"Undamentals

of PhysIcs
and Chemistry

with CD-ROM




Guido Visconti

Fundamentals
of Physics and Chemistry
of the Atmosphere

With 272 Figures and 14 Tables
DT #0

341 /35" sum
<R METEOROLOGIE U. KLIMATOLOGIE

UNIVERSITAT HANNOVER
HERRENHAUSER STR. 2 . 30419 HANNOVER

) Springer




Contents

HIINTOAUCHION ..cosssssussissunsassasnsissssmamcsssnsnsmis suasissussnssssssnsasnsssissanssis sateasaassessinsns 1
1.1 The Essential INformation............c.ooeeieiiiriiiiiniencreeeeeee e 1

1.2 Thermal EQUILIDIIUM .....ooviiiiiiiiiiiiiiicicce e 6
1.2.1 The Radiative Time CONStant.............ccoevuevuiriieieieeeieieeee e 9

1.3 Thermal Structure and Atmospheric Dynamics........c..ccccoeveeeveneneneeninnns 11
1.3.1 Slowly Rotating Planets..........c.ccocceiriininininieninieeeieeeseeseseeeeee 12

1.3.2 Fast Rotating PlANELS ..o smmssmassosmsmsmmmmsnissivmasmsssvssmsasminms 13

LA CONCIUSTONS - susmssmsssesnassussmssnnsssinsssssssssnsasasssessosssssesssasssss s ssnmrassaos A5 16

2 Thermodynamics of the Atmosphere...........cccviirinrcrcisnissnnnsnsssnnnans 19
2.1 SIMPIE LAWS ..ottt 19
2.1.1 The Scale Height........cocuiiiiriiiiieiieie et 20

2.1:2 The Potential Temperature . . x: s st s 21

2:1.3 Static: SAbIIY S snmsmsmsmmmssssms e sy i s sagase 22

2.2, The Thermodynamics of Water VapPOr .. «osssessssssmmsssmssmssmssssssssvsssssnssss 23
2.2.1 The Equation of Clausius-Clapeyron ...........ccccceeecveveeceereenieesrenveeeenes 23

2.3 Some Effects of Water Vapor..........cceceeiveriiiieieirieieeeieieeeeeeeeie e 24
2.3.1 Tephigram or Thermodynamic Diagram............ccccoceevninininininneenne 27

2.3.2 The Conditional Convective Instability ...........ccccccovveviiniieniecieeieeenne. 30

2.4 The Distribution of Water Vapor on the Planets .........ccococoevevevivirieenenennns 32
2.4.1 Was the Atmosphere Drier During the Ice Age? .......ccoveveeriieneennnnne. 36

3 Radiation: The First Steps.......ccccccmriccrrcrseiniscesicrrcsnsssese e sesne s smnesenes 39
3.1 The Definition of RAAIGMETIC VATABIES iovmimmmmmsmmmsssmarsssmmsmss 39
2T o T BTl T [ 1T U — 40
3.3 Scattering and Absorption of Solar Radiation ...........cccccceeveeininiininninnnne 45
3.3.1 Rayleigh SCAtteriNg........ccueriiiiirieieiiei ettt 45

3.3.2 The Absorption of Solar Radiation ............ccccocceiiiiiiniiiniiiicee 49

3.4 Infrared Radiation..........cc.ooiiuiiieiiiicieiee e 52
3.4.1 The Equation of Radiative Transfer............ccccoceviiininininiieiine. 54

