Contents

PIETACE. ... oo re e XiX
ACKNOWIEAGMENTS.... ..ottt e et re e sraeanes xxiii
N 11 L0 T PSR SRPP XXV
LISt OF TaBIES ... e XXVii
LiSt OF SYMDOIS.......eicii e XXXI
Chapter lintroduction to Planets and Planetary SysStems...........cccocviiiininiiniieinenn, 1
1.1 Planetary SYSTEMS......cccoiiiiiiieieiesee e |
1.1.1  Solar System Planets.........ccccooevieninieneenienienee e 3
1.2 Orbital MOTION........cccooiiieeccce e 4
1.2.1  Basics of Orbital Mechanics.........c.ccccocvevviieiiieneinnns 4
1.2.1.1 Newton’s Law of Universal Gravitation....... 5
1.2.1.2 Motion under a Central
Conservative FOrce.........coccovcvevieiieciiesneee 6
1.2.1.3 Kepler’s Laws of Planetary Motion.............. 10
1.2.2  The Motion of Two Bodies under Their Mutual
Gravitational Attraction............c.ccoeveveviieii e 12
1.2.3 Three-Body Problem..........ccccooviiiiiiiiiiieec, 14
1.2.4  Orbital Perturbations and Resonances...............c........ 15
1.3 Gravitational Field and the Shape of Planets and
Major Satellites.........coveiieiiic e 16
1.3.1 Gravitational Field of a Planet............cccccoevvivnivenne 17
1.3.2 Gravitational Tidal Force and Torque...........cccccevvenen. 24
1.3.3  ROChE’™sS LIMIt ..o 26
1.3.4 Planetary Rotation System and Coordinates............... 26
1.4  Primary Energy Sources onPlanets..........c.ccoovvvrininieeiinniennnnnn, 29
14.1 Rotational Mechanical Energy.........ccccooeviviviieiieennnns 29
1.4.2  Internal ENErgy.....ccccoiieieiiieiieie e 29
1.42.1 Radioactive Decay.........ccccoeverieerenieenennnnnn 29
1.4.2.2 Gravitational Energy..........ccccceevviieiivninnnnnn, 30
1.42.3 Tidal Heating..........ccooovviienencienieeeee, 32
143  External ENErgy.....ccccooviiiiiieiiiie e 33
1.43.1 Global Insolation.........c.cccocevviviiinnienncne 33
1.4.3.2 Insolation in a Planet or Satellite................. 34
1433 AIbedo......cccooiiiiii 37
1.4.4 Equilibrium and Effective Temperatures..................... 38
1.5 Internal Structure of Planets andSatellites..............ccccccevinennnnn 40
151 Equation of State........ccccccevviiiiiie e 40
1.5.2 Density Profiles........cccoiiiiiiniiiiiieee e 41

VII



Vil

Chapter 2

Contents
1.5.3 Mass-Radius Relationship..........ccccccooevieveiiciiciece, 45
1.5.4 Energy Transport in the Planetary Body....................... 47
1.54.1 CondUCHION......ccooevieiiiieiee e 47
1.5.4.2 RadiatioN.......cccceeiiiiiiinienie e 49
1.5.4.3 CONVECHION.....ccoiiiiiiiiie e 50

1.5.5 Planetary Structure: Internal Differentiation of
SOlId BOAIES.....cceeieiieciiee e 52
1.6 Magnetic Field..........cooiiii s 54
1.6.1 Maxwell EQUAtIONS..........ccoooiiiiiiiiiiecee e 55
1.6.2 Dynamo RegIMEe.......cccceiiiiiiiiiiiiiecec e 56
1.6.3 Dipole Field..........ccoooiiiiiecee e 58
1.6.4 Magnetic Fields in Solar System Bodies....................... 59
1.7 PlanetodiVErSIty .. ... 60
ProBIEMS ... s 64
Origin and Evolution of Planetary Atmospheres...........ccccoovvviieenenen. 71
2.1 Origin of the Solar System.........ccccociiiiiiicie e 71
2.2 Thermal Evolution of the Planets...........ccccoevvvniinenencieniee, 76
2.3 Origin of Planetary AtmOSPNEres..........cccovviiirinieeienene e 78
2.3.1 Elemental Abundances and Isotopic Ratios................. 79
2.3.2  0Outgassing ProCeSSeS.........cccouieeiiiiiieie s 81
2.3.3  Capture PrOCESSES........cccviuerieriieiinienie et 82

