Copyright © 2015 by Roland Stull. Practical Meteorology: An Algebra-based Survey of Atmospheric Science.

CONTENTS

Contents Summary

Preface XIII

Chapter 1 ® Atmospheric Basics 1

Chapter 2 e Solar & Infrared Radiation 27
Chapter 3 ® Thermodynamics 53

Chapter 4 ® Water Vapor 87

Chapter 5 ® Atmospheric Stability 119

Chapter 6 ¢ Clouds 159

Chapter 7 ® Precipitation Processes 185
Chapter 8 e Satellites & Radar 219

Chapter 9 ® Weather Reports & Map Analysis 267
Chapter 10 ® Atmospheric Forces & Winds 289
Chapter 11 ® General Circulation 329

Chapter 12  Fronts & Airmasses 389

Chapter 13 o Extratropical Cyclones 425
Chapter 14 ® Thunderstorm Fundamentals 481
Chapter 15 ® Thunderstorm Hazards 545
Chapter 16 ® Tropical Cyclones 603

Chapter 17 ¢ Regional Winds 645

Chapter 18 e Atmospheric Boundary Layer 687
Chapter 19 e Pollutant Dispersion 723

Chapter 20 ® Numerical Weather Prediction (NWP) 745
Chapter 21 ¢ Natural Climate Processes 793
Chapter 22 ¢ Atmospheric Optics 833

Appendix A e Scientific Tools 869
Appendix B e Constants & Conversion Factors 879

Index e 881

“Practical Meteorology: An Algebra-based Survey
@ @@ @ of Atmospheric Science” by Roland Stull is licensed
LA MM under a Creative Commons Attribution-NonCom-
mercial-ShareAlike 4.0 International License. View this license at
http://creativecommons.org/licenses/by-nc-sa/4.0/ . This work is
available at http://www.eos.ubc.ca/books/Practical_Meteorology/ .

g e e e W T g W

CHAPTER 1 » ATMOSPHERIC BASICS 1

Introduction 1
Meteorological Conventions 2

Earth Frameworks Reviewed 3
Cartography 4
Azimuth, Zenith, & Elevation Angles 4
Time Zones 5

Thermodynamic State 6
Temperature 6
Pressure 7
Density 10

Atmospheric Structure 11
Standard Atmosphere 11
Layers of the Atmosphere 13
Atmospheric Boundary Layer 13
Equation of State—Ideal Gas Law 14
Hydrostatic Equilibrium 15
Hypsometric Equation 17
Process Terminology 17
Pressure Instruments 19
Review 19
Tips 20
Homework Exercises 21
Broaden Knowledge & Comprehension 21
Apply 22
Evaluate & Analyze 24
Synthesize 25

i e B T T T S Y
CHAPTER 2 + SOLAR & INFRARED
RADIATION 27

Orbital Factors 27
Planetary Orbits 27
Orbit of the Earth 27
Seasonal Effects 30
Daily Effects 32
Sunrise, Sunset & Twilight 33

Flux 34

Radiation principles 36
Propagation 36
Emission 36
Distribution 39

III



v CONTENTS

Average Daily Insolation 40
Absorption, Reflection & Transmission 41
Beer’s Law 43

Surface Radiation Budget 44
Solar 44
Longwave (IR) 45
Net Radiation 45

Actinometers 45
Review 47

Homework Exercises 47
Broaden Knowledge & Comprehension 47
Apply 48
Evaluate & Analyze 50
Synthesize 51

g o W W T Y W

CHAPTER 3 * THERMODYNAMICS 53

Internal Energy 53
Definitions 53
Possession and Transfer of Energy 54

First Law of Thermodynamics 55
Definition 55
Apply to the Atmosphere 55
Enthalpy vs. Sensible Heat 56

Frameworks 58
Lagrangian vs. Eulerian 58
Air Parcels 58

Heat Budget of an Unsaturated Air Parcel 58
Lagrangian Form of the First Law of Thermo 58
Lapse-rate Definition 59
Dry Adiabatic Lapse Rate 60
Potential-temperature Definition 61
Intro to Thermo Diagrams 63

Heat Budget at a Fixed Location 64
Eulerian Form of the First Law of Thermo 64
Advection of Heat 65
Molecular Conduction & Surface Fluxes 67
Atmospheric Turbulence 69
Solar and IR Radiation 71
Internal Sources such as Latent Heat 72
Simplified Eulerian Net Heat Budget 72
Heat Budget at Earth’s Surface 73
Surface Heat-flux Balance 73
The Bowen Ratio 74