3.4.2 The Radiative — Convective AtmOSPhere...........ccevvveeeeerieeninineiennn 57

3.4.3 The Runaway Greenhouse ..........cocoeieieiiieiieiiieiiieeeee e 59



4 Origin and Evolution of the Atmospheres.......cccccoeiirrescrrrrccreccerncsnnnans 63

4.1 The Relevant Data ........c..cocvveieieiiiiinienicencisc e 63
4.2 An Inventory of the Volatile Elements ..........cccocoeoiiirininiiiniiiiinincciee 65
4.3 A:Sifiiple: Model {61 the Neblla...ovovmsmsmanmsosmssmmsamsommss 67
4.4 The Chemical Composition 0f the PIANELS «..cusmssssmsnissmmsmssusmssssosssssisnss 70
4.5 'The Escape MECHANISING wsvsusssussssmnsssuvnsumsansumsssmoms omosmes sosmsass v sass sdvs orvasnss 73
4.5.1 The Jeans ESCAPE :ccoossismusssmsssssismsmmsmessissssmssnssvmsonmzersissnmsssssonssssassivs 74
4.5.2 The Diffusive Transport in the AtmOSPhere .........cccccevevineniciienennenne 77
4.5.3 The Hydrodynamic ESCApe ........ccccccervievierieiiincniiieieiececeeeeeeene 82
4.6 The Steam AtMOSPRETE ......c.oiviiiiiiiiiiiiieieeiet ettt 84
5 The First Laws Of MOtiON . c.occcciecenssessucsssasnsssssnnyasssssssssssssonssassssesansssasssnns 91
5:1 Scales and Orders of Magnitude.... s v i st s 91
5.2 The Equations We Absolutely Need.........ccccoeeiiriniiiiiiniiienicceseeeeenee 93
5:2.]1 The Total DerivatiVe q:..cuusssessnmmsmsnsssmmssnmmsmssssisas s 93
5.2.2 The Continuity EQUATION ..xusrsssusssssissessnsnaismssmssssmsusvsspsisssssasssionss 95
5.2.3 Pressure FOICES .....c.oovuiiiiiiiiiiinieicieceeesc ettt 97
5.2.4 FriCtion FOTCES .....oouieiiiiiiiiiiieiieeeee et e 97
5.2.5 The Coriolis ACCEIEration ...........ccecuecueriiiiininiiniiiiiienceeeeere e 99
5.2.6 The Equations of Motion in an Inertial System .........c..cccceccneviiencnnens 101
5.3 Vorticity and CirCulation:: s 103
5.3.1 Some Properties of Vorticity and Circulation..........c.ccceeveeverueennene 105
5.3.2The Sea BIeeze .....cccuviviiiiiiiiiiiieeieeiececteee e 108
5.3.3 Some Other Local Winds.........cccoeovevieiiiiininiiniiniincniceneeeeieeeeaeens 109

6 A Few Simple Applications ........cceemiiieicicciciissscccmnrressscscsesnsssessssees 113
6.1 The Isobaric Coordinate SYStEM........ccveeierrieereierienienrerieeieeieeeee e saeenens 113
6.1.1 The Continuity Equation in Isobaric Coordinates............c.cccoeeeuenens 115
6:2. The Geostrophic MOtioNs..... . savmsasmsmass s 115
6.2.1 The:Geostrophic:Streamfunction ::ssuussssussasssasmmsunassmmssss 119
6.2.2 The Quasi-Geostrophy: The Isallobaric Wind ..........cccccoceeeiiiniienennn. 120
6:3 'The Thetimal Wit sssmsomommmmmersmmsssimismossssas oy i sssssmis 122
6.3.1 Thermal Wind and VOItiCItY .......ccceevuiereiieeeiieeiieeeee e e 124
6.3.2 A Few More Things About Geostrophic Wind.........cccccccocevieieucnnnn. 128
6.4 The Natural Coordinate SYSteM..........c.eecvuerireieerieeriierie e eeeeeerreeseeeseeeneas 130
7 The Atmospheric Motions.........ccoociercciiiscnnsssrssssses e nssssssasesans 135
7.1 The ROSSDY WAVES ...c.oiiiiiiiiiiiiiicicceece ettt 135