2.3.4  Overview of the Origin of Primordial

Atmospheres for Each Body.........ccccccoviviiiiiiiinnicnnns 84
2.4 Atmospheric Evolution ProCesses.........ccccvveiieeiieiieeiie e, 86
2.4.1 Erosion and EScape ProCessSesS........cccocvvvvereerieseesinereene 86
2.4.1.1 Thermal or Jeans Escape.........c.cccceevrvrvnnnne. 88
2.4.1.2 Nonthermal or PhotochemicalEscape......... 89
2.4.1.3 Hydrodynamical or “Blowoff’Escape......... 90
2.4.1.4 Geometrical “Blowoff' Escape..................... 91
2.4.2 Impacts and ColliSioNns.........ccccccvveviiiiiieecicc e 92
2.4.3  SUIface ProCESSES......cccccvieeriieiiiie e 92
2.4.3.1 Condensation................... T 93
2.4.3.2 AdSOrPtioN......ccccoeeiiiiiie e 93
2.4.3.3 DIiSSOIULION......coeiiiiiecieeeeee e 93
2.4.3.4 Chemical Weathering.........ccccccevvnvnvnennnnnns 93
2.4.3.5 Atmospheric Feedbacks..........c.ccoceoviiinnnnn. 93
2.4.3.6 Biological Processes.........cccccoovriveieiiinnannnne. 94
2.4.4  Solar (Stellar) Luminosity Variability..............c........... 94
2.4.5 Orbital CyYCIES.....ccocoveeieieeece e 95
2.5  Variability of the Earth’s Atmosphere............ccocooiiiiiniicieen, 97
251 LSS OF CO2......ooiiiieee et 100

2.5.2 The Rise Of OXYQEN.....cccooiiiiiiiiiiieieeesee s 101



Contents

2.5.3  Snowball Earth..........cccoooviiiiiiii,
2.5.4  CatastrophiC IMpactsS..........ccccrveiiiiiniiieieneneee
2.5.5 Ice Ages (Glaciations)........cccceoeveereieninicnieieiee
2.5.6  Warm Periods.......cccocoviiiieninininieeee s
2.5.7 Last Millennia Climate and Modern Times:
“Climate Change™ ........cociieeiie e
25.7.1  Global Warming..........ccccooenvniniininnenn,
2.5.12  Pollution........ccoooviviiiiieee,
2.5.13  ACId RaIN.....ccoiiiiiiiiiee e
2.5.1 A 0Ozone Hole.......cccooevvevviieceee e,
2.6 Observed Atmospheric Changes in Other Planets..............
2.6.1  VENUS ..o s
2.6.2  IMAIS. ..o
2.6.3  Solar System Giants and Extrasolar Planets..........
2.6.4  THEAN..cccci i
Problems

