
Richard S. Lindzen



Dynamics in Atmospheric Physics

Lecture Notes for an Introductory Graduate-Level Course

Richard S. Lindzen
Sloan Professor of Meteorology

Dept. of Earth, Atmospheric, and Planetary Seiences
Massachusetts Institute of Technology

CAMBRIDGE UNIVERSITY PRESS
Cambridge
New York Port Chester Melbourne Sydney



Contents

Preface IX

1 Introductory remarks 1

2 Simple energy balance climate models
Exercise . . . . . . . . . . . ...

4
15

3 Effect of transport on composition 16
3.1 General considerations. . . . 16

3.1.1 Equations of continuity 19
3.2 4-box transport model 20
Exercise . . . . . . . . . . . 25

4 'Statics' of a rotating system 21
4.1 Geostrophy and hydrostaticity . . . . 27
4.2 Scale height and thickness . . . . . . 31
4.3 Thermal wind and pressure coordinates 33
Exercises . . . . . . . . . . . . . 34

5 Observed atmospheric structures 31
5.1 General remarks 37
5.2 Daily and monthly maps 41
5.3 Zonal means . . . . . 59

5.3.1 Seasonal means . 59
5.3.2 Zonal inhomogeneity and röle of analysis. 64
5.3.3 Middle atmosphere . . . . . . . . . . 65
5.3.4 Quasi-biennial and semiannual oscillations 72
5.3.5 Stratospheric sudden warmings 72

5.4 Short period phenomena . . . . . . 82

iii



iv Dynamics in Atmospheric Physics

6 Equations of motion 83
6.1 Coordinate systems and conservation 83
6.2 Newton's second law - for fluids 86
6.3 Energy .. 89
6.4 K and (J"ij • 90
6.5 Equations of state 92
6.6 Rotating co ordinate frame 93
6.7 Spherical coordinates 95
6.8 Scaling 96
6.9 Hydrostaticity 97
6.10 Geostrophy 99

7 Symmetrie cireulation models 100
7.1 Historical review 101
7.2 Held and Hou calculations 108

7.2.1 Hide's theorem and its application 110
7.2.2 Simplified calculations . 113
7.2.3 Comparison of simple and numerical results 119

7.3 Summary and difficulties . 122
7.3.1 Remarks on cumulus convection 125
7.3.2 Tentative summary 125

7.4 Asymmetry about the equator 126
Exercises 135

8 Internal gravity waves, 1 136
8.1 Some general remarks on waves 137

8.1.1 Group and signal velo city 137
8.2 Heuristic theory (no rotation) 139
8.3 Linearization 143
8.4 Eliassen- Palm theorems 144

8.4.1 'Moving flame effect' and the super-rotation of
Venus' atmosphere 148

8.5 Energy flux 149
8.6 Aremark about 'eddies' 150
8.7 Mathematical treatment 151



Contents v

'8.7.1 Shallow water limit and internal modes 154
K 7.2 Equivalent depth 155

Exereises . . . . . . . . . 155

9 Atmospheric tides 159
9.1 History and the 'scientific method' 160
9.2 Observations . . . . . . . . 167
9.3 Theory . . . . . . . . . . . . 180

9.3.1 Laplace's tidal equation 187
9.3.2 Vertical structure equation 188
9.3.3 Simplified Laplace's tidal equation 189
9.3.4 Overall procedure . . . . . . . 193
9.3.5 Semidiurnal and diurnal solutions - Rough

functions . . . . . . 195
9.3.6 Lunar semidiurnal tide 199

Exercises . . . . . . . . 202

10 Internal gravity waves, 2
(Basic states with shear) 204
10.1 WKBJ analysis. . . 204
10.2 Criticallevel behaviour 208

10.2.1 Richardson number 209
10.2.2 Conditions for absorption 210
10.2.3 Linear and nonlinear limits 211

10.3 Damping and momentum deposition 214
10.3.1 Violation of the second Eliassen-Palm

theorem . . . . 214
10.4 Qnasi-biennial oscillation 215
Exercises . . . . . . . . . . 217

11 Rossby waves and the Gulf Stream 219
11.1 Shallow water equations . . . . . . . . . .. 219
11.2 Rossby waves. . . . . . . . . . . . . . .. 222

11.2.1 Planetary scale internal stationary waves 225
11.2.2 Free oscillations . . . . 226

11.3 Intensification of ocean currents 227
11.4 Remark on Kelvin waves. . . . 235



•

vi Dynsmies in Atmospheric Physics

Exercises . 236

12 Vorticity and quasi-geostrophy 237
12.1 Preliminary remarks 237

12.1.1 Interpretation of vorticity . 238
12.2 Vorticity in the shallow water equations 239

12.2.1 Filtered Rossby waves 241
12.3 Quasi-geostrophic shallow water theory 243

12.3.1 Rossby radius 246
12.3.2 Rossby number expansion. 246

12.4 Quasi-geostrophy in a stratified, compressible
atmosphere 248
12.4.1 Pseudo- potential vorticity . 251

Exercises 251

13 The generation of eddies by instability, 1 253
13.1 Remarks. 253
13.2 Instability 254

13.2.1 Buoyant convection 255
13.2.2 Rayleigh-Benard instability 256
13.2.3 Convective adjustment and gravity wave

breaking 257
13.2.4 Reversal of mesopause temperature gradient 258
13.2.5 Kelvin-Helmholtz instability 258
13.2.6 Radiating and growing solutions . 260

13.3 Instability of meteorological disturbanees; baroclinic
and barotropic instability 261
13.3.1 A necessary condition for instability 264

13.4 The Orr mechanism 267
Exercises 271

14 Instability 2: Energetics and climate implications 272
14.1 Energetics of meteorological disturbances 272
14.2 Available potential energy 277
14.3 Some things about energy to think about 280
14.4 Two-level baroclinic model . 280
14.5 Baroclinic instability and climate 285



Contents

Exercises

Postscript

Appendix Gravity wave program
A.l Introduction
A.2 Model description . . . . .
A.3 Numerics .
A.4 Gaussian elimination algorithm
A.5 Suggested inputs and outputs

References

Vll

289

291

293
293
294
296
297
298

300