7.2 The Vorticity EQUAtiON ........ccoiieiiiiiiiieniceieieeee e 140



7.3 The Thermodynamic EQUAtiON .........cccooveeeieeiiiieeieeieeeeeee e 145
7.4 The Isentropic Coordinate SYSteM.........ccueruirieierieiiaieeieieeie e 147
7.4.1 The Vorticity Equation in Isentropic Coordinates ...........ccccccecceueuenee. 150
7.5 The Ertel Potential VOrtiCity........coccvevieiieieieieieieeieeieee e 151
7.5.1 The Application of the Potential VOrticity .........cccevvevenuenerininiene 153
7.5.2 0z0one and VOItCItY .....c.cooviiieeiieiieieeie et 155
7.5.3 More on RoSsby WaVeEs .........cociviiiiiiiieiecieee s 156
7.6 The Non-stationary SOIUtIONS ........c.eerierieririeieiieiiie et 158
7.6.1 Numerical Solutions of a Flow Above an Obstacle: The Stationary
T S e G 159
7.6.2 Numerical Solutions of a Flow Above an Obstacle: the Non-stationary
L T 162
8 The Planetary Boundary layer ............cccueiciinicnnnecienscrcsnesssnssasnsenans 165
8.1 Turbulence and Diffusion ............ccccovieviieciieiieieece e 165
8.2 Turbulent FIiCtiON ...cc..eeiiiiieiieeiieciie et 168
8.2.1 The Mixing Length ........cooooiiiiiiiiieeeeee e 170
8.3 The Surface Layer .........cccooieiiieiiiiieeeeieeeee et 172
8.4 The EKMan Layer .........cccooieoiieiieiieieeeeeeee e 175
8.5 The Secondary Circulation ............c.coveeuieeieeeerieeeireeieeeeeee e 179
8.5.1 Spin-Down N @ TEACUP......eccveeeeeeieeiieeie et 181
8.6 The Transfer of Sensible and Latent Heat ................ccoocvvevuieiiiiiiiecien, 183
8:6:1 The Fluxes in Presence:of Vegetation ... sumsssmansmssnssmsssiss 185
8.7 Turbulent Diffusion from Discrete Sources............occeevvevveeeeniieniiereenne. 187
8.7.1 The Characteristics of Smoke PIUMES......cccc.csiseessmsvussassssassmssssassasssnss 187
8.7.2 The Gaussian PIUmE............c..ccoeviiieiiiiiieiieiiciecceeee e 190
0y ACrosols and ClOUMAS: .. usssossssssmssissmsinsissisnsssmsssnsasssssasssssissasasssssassssasis 193
9.1 Sources of Atmospheric AerosolS.........cccvevieiierriiiieiieeie e eaens 193
9.2 The Size Distribution of Atmospheric Aerosols.........c..coceveeiieiinenenennnne. 195
9.3 Nucleation and GroWth...........c..ccueeeuieiiieiieiiicieeeceeeee e 197
9.3.1 Nucleation from Water Vapor Condensation............cc.cccceeeueeeenennene 198
9.3.2 TheiGrowith by COndenSation :uwssssssimmssissmmsvmsssmswamsmismssiassm 200
9.3.3 Droplet Growth by Collision and Coalescence ............coccevuerueruerueencens 202
9.3.4 The Statistical Growth ............cccoeeiiiiiiiiiieiecieeeeeee e 204
9.4 Formation and Growth of Ice Crystals ...........cccoceeviioiiiienieeiecieeeeieee 205
9.5 A Few Things About Radar..........ccccoviiviiiiieiiniiiiiecceeeee 210
9.6 StratoSpheric ACTOSOIS .......cc.ioviviieiieieiiiecie ettt 214
9.6.1 The Sulfate Aerosol Iayer .........ccccveeeueeeiieceeeeieeeeceeeee e 214
9.6.2 Polar Stratospheric Clouds (PSC) .......cocveviieviieciieiicieeieeeeeeeeee 216