Chapter 3 Spectroscopy and Composition

3.1  Atmospheric Composition: Fundamentals.................cc.......
3.2 Planetary Spectrum: The ContinUuM..........cccccovevveiverirennene.
3.2.1 Reflected SPeCtrUmM.........cccovviiiiiiiniiie e
3.2.2 Thermal Spectrum..........ccccccvviiivieiiiic s
3.3 ALOMIC SPECIIUM......iciiiiciecie e
3.3.1  Atomic Structure: BasiCS.........ccocrvriiiiiiininenen
3.3.2  Line Profiles......ccccooieiiiniieee e,
3.3.2.1 Collision or Pressure Broadening..........
3.3.2.2 Doppler Broadening.........ccccoeeuerverirnnnnne
3.3.2.3 Voigt Broadening..........ccccecvevveivevieennenne.
3.3.2.4 Equivalent Width, Transmittance, and
the Curve of Growth..........ccccoevveiinienne.
3.4 Molecular SPECTIUM.........cccoceiieieeseee e
3.4.1  Vibrational Energy Levels..........cccocoiniiiiiiiiinnne
3.4.2 Rotational Energy Levels..........ccccocvvveviiiineciennn.
3.4.3 Vibration-Rotation Bands...........cccceeevirenirennnnnn.
3.4.4  Special Cases........ccoviiiiriiiieiee e
3.4.4.1 Overtones Bands.........cccccocevinenincnnnnnnn
3.4.4.2 Inversion Bands...........ccccocviiiiieieniennnnn,
3.4.4.3 Collision-Induced Absorptions and
Quadrupolar Electric Transitions...........
3.4.5 Band Transmittance, Absorptance, and
Equivalent Width............cccoov i,
3451 Band Models........ccocooviiiiiiiiiiii
3.45.2 The Correlated-": Approximation...........
3.5 Atmospheric Composition Definitions...........c.ccccccevvveininnns
Problems



X Contents
Chapter 4 Vertical Temperature StrUCTUIE.........c.ecvveiiiie e 165
4.1  Vertical Structure of the Atmospheres..........c.ccccoviiviieinienn. 165
4.1.1 Hydrostatic Equilibrium: Pressure and Density
Scale HelghtS.......ccooiiiicc e 166
4.1.2 Observed Temperature Structure............cccocvevvevinennn. 167
4121 VENUS...cooiiiiiieeeee s 171
4.1.2.2 Earth.....e s 171
4.1.2.3 IMAIS...iiiiiii e 172
4,124 THAN.cccoiiccec e 173
4.1.2.5 Jupiter, Saturn, Uranus, and Neptune......... 173
4.2  Radiative TransTer.......ce e 173
4.2.1 Radiative Transport: Definitions..........cccceceevveiieinnns 174
4.2.2 Equation of Radiative Transfer..............ccoceevvevieiinnns 175
4.2.2.1 Source Function Independent of the
Optical Depth.........cccoeveiiiiie, 177
4.2.2.2 Purely Absorbing Medium.............cccceene. 177
4.2.2.3 Local Thermodynamic Equilibrium........... 177
4.2.2.4 Absorption and Emission Lines
UNder LTE ..o 177
4.3  Radiative Equilibrium in Atmospheres...........cccccovvviiiiiiinnnns 178
4.3.1  Vertical Temperature Profile in Radiative
EqQUIIDrium......coooii e, 179
4.3.2 Greenhouse EffeCt........cccccooevviiieiiniiiicccc e 180
4.3.3 Heating Rates.........ccccovevieiiiiecece e 182
4.3.4 Radiative Time Constant..........cc.cecvrererenienienenennens 185
4.3.5 Radiative Temperature: Temporal Variability........... 188
4.4  Thermal Tides: Temperature Oscillations............cccccccevvveniies 190
4.5 Adiabatic Lapse Rate........cccccoviriiiiiiieiie e 196
45.1 Thermodynamics: Adiabatic Lapse Rate................... 196
452 Potential Temperature...........ccoceveieienencneneseseee, 199
4.5.3 Potential Temperature and the Brunt-Vaisala
FreqUEeNCY ... 202
PrODIEMS.....ei e 207
APPENAIX 4. A ...t 212
Chapter 5 Clouds iN PIANETS..........cccciiiiiiiiieieese s 229
5.1 Chemistry and Surface ProCeSSES........cccccvvvververesieesieerieneennens 229
5.1.1 Chemical Equilibrium.........ccccccooeiiviiiiiiiie e 230
5.1.1.1 Basics of Chemical Equilibrium................. 230
5.1.1.2 More Detailed Thermochemical
Equilibrium..........ccocooviiii, 230
5.1.2  Surface-Troposphere Cycles of Condensable
Gases and AEroSOlSs.........cooeiviii 232
5.1.2.1  VENUS....ooiiiiiiiieeeee e 232