Apparent Temperature Indices 76
Wind-Chill Temperature 76
Humidex and Heat Index 77

Temperature Sensors 78
Review 79
Homework Exercises 79
Broaden Knowledge & Comprehension 79
Apply 80
Evaluate & Analyze 83
Synthesize 84

g e W W T g S

CHAPTER 4 « WATER VAPOR 87

Vapor Pressure at Saturation 87

Moisture Variables 91
More Wet-bulb Temperature Info 94
Converting Between Humidity Variables 96

Total Water 97
Liquid and Solid Water 97
Mixing Ratio of Total Water 97
Precipitable Water 98

Lagrangian Budgets 99

Water Budget 99
Lagrangian Water Conservation 99
Isohumes on a Thermo Diagram 100

Heat Conservation for Saturated Air 101
Moist Adiabatic Lapse Rate 101
Moist Adiabats on a Thermo Diagram 102
Wet-Bulb, Equivalent, and Liquid-Water Potential

Temperatures 104

Water Budget at a Fixed Location 107
Horizontal Advection 107
Precipitation 107
Moisture Flux at the Earth’s Surface 108
Moisture Transport by Turbulence 109

Humidity Instruments 111
Review 112

Homework Exercises 112
Broaden Knowledge & Comprehension 112
Apply 113
Evaluate & Analyze 115
Synthesize 117

g e W W T S S

CHAPTER 5 « ATMOS. STABILITY 119

Building a Thermo-diagram 119
Components 119
Pseudoadiabatic Assumption 121
Complete Thermo Diagrams 121

Types Of Thermo Diagrams 122
Emagram 122
Stiive & Pseudoadiabatic Diagrams 122
Skew-T Log-P Diagram 122
Tephigram 122
Theta-Height (6-z) Diagrams 122
More on the Skew-T 124
Guide for Quick Identification of Thermo Diagrams 126

Thermo-diagram Applications 127
Thermodynamic State 128
Processes 129

An Air Parcel & Its Environment 134
Soundings 134
Buoyant Force 135
Brunt-Vaisild Frequency 136



R.STULL ¢ PRACTICAL METEOROLOGY

\'%

Flow Stability 138
Static Stability 138
Dynamic Stability 141
Existence of Turbulence 142

Finding Tropopause Height and Mixed-layer Depth 143
Tropopause 143
Mixed-Layer 144

Review 145

Homework Exercises 145
Broaden Knowledge & Comprehension 145
Apply 146
Evaluate & Analyze 149

Synthesize 150

Large-size Thermo Diagrams
Emagram 152
Stiive Diagram 153
Skew-T Log-P Diagram 154
Tephigram 155
Theta-Z Diagram 156
Skew-T Log-P Diagram (ABL)
Theta-Z Diagram (ABL) 158

151

157

i e W e W T S g W

CHAPTER 6 « CLOUDS 159

Processes Causing Saturation 159
Cooling and Moisturizing 159
Mixing 160

Cloud Identification
Cumuliform 161
Stratiform 162
Stratocumulus
Others 164

Clouds in unstable air aloft 164

Clouds associated with mountains 165

Clouds due to surface-induced turbulence or
surface heat 165

161

164

Anthropogenic Clouds 166
Cloud Organization 167
Cloud Classification 168
Genera 168
Species 168
Varieties 169
Supplementary Features 169

Accessory Clouds 169
Sky Cover (Cloud Amount) 170
Cloud Sizes 170

Fractal Cloud Shapes 171
Fractal Dimension 171
Measuring Fractal Dimension 172

Fog 173
Types 173
Idealized Fog Models 173

Advection Fog 173
Radiation Fog 175

Dissipation of Well-Mixed (Radiation and
Advection) Fogs 176

Review 178

Homework Exercises 178
Broaden Knowledge & Comprehension 178
Apply 179
Evaluate & Analyze 181
Synthesize 183

i e W U W T g W

CHAPTER 7 »

PRECIPITATION PROCESSES 185

Supersaturation and Water Availability 186
Supersaturation 186
Water Availability 186
Number and Size of Hydrometeors

Nucleation of Liquid Droplets 188
Cloud Condensation Nuclei (CCN) 188

187

Curvature and Solute Effects 189
Critical Radius 192
Haze 192
Activated Nuclei 193

Nucleation of Ice Crystals 194
Processes 194
Ice Nuclei 195

Liquid Droplet Growth by Diffusion 196
Ice Growth by Diffusion 198
Ice Crystal Habits 198
Growth Rates