10 Waves in the Atmosphere ........cccrvrvirnisnnniiinnnnseanan, 219

10.1 Some Properties of the Waves..........c.ccccueoiiirininecinniiiciicicicceeae 219
10.2 Gravity Waves in Shallow Water ...........cceceviiiinininciicnienccsecieneee, 221
10.3 Orographic Waves .......c..coeeierienieieniininiinietesit ettt 223
10.4 Internal Gravity Waves........c.ccuevuiriiiiiiniiniieienieereeeteie e 226
10.5 Three Dimensional Rossby Waves...........cocccciviivciiniiiiiiiiiiciicicccs 229
10.6 The Physics of Gravity Waves ........c.ccceeeieiioiieieienicneeiesieceeeeeeeeeenas 232
10.6.1 The Equation of Quasi Geostrophic Potential Vorticity ................... 232
10.6.2 The Eliassen-Palm FIUX .......cccoooieiiiiiiiiiiieeceieeeeeeee e 234
10.6.3 Energetics of Gravity Waves .........cccceviiiiiiienieeieeieceesee e 236
10.7 Breaking, Saturation and Turbulence in the Upper Atmosphere................ 238
11 The Data on the Atmospheric Circulation .........ccceecevriiicirccceniiinsans 245
11.1 The General FEatures...........oooiiiiiiiiiiiiiiiiiiiceceeeeee e 245
11.2 The Energy Budget of the AtmoSphere ...........cc.ocoevevcnniiniiiineeieee. 248
11.2:1 Forms of ENergy ......csusmsamsssismssssaosmmemsass ssvsssesivarss sssussss 251
11,22 Decomposition Of TEanSPOTE -cossmnsssivssssssmsrmssaesmsvsassosers 254
11.2.3 The Details of the Energy Budget..........cccceeviieniiiiiiiiniiieiieceeee 255
11.3 The Mean Zonal Circulation...........cocceeevirieieniieiiieieneeeeee e 257
12 Theories on the General Circulation of the Atmosphere.................. 263
12.1 The Equatorial Circulation ..........ccccocceveevenenieienencne. e 263
12.1.1 Gill's Symmetric Circulation..........coceeveeeiieneeneeieieieieeieceeeeee 263
12.1.2 The Non-linear Symmetric CIrculation......ccovsssesesssssesssssssasssssssssssa 267
12.1.3 The Inviscid Symmetric Circulation ...........c..ccocoeviiniieniinnicniicnnenne. 270
12.2 The General Circulation: A Reductionist Approach..........cc.cccccevvevenenene 274
12:2:1 The Inertial Instability:cssmams. s s 276
12.2.2 A Comparison Among the Planets......s s 277
12.3 The Middle Latitude Circulation ............cceeveriernieenernieeiieeiieneceieeveennen 278
12.3.1 The Baroclinic Instability: Qualitative Treatment...............cccceevueenee. 279
12.3.2 The Baroclinic Instability: The Eady Problem................ccccccccceeee. 281
12.3.3 The Baroclinic Instability: The Charney Problem ............................ 286
12.3.4 The Baroclinic Instability: Two Levels Model .................cccccccce.. 287
12.4 Energetics of the Baroclinic Waves.........cccocveveiiniiniiirieienieicceceeee 292
12.4.1 Energy in the Two Levels Model..........ccooovveiieiieiiiiiieiee e 295

12:4.2 The Parameterization of Transport......ueusaussisisvmssmssns 297




13 Radiation for Different USes......ccccccccciiiimemmmmniisisisiinnsssssssssssesnssssssssnes 301

13.1 Parameterization of Gaseous AbSOIPLION ...........cccceeevicuieiiieieeniieieneanes 301
13.1.1 The Ozone AbSOIPLION .....cc.eruiiuiiiiieieiieieieie e 302
13.1.2 The Water Vapor AbSOrPHON.........covivieiiiiiiiieiceieee e 304