5.1.2.2 Earth.... 232



Contents

Chapter 6

X1
S5J1.2.3  IMAAIS..c e s 234
5.1.24 TGN 236
5.2 CloUudS PrOPErTIES.......ccoviiiiiiiiieiiieiiseeeee e 236
5.2.1 Moisture Variables and Definitions...........cccccccovevene.n. 237
5.2.2 Latent Heat and the Clausius-Clapeyron Equation...240
5.2.3 Condensation Level and Cloud Formation................ 241
5.2.4 Cloud Density and Vertical Extent...........cc.ccceevevurnen. 243
5.25 Wet Adiabatic Lapse Rate..........ccccooeveiiieiininnnnen. 248
5.2.6  Equivalent Potential Temperature and
Conditional Instability.........cccooiniiiiiiiie 249
5.2.6.1 Conditional Instability............ccccceeverinnnnen, 249
5.3 MICIOPNYSICS. ...ttt 250
5.3.1  Growth of Cloud Particles: Nucleation...................... 251
5.3.2 Diffusion: Condensation-Evaporation-
SUBIIMALION ..o 253
5.3.3 Collision and Coalescence...........cccocevvrrininiieeniennnnne. 254
5.34  Sedimentation.........ccoceiiiiiiiininiinee e 255
5.3.5 Size and Shape Distribution............c.cccccccevveireiiernnnne 256
5.4  Radiative Transfer in CloudS..........ccooceveiiiieiiiiieniineseeee 258
541  DefinitioNS.....ccocoiiiiiiieie s 258
5.4.2 Gas Absorption and Scattering...........cccoevevveieiiennn. 260
5.4.2.1 Gas Absorption: A Useful
Simple Approach............c.cccooveiii i, 260
5.4.2.2 Rayleigh Scattering...........cccccevvevveveivennenne 261
5.4.3 Particle Absorption and Scattering
(Mie Scattering).......ccccevevieieere e 263
5.4.4 The Radiative Transfer Equation Including
PartiCUlates...........cooviiiiiiiiie e 268
5.4.4.1 Purely Absorbing Atmosphere................... 270
5.4.4.2 Infrared Intensity: Thermal Radiation
and the Temperature Profile..................... 271
5.4.4.3 Single-Scattering Approximation............... 272
5.4.4.4 Isotropic Scattering.........cccoceeerenenvnennennnn, 273
5.4.45 Thick Clouds.........ccccocevmniiiiniiiiiiie e, 273
5446 Reflectivity LAWS........cccccoviiiiiniiiiiiicen, 273
545 Cloud Forcing and AerosolHeating Rates.................. 275
55  Observed Cloud Properties: OVervieW...........ccccooereriervneennen. 275
PrOBIEMS ... 286
Upper and Tenuous AtMOSPNErES..........ccccevieveiieiciece e 293
6.1  Upper Atmospheres: INtroduction............ccocevereiencniennnennnnn 294
6.2  PhOtOCheMISIIY.....ccoiiiiiie e 296
6.2.1  Fundamentals..........ccocoiiiniiiin 296

