,282
Equipotential,41
Errors,273–274, 286

forecast,672
Essential boundary condition,239
Euler method,50
Euler scheme,314
Explicit scheme,52
External radius of deformation,see Radius

of deformation

F
f-plane,189
Field estimation,671
Finite differences,21, 269, 273
Finite elements,239
Finite-volume,81
First law,see Thermodynamics,74
First-order accurate,52
FLOPS,26
Forecast,256, 671
Forecasting,18
Forward difference,26
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Forward scheme,57
Fourier law,74
Fractional steps,173, 286
France,68, 69, 254
Free surface,103, 103–104, 198, 242, 251
Frequency,see also Stratification frequency,

26–33, 44–46, 53, 66, 133, 158–159,
254–263, 291

Friction velocity,see also Turbulent friction
velocity,221, 222

Frictional force,100, 219
Frontolysis,460
Fronts,89, 166

G
Galerkin method,239
Garrett–Munk spectrum,see also Munk, W.

H.
Geoid,41
Geopotential,41
Geostrophic adjustment,119
Geostrophic balance,190, 292
Geostrophic contours,191
Geostrophic equilibrium,197, 251, 270,

274, 286
Geostrophic flow,187–189, 191–192, 194,

211, 224, 228–261
Gibraltar,86
Gill, A. E., 51, 73
Global conservation,85
Governing equations,74, 76, 77, 83, 101,

102, 132, 153, 229, 236, 244, 249,
265, 269, 276–277, 282, 286, 292,
299, 309, 311, 313

Gravitational force,see also Buoyancy
force,6, 14, 40–42, 72, 278

Gravity waves,235, 251–253, 255–256, 274,
278, 285–286

Great Red Spot,294
Grid Peclet number,163
Growth rate,294, 295, 297–298, 300, 313
Gulf Stream,3, 13, 16, 115, 213
Gulf stream,256, 294

H
Halo,116

Heat budget,83
Heat capacity,74
Heat diffusivity,76
Heat flux,107, 116, 236
Height scale,100
Helmholtz, H. L. F. von,89, 288
Heun method,59
Hindcasting,18
Hockey field,63
Homogeneous fluid,187, 188, 192, 193,

197, 212, 223, 224, 231, 236, 256, 260
Howard, L. N.,296, 315
Hydrostatic balance,86, 97, 98, 190
Hydrostatic pressure,78, 97, 115, 197
Hyperbolic,102, 268, 269
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Icebergs,230, 232
Implicit scheme,52, 268
Incompressibility,73
Inertia-gravity waves,254, 255, 263,

265–266, 284
Inertial framework,37, 40
Inertial oscillation,43, 44, 50–52, 113
Inertial oscillations,37, 53–54, 57, 58,

65–66, 255, 284
Inertial period,43, 57, 252
Inertial range,125
Initial conditions,101, 267–268, 303
Instability,132, 135, 140, 160, 161, 205,

294–295, 298–301
Interior,108–109, 116, 180, 200, 204, 223,

224–234
Internal energy,74
Internal radius of deformation,see Radius of

deformation
Internal wave,98
Internal waves,235, 253
Inverse barometric response,283, 283
Inversion,139–140, 145, 204–206, 209–211,

239, 241, 307
Isobars,188–192, 243
Isobaths,191, 191, 192, 196, 212, 262, 263
isopycnal surface,337
Iteration errors,110
Iterative solvers,143
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J
Jet stream,294, 313
Jets,147, 313
Jupiter,63, 77, 294

K
Kalman gain matrix,681
Kelvin wave,251, 253, 255, 284, 286
Kelvin waves,256
Kelvin’s theorem,195
Kelvin, Lord,89, 251, 288
Kibel’, I. A., 119
Kinematic viscosity,78
Kinetic energy,52, 53, 124, 125, 162, 286
Kirchhoff vortex,314
Kolmogorov, A. N.,122–125, 144, 147