13.2 The Interaction of Solar Radiation with Particulates in the Atmosphere...307
13.2.1 Optical Properties of the Particles...........cccceoeririiinininiiiies 309
13.2.2 Phase Functions and Mie Scattering ...........c.ccccoccoevevirencnennenncnnnn 315

13.3 Radiative Transfer in the Presence of Scattering..........cococvevevvinennenne. 316
13.3.1 A Few Simple Applications of the § -Eddington Approximation.....320

13.4 The Transfer of Infrared Radiation...............cccoooeiiiiiiiiiiiiiicceeeeee. 323
13.4.1 The Formal SoIution ...........cccoiiiiiiiiiiiiiiiieceeeeeeee e 323

13.5 Molecular SPECHIa.....c...evuuiiiieiieiieieiie et 324
13.5.1 Spectral Line Shape .........ccccoouieiiiiiiiiieiicieeeeeeeee e 326

13.6 Models for the Line AbBSOIPON .....c.eevveeriiiieiieieiieeec e 328
13.6.1 A Formulation of the Infrared Flux.........cccocoooriiiiiiiniiniiiiiiiee, 330
13.6.2 The Band Absorptivities According to Cess and Ramanathan.......... 331

13.7 8-Eddington in the Infrared ............ccoovovviieeiieicieeeeceeeceeee e 333

14 Simple Climate Models ... e e e e s e e s e 335

e L BT Y BUAEE tit50an0nne snn 55005 550mme soni i issi 5850 i RS e 053 58 iSRS S50 5 335

14.2 Zero Dimensional Models and Feedback ............cccoceviiiiiiiincininnine. 336

14.3 One Dimensional Energy Balance Climate Models ...........cccceceevvevinences 341
14.3.1 The Notth Model. ......icoucisisisssimimmnsisimmsnsasssasmnssssisss 342
14.3.2 The Stability of the One Dimensional Model .............ccccccceenirnenee. 346
14.3.3 The Sellers Model.......c..cooveiiiiiiiiiiiiiiieieeecieceece e 348

14.4 The radiative - convective MOElS .........cocceriiiririneneninineeieee e 350
14.4.1 The Radiative-Convective Models and the Greenhouse Effect......... 355
14.4.2 Can We Put Together the Radiative-Convective and Energy Balance
Climate MOdelS? .........cooiiriiiiieiinieeeereeeeereeeeeeeeneeresete st eeneeeae e aesneenes 357

15 The Application of the Simple Climate Models..........cccccovceccerrrnnnne. 359

15.1 The Climate SYStEM......cecutiiiiieiieriieiieie ettt 359

15.2 The Solar Radiation and the Orbital Parameters.............ccccecueeiinienninnnen. 363

15.3 Some Experimental Data on the Ic€ AZES ....cxuusssusmsmissssssmsssmassosssasinse 366

15.4 The 100 kyear Cycle and the Lithosphere — Atmosphere Coupling.......... 369

155 Stochastic RESONANCE iy summsssasssimsnsnisssssnssmsasssissssmsesiassiamisssssssssssssrmesss 374

15.6 The Global Warming: A Simple EXErcise ........ccocevvveververivenienenieniiennens 378

15.6.1 The Near Future Climate of the Earth as a Problem of Electrical
BN P ICETING s it suassunsuosusmsnssossss s s ess s ans sovsos P sy SRS SV O S S TV AN w8 P55 378



15.7 The General Circulation ModelS ..........ccooovviiiooiiiiiiiieeeeieeeeeeeeeeee 384

15.7.1 The Model EQUAtiONS .......ccccovieeiieiieiiecieieeeeeie e 385
15.7.2 The Performances of the GCMS............ccceevveeienieiieieceeeeeeeeeeea 387