6.2.2  Applications to Terrestrial and Giant Planets,
Titan, Triton, and PIUtO...........ccooeiiiii e 299



Xl

Chapter 7

Contents

6.2.2.1 Earth........eees 299
6.2.2.2  VENUS.....ociiiiiieeeeeee e 303
6.2.2.3  IMAIS.....ooiiiiieee 304
6.2.2.4  THAN..ccoiiiice e 304
6.2.2.5 Giant Planets.........ccccccoooveveiveniiie s 304
6.2.2.6  Triton and PIULO..........cccooevviiiiiiiiicins 307
6.3  Photoionization: 10N0SPhEres............cccevvveveiieiiiie e 307
6.3.1  lonization by Photons..........cccccve i 308
6.3.2 Planetary 10NOSPhEres.......c.cccccevvveiieiie i 310
6.3.2.1 Earth....n, 310
6.3.2.2 Venus and Mars.........ccoovvvieieiincne e 311
6.3.2.3  Glant Planets........ccccccovevieiiiieiinie e 312
6.3.2.4  THtAN..ccciiicece e 313
6.3.3  Electrical Properties..........cccccoevvvieniveneiene e, 314
6.4  Upper Atmospheres Heating Balance..............cccccceevvveieenenn, 315
6.5  DIffuSION PrOoCESSES........ccoviiiiiiiiiiii e 318
6.5.1 Molecular DIffusion.........cccccooiiiiiiiiiiinie e 318
6.5.2 Eddy DIiffuSioNn........coooiiiiiiiiiiic e 321
6.5.3  Diffusion Processes in Planetary Atmospheres...... 322
6.6 AIrglow and AUIOra.........cccooveiieiieiie e 326
6.6.1  AINGIOW....ooiiieeec e 326
6.6.2  AUIOIA....cuiiiiiiiiii et 329
6.7  Gas Production Mechanisms in Tenuous Atmospheres........ 333
6.7.1  SPULLEIING....cceeiiiiiiecie et 335
6.7.2  Surface Ice Sublimation..........ccccooevveiiiinnine e, 336

6.7.3  Outgassing from the Interior: Volcanic and
GeYSer ACHIVILY.....coooviiiese e 338
6.8  Overview of the Tenuous Atmospheres.........c.ccccocevvrieiivennne 339
6.8.1 Mercury and MOON........ccccoieiiiiiicse e 339
B.8.2 10t 340
6.8.3 Europa, Ganymede, Callisto..........cccccocvevvviieiiicinnns 341
6.8.4  ENCeladus.........cccooeiiiiiiieee s 342
6.8.5  THION..coiiiiece e 342
B6.8.6  PIULO....cciiicicecee 345
PrOBIEMS. ... 345
Global Atmospheric MOtIONS..........cccoviiieiiie e 353
7.1  Equations of Atmospheric MotioNns...........ccccccviiviiieiieeiieiinns 353
7.1.1  Total and Partial Derivates............ccccoevvrveniennesinnnnns 353
7.1.2  EQUALIONS.......ccieiieie e 354
7.1.2.1  CONtINUILY...cooieiieie e 354
7.1.2.2 Equation of State..........cccecevieveiccieeenn, 355
7.1.2.3 Navier-Stokes Equation................cccceeeuvenne. 355

7.1.2.4 ThermodynamicEnergy Equation.............. 358



Contents

7.2

7.3

7.4

7.5

7.6

X1
Momentum Equation: Balances.............cccoevveiieie e, 360
7.2.1 Tangent-Plane GeOmMetry.........ccccceveivieiesviesieesie e 362
7.2.1.1 /-Plane ApproxXimation.............ccoccevverueannns 362
7.2.1.2 [?-Plane Approximation............cc.cccceverueeen. 362
7.2.2  Geostrophic Balance............ccccccooveveiieiiciccrce e, 363
7.2.3  Cyclostrophic Balance............ccccccovevveveiiciecieseen, 364
7.2.4  Gradient Wind Balance............ccccoooniinniinnnnnnnn 364
7.2.5 Hydrostatic Equilibrium and Geopotential............... 365
7.2.6 Boussinesg and Anelastic Approximations............... 366
7.2.7  Thermal-Winds.........ccoviieiiiiiinieeeee e 367
7.2.7.1 Rapidly Rotating Planet.................cccuenee. 367
12.1.2 Slowly Rotating Planet...........c.ccccevvivvennenn. 368

1.2.13 Intermediate Case of a Moderately
Rotating Planet..........c.ccccoovvieciecicieenn, 369
7.2.8  Meridional Circulation—Hadley Circulation........... 369
7.2.9 Condensation FIOWS.........c.cccoviviiiiiienincsie e 371
V0] A Tod | YRR 372
7.3.1  Vorticity and Circulation............ccccevvvviieninininnnnns 372
7.3.2  The Vorticity EQUAtION...........cccooiriiiniiiiiceeeees 374
7.3.3  Potential VOrtiCity........ccoovvviiiiiiiiiieieseeeesiees 376
7.3.4  Quasi-Geostrophic Potential Vorticity...................... 377
The Planetary Boundary Layer and Turbulent Motions....... 378
7.4.1 Motions Close to the Surface..........ccccovevveivieennnn. 380
7.4.1.1 The Ekman Layer......cccoooiniiiieninnnenn 380
7.4.1.2 EKman PUMPING.....cccoveiiiiiiiiiiieieeeee, 382