L
Laboratory experiments,100, 211, 223, 246,

265
Lagrangian derivative,see Advection
Laplace, P. S.,68
Latent heat,74
Latitude,47, 50, 51, 65, 72, 87, 98, 180,

189, 194, 213–215, 230, 243–244,
256, 257, 263, 284, 313

Lax, P.,54–56, 136, 164–167, 177, 179–182,
184

Lax-Wendroff,see Advection scheme
Lax-Wendroff scheme,164
Layered models,194
Lead time,4, 671
Leapfrog method,60, 304
Lee waves,see Mountain waves
Length scale,see also Radius of

deformation,7–10, 25, 71, 72, 95,
104, 105, 122, 124–125, 127–128,
135, 136, 144, 153, 154, 163, 210,
219, 244, 257, 260, 273, 285

Linearization,136, 249, 293, 302
Local conservation,83
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equation,71, 79, 80, 176, 182

Material derivative,see Advection,72, 74,
75, 80, 194, 196, 296, 304

Max-min property,152
McWilliams, J. C.,218
Mediterranean Sea,65, 86, 149, 150
Mid-point method,59
Mixing, 121, 172, 235, 305
Mixing length,79, 222, 247
Mode splitting,358
Modeling errors,110
Modified equation,162
Moisture,76, 79, 107
Momentum equations,77, 78, 87, 92, 96–97,

99, 100, 105, 115, 188, 192, 198–200,
202–204, 223, 237–238, 244,
249–250, 261, 276, 277, 293
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waves,14
Moving boundary problem,104
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Nowcasting,18
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Numerical diffusion,163, 305
Numerical instability,132, 303, 304
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Numerical models,50, 110, 265, 284
Numerical stability,20
Numerical stencil,29
Nyquist frequency,30



768 INDEX

O
Oceanic circulation,218
Oceanic currents,50, 218
Oceanic gyres,see also Oceanic circulation
Operator splitting,173
Orbital velocity,65, 121–122, 124, 220
Outcrop,104
Overstability,55

P
Pacific Ocean,180, 244, 256
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Period,115, 255–256, 263, 281, 285
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Phase,46, 66, 115, 180, 181, 251, 255, 258,

262, 282, 283, 294, 300, 302
Phase speed,294–298
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Planetary effect,256, 264
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vorticity
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Poincaré waves,see Inertia-gravity waves,
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236, 238, 242, 243, 245, 271, 272,
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Pressure force,72, 74, 276, 277
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Radius of deformation,119, 252
Rapidly rotating fluids,187, 189, 211
Rayleigh equation,293
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Reciprocal Coriolis parameter,50, 72
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Relative acceleration,46, 49, 192, 279
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deformation,252

Rossby waves,see also Planetary waves,
258, 258
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Rotating frame of reference,37, 38, 40, 46
Rotating plane,42, 43, 50, 64
Rotating table,44, 46, 69
Rotation effects,223, 224, 255
Rotation rate,37, 40, 46, 64, 223, 256
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Runge-Kutta methods,59

S
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Salt diffusion,76, 79, 144
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Shear,72, 115, 175, 188, 194, 219, 219, 222,

234, 239, 247, 291, 295, 297–301,
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Solar radiation,see Radiation,14, 74
Specific humidity,73
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Spurious mode,140, 159, 269, 270, 274,
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Steepest descent,207
Stommel, H. M.,40, 41
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Sun,77, 144, 281, 285
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Temporal Rossby number,99, 100, 249, 258,

260–261
Thermal conductivity,74
Thermal expansion,73
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251, 288
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Tidal potential,281
Tides,68, 249, 253–255, 276, 278, 280, 282
Time scale,53, 132, 135, 197, 219
Time step,24, 283, 305, 306
Topographic variations,259, 285, 287
Topographic waves,see also Mountain

waves,259, 262, 262–263, 291
Trade winds,611
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Transform method,574
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Trial solution,237
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