16 Chemistry of the Troposphere........cccooeemreeieeieeeecee e 393
16,1 INrOAUCHION w..vviienieiieiieieetieie sttt ettt sbesaesteenbesseens 393
16.2 A Chemistry Refresher ..........coccooiiiiiiiiiiceeeeee e 394
16.3 The Minor Gas INVENtOTY ........ccceeviieiiierieeieeieeieee e e 397
16.3.1 MEthANE ..ot e 399
16.3.2 NItrous OXIA@..c..vivueieriiiiieciieeiieeie ettt ettt 399
16:3.3 Atmospheric ChlOrine . ..cxussmemimmasssmmsmmmsmssmisss i 400
16.4 The Biogeochemical Cycle for Carbon .........cccccveveeerrenienieieeie e 403
16.4.1 Carbonate/CO, System: A Bit of Marine Chemistry...........ccccccccu... 405
16.4.2 How Long Will the Biosphere Survive? ..........ccooceviiininnieieninins 410
16.5 Chemistry of the TropOSPhere ...........ccoevieevieeieiieeieceeeeeee e 414
16.5.1 Methane OXidation..........cccoeuieieriiriieieeieeeee e 416
16.5.2 The Chemistry of Urban Air .........cc.eeveeeiiviieieeiieieeeeeeeee e 418
16.5.3 The Atmospheric Sulfur Cycle..........ccveviirveriinieiieiieieee e, 422
16.6. Modes of a Chemical SYStem ........ccceeevieeieeieriieiiee e 424
16.7 Transport of Chemical Species in the Troposphere...........ccccceoveereennen. 427
17 Dynamics of the Middle Atmosphere........c.ccccccevceniriesricnensccnnessannnans 431
17.1 Thermal Structure of the StratoSphere ...........ccovevieeiieviieieriecieeieeie 431
17.2 The Eulerian Mean Circulation ..........ccccccvvreriieeiieenirenieeseeeeieeecieee e 433
17.2.1 The Transformed Eulerian Mean ...........cccccceeeveeeiiienienieiieieeeeenne 435
17.2.2 An Attempt to Understand the Origin of the Residual Circulation ...437
17.2.3 The Sudden Stratospheric Warming ...........cccceeeeeeeeeeneesieneeneenenn 438
17.3 Tracers Transport in the StratoSPhere ...........covvveeveeeeiiencieeeiieieeiie e 440
17.3.1 The Two-Dimensional Diffusion Coefficients............ccccoeceereernennen. 442
17.3.2 Self Consistent Transport in Two Dimensions.............ccccceerveeenenne.. 445
17.3.3 Troposphere—Stratosphere Exchange............cccceeveiiiiniiniinnicncnnne. 447
17.3.4 Eddies and the Troposphere—Stratosphere Flux...........ccccccoceeninn 449
17.4 Transport in Isentropic CoOrdinates ..........c.ccoeeeererinieiiieieieneneesieiens 452
17.4.1 Stratospheric Dynamics and Ertel potential vorticity............c.coce..... 453
17.4.2 The Slope of the TTaCerS ....c..ccceeiiviiririiiiieeeeecceeeeee e 455
17.4.3 The Tracer Correlation: Age of Air and Transport ............cccceeeueennene 458
17.4.4 The Conservative CoOrdinates .. ovssssssvsimisisimsssmssassssmmssmmsosied 463