7.4.1.3 The Surface Boundary Layer and

Mixing Length........cccooviiiiiiiiice 383
7.4.2 Generalized Turbulence..........c.ccoocevviniinininciennn, 384
7.4.2.1 Kolmogorov Turbulence...........ccccovvinnnnnee. 386
1A.2.2 Two-Dimensional Planetary Turbulence... 387
Observed Large-Scale Motions in the Planets....................... 389

7.5.1 Rapidly Rotating Bodies with Surface: Earth
AN IMIAIS....ciiiiiii e 390

7.5.2 Slowly Rotating Bodies with Surface: Venus
AN THEAN .o 393
7.5.3  Tenuous Atmospheres: Triton, Pluto, and lo............. 397
754  GIant PlIanets........coccoviiiiiiiiieieeee e 397
The General Circulation of Planetary Atmospheres.............. 401
7.6.1 Types of Dynamical Models...........c..ccccoeiiiivennnnnnnn 403
7.6.1.1 The Primitive Equation (PE) Model......... 404
7.6.1.2 Shallow Water (SW)........ccccoevvviieeiieiiennnnn 405
7.6.1.3 One and a Half Model (“IV2”).....ccccouevunnnen. 405
7.6.1.4 Quasi-Geostrophic (QG)......cccevvvvevrrernenne 405
7.6.2  Numerical SOIUtIONS..........cccovviiiiiieieecc e, 406
7.6.2.1 Finite Differences..........cccoovvniineninninnns 406

7.6.2.2 Spectral Methods.........cccccovvviiiinniciiie, 407



XV

Chapter 8

Chapter 9

Contents
7.6.3  Angular Momentum and Energy Budgets .............. 408
7.6.3.1 Angular Momentum Balance................... 408
7.6.3.2 Energy Budget and Transformations........ 409
7.6.4  The Circulation of the Atmospheres of the Qjant
and Icy Fluid Planets..........cccooeveiiiiiiciceccec e, 412
7.6.4.1 Deep Circulation Models...........c..ccceeuvnn. 413
7.6.4.2 Shallow Layer Models...........cccccovevvennen. 416
7.6.4.3 The Uranus and Neptune Case................ 417
1.6 AA Lower Stratosphere Circulation............ 41g
7.6.4.5 Extrasolar Planets: Circulation in
“HOt JUPITErS™ . ...oeciceeeeeee e 419
PrODIEMS. ... 421
Atmospheric Dynamics-1: WaVES..........cccocoevieieiie e 429
8.1  WaveCharaCteriStiCS.......ccouiuriiirieiieiieie e 429
8.1.1  Wave Properties........cccccevvviivviiieiieeiie e 429
8.1.2 The Linear Theory.......ccivineniinieeinennnn, 430
8.2 ACOUSLIC WAVES.......oceiitiiiiiciie ettt 43|
8.3 Gravity WaAVES........cccccviiieiee ettt veenne e 432
8.3.1  Pure Gravity Waves..........cccceveneneienenenn 433
8.3.2 Topographic Stationary Waves.................... 435
8.3.3  Inertio-Gravity Waves...........cccocevvrveiinennnns 437
8.3.4  Gravity Wave Observations...............cc........ 437
8.4 ROSSDY WAVES........cviiiieiiieie ettt cereessenneens 441
8.4.1 Barotropic Rossby Wave...........ccccecvevernenne. 44|
8.4.2 Three-Dimensional Rossby Wave............... 444
8.4.3 Observed Nonequatorial Rossby Waves in
Planets.........cccoviiiiieiicc e 447
8.5 Planetary-Scale Equatorial Waves..............ccccuene.n. 450
8.5.1 Horizontal Structure...........ccoceoeveiiiiiiiennnnnns 452
85.1.1 Kelvin Wave G=-1).ccccoirvnvrnnn .. I.I....453
8.5.1.2Rossby-Gravity  or Yanai Wave (7=0).....453
8.5.1.3 Inertia-Gravity Waves and Equatoriai
Rossby O*>1).....ccccccvvvvniviieinnn, 454
8.5.2  Vertical Structure..........cccooevvvniinininnnnn Mureerreerreens 454
8.5.3 Representative Planetary-Scale Equatorial Waves... 455
8.6  Thermal Tides: DYNamMICS........cccccooerenenineninieneenns 458
8.7 QBO-QQO and SAO Oscillations..........cc.cccvvvveennenn 461
PrODIEMS. ... e 464
Atmospheric Dynamics-H: Instability...........ccccocoieneen. R 471
9.1  Scales of Motion and DimensionlessNumbers......%................ 471

9.2  Vertical Instability: Convective Motions.................. 473



Contents

9.3

94

9.5

9.6

9.2.1  Dry CONVECHION......ccouiiiiiiiiiesieeieeee e
9.2.2  MOist CONVECLION.......ccceeueiieieeie e
9.2.3 Convective Phenomena in Planetary
ATMOSPNETIES......ooiiiiiiie s
0.2.3. 1 VENUS....ceiiiieieeeienee e
0232 Earth....iiee e
0.2.3.3  MarS...cciiiiiee
0.2.3.4  THAN..c.ccci i
9.2.3.5 Giant Planets: General..........c..cccovvrvennne.
0.2.3.6  JUPILEI....ocviiiiieeeie e
9.2.3.7  SAUMN....ceiiiiiie e
9.2.3.8 Uranus and Neptune.............cceevveevvernnnne.
9.2.4  Lightning...cccccoeoiiiieiiee e
Hydrodynamic Instability: VOrtiCes..........cccevvvinviviiiiennnn
9.3.1  Natural Coordinates..........ccccurumrirrererienesieseseereeens
9.3.2 Trajectories and Streamlines...........cccccevvvivereeiennnn,
9.3.3  Vorticity and DIVergence.........cccocevereninenenennennnns
9.3.4 Mean Vorticity and Divergence...........cccccccevvvenvenns
9.3.5 Balanced FIOW.........cccooiviiiiiiiiie e
9.3.5.1 GeostrophiCc VOrtiCes.......ccccoeevvvrververennnnns
9.3.5.2 Inertial MOtION......cccccoovvviiiiiieie e
9.3.5.3 Cyclostrophic VOrtices...........ccevverivriinnns
9.3.5.4 Gradient Wind VOrtices.........ccccvevrruerennn
Types of Hydrodynamic Instabilities............ccoocniiniininnns
9.4.1 Kelvin-Helmholtz Instability...........ccccocovniinininnnnns
9.4.2 Inertial InStability........ccccoooiniiiiiiii
9.4.3 Barotropic Instability.........c.ccocovinnniniii
9.4.4  Baroclinic Instability.........c.cccccocovvviiiiiiiiicecesee
9.4.4.1 Fundamentals.........c..ccoermreniiiiienineennes
9.4A2 Eady Model..........cccooiiiiiiiiiieeeee,
9.4.4.3 Baroclinic Instability in Planets................
Vortices in the Giant Planets.........c.ccoocoveveviie i
9.5.1 Data from ODbServations...........cccocevverienieieniinsennnens
9.5.2  MOAEIS ..o
Other Dynamical Phenomena............cccccvvveveiieceesesic e,
9.6.1 Mesoscale VOITICES........ccoerierieneie e
9.6.1.1 DustDeVils.......ccccoviiinnniiiiiee e
9.6.1.2 Earth’s TOrnado..........ccoccevevrreeirnensnnnennnnns
9.6.1.3 Von Karman Streets........ccccvvveveneneneninns
9.6.2  Martian DUSt StOrMS........cccoeireieiininisiereeee e,
9.6.3 Earth Equatorial-Tropical Phenomena.....................
9.6.3.1 The Intertropical Convergence Zone
and Equatorial Disturbances.....................
9.6.3.2 Tropical Cyclones.........ccccoeeveveivieinennnnn,
9.6.4 Belts and Zones and Planetary-Scale

Disturbances in Jupiter and Saturn.............c.cceevveeee.