18 Stratospheric Chemistry .........cceeiiecccereecerr e 469

18.1 The Ozone DIStribUtiON ...........coooviiiiiiiiiiiicciie e 470




18.2 The Homogeneous Ozone Chemistry .......c..cocoeeieiiieieieiiinicnicneeeeeeaes 472

18.2.1 The Catalytic Cycles in the Gaseous Phase ..........ccccceeoevinincnennnn. 474

18.2.2 The Odd Hydrogen Catalytic Cycle....c.cvoinvusinisiansinminsivisescissanss 475

18.2.3 The Odd Nitrogen Catalytic CyCléusmmummmmmmmassmmmms 477

18.2.4 The Bromine and Chlorine Catalytic Cycles.........c.ccccevevervieiinucnns 478

18.2.5 The Effects of the Catalytic CYClES.....oussssmsmusssmmmmunamessssssnsast 480

18.3! Heterogeneous ChemiStY . . sessssonsmmmesmsiosanssssssmsomsmassasssssassd 483
18.4 The Pertiitbations to the:OzZone LAYET w.ussuemmmrmsmmasssssssnms s 486
18.4.1 The:Global OZone Trend. . . ssswessssssmmsmssmssessssanssonssosssssmsspssmasssss 488

18.4.2 Natural and Anthropogenic Perturbations: Volcanic Eruptions........ 491

18.4.3 Natural and Anthropogenic Perturbations: The Effect of Aviation...497

18.5 POlar OZONE ....c..oeiviiiiiieiieiie i e 500
18.5.1 The Theory of the Polar Ozone...........cccoeoveiiiiinininininiiicicicen 502

19 Chaos in the Atmosphere 507
19.1 Simple Examples from the Theory of Dynamical Systems ....................... 507
19.1.1 The Poricare SECOM «:.osxsumssssassussssssssessssssomssvsssssssssssssssssmsasassmsss 508

19.1.2 Fractal DIMEeNSION .....c..ceoviiiiiiieieeieeeeieeecee et 510

19.2 The CHMALE ...couveiiiiiiiieiieie et 512
19.3 Is EI NiNO ChaotiC?.....cueeviiiiieiieiiieieceeestetee ettt 517
19.4 Dimensions of Weather and Climate Attractors ...........coccoeeueeeveerueereceuennn 521

DY o] o110 Vo 1 G N OSSP 525
Al Constructing 'a Tephigran .. ..c.... v nesaissie ssssssmimisssamminsssisssasmiss 525
APPENAIX B ......ccccceiniiinsannnnnnsaonnsnsiacenniisisassisisinsssdinsvesiarivs siasaissasinisasssisvanes 529
B.1 Flow Over an Obstacle: The Numerical Solution ...........ccccoecveeiinviieninnnnne 529
IAPPENIX (C 25558 ssmunnisssesssnsnsmsasnsssssssssssnsssessussasisssnsssesnmessdsssessssssssninans svssRasss 541
C.1 The Quasi Geostrophic Potential Vorticity in log-p Coordinates ............... 541
C.2 The Eliassen and Palm Flux Terms...........ccccocoviiiiiiiiininiiniiiiiiiccecis 541
C.3 Energy and EP FIUX ......oooiiiiiiiiiecceee e 542
C.4 The WKB AppProXimation.........cc..eecueeeuieiirieiiiiniieieiiieiisiieeieene e 543
C.5 The Numerical Solution to the Wave EqQuation ............coccocevvreiciincncnnnne. 544
Yo 7= 0 o [ Gl I N 553

D.1 Band Parameterization for CO,, Oz and HyO.........cccoeveeiiiiiiiiiieeieeen 553




7Y o oT=T g Ve [ G SOOI 555

E.1 A Listing for the North's Spectral Model............cccooeiiiininiiiceeeee 555
E.2 Program for the Sellers Model ............occooiiiiiininiininiieccecee 559
VaVoToT=T s Ua [ Q) ST S PP 565
F.1 'The Model for:Stochastic RESONANGEE vusssssvesssimmssssmsmsssssssssnssommsvassssinssss 565
E:2: The FORTRAN Program o smsese s s s smmsssmmvsss e 566
SYMDOIS :cciniscaiismiasisinsisssnizaasnisisssmnansissuossvensssasasossasasssissssssnasssasessnsnersaasess 569
REIETONCES scvenissssvassusaviunssunsansunusanssssnsiessisssss suresssssssaasansssss e ss s iaassisananavses 573

ST ] oJ=To0 3 g T =3 GO 586