XV



XVI Contents
9.6.4.1  The South Equatorial Belt Disturbance
INJUPILE ... 527
9.6.4.2  The North Temperate Belt Disturbance
IN JUPILET ... 527
9.6.4.3  The South Tropical Zone Disturbance
(STID) in JUPIter......ccveveeececee e, 529
9.7 Polar DYNAMICS.....c.ccoveiuiiieiie e se e esaa e 530
9.7.1  Earth Polar VOrteX........ccoeoeeriiieniniesieneee e 531
9.7.2  Polar Dynamics in the Planets............cccccevvvieinenne 533
0.7.21  IMAAIS..i i 533
9.12.2  Venus North and South Dipole................. 533
9.7.2.3 Titan Polar VOrteX........ccceevevvrveervenesennnnnn, 534
9.1.2A  Jupiter POIEs........cccovvieiieccceee e, 535
9.7.2.5 Saturn Polar VOrtiCes.........ccccceevvrvererennn. 535
9.1.2.6  Uranus and Neptune Poles............c..ccoc..... 536
9.8  Atmospheric Effects of the Impact of Comet
Shoemaker-Levy 9 with Jupiter.........cccooevviiiieic e, 536
0.8.1  IMPACT......coiiiii i 537
9.8.2  “Fireball” and “Blowout™...........cccconiriininiieneiecien 537
9.8.3  Plume FHgNt......coooiiiiieeee 537
9.8.4  Plume Splash and Aerosol CloudFormation............. 538
9.8.,5 Cloud and Environment Evolution............cc.ccccvnennen. 539
9.9  The July 19th 2009 IMPACT........ccooiiririiiieee e, 541
PrODIEMS. ..ot 543
Appendix: Methods to Study Planetary Atmospheres..........cccocoovvveveeiiennenne. 553
A.l  Remote Sensing Measurements..........c.cooveverererenenenesennens 553
A.11 Ground Telescopes and Radiotelescopes................... 554
A.1.2 The Atmospheric WiNndow.............cccocvniniinniniienenn. 555
A.13 Remote Sensing Telescopes and Spacecrafts............. 555
A.13.1 Earth Orbiting Space Telescopes.............. 555
A.13.2 Planet Fly-by.....cccoooiviiiiie, 558
A.1.3.3 Planet Orbiting........ccccocveviviveiiieiiec e, 558
A.1.4 Remote Sensing TechniquUES...........cccoovevininienceieeee 561
AN R 1 g =T |1 o TS 561
A. 142  SPECIIOSCOPY...ccvieieeiierarieiieeaiie e sieenieens 564
A.1.43 Remote Sounding from the Ground......... 565
A.1.4.4 Occultation Techniques........ccccocervrreenne. 566
A.1.45 Gravitational Field Measurements............ 567
A.2 In Situ Atmospheric Measurements...........cccoceeevenerenennninns 567
A.2.1 Descending Probes........cccccvvieiieeiecieniesie s 567
A.2.2 Balloons........cccoiiiiiiiiiieseee s 568
A.2.3 Landers and ROVEIS........cccvveiierierieneeneeee e 568
A.3 Laboratory Studies and Numerical Modeling...............c........ 569
A.3.l Fluid Dynamic Laboratories..........ccccceevrienveiinnnnne 569

A.3.2 ChemMISIIY...cccccieiice e 570



Contents

Bibliography

n.a

4.3.4 ConlOIProperties....

FUtUreObs—~—"~—">; " N{—:

xvii

amnn570
-570
-571

573
577



Contents XVII

A.3.3  Aerosol Properties........ccocoiiiiiiniiiciene s 570

A.3.4 Computer Simulations: Predictions..........cc..cccocvevuennen. 570

A.4  Future Observing Facilities............ccccooiiiiiiiiiine, 571
BiblOgrapiy ... 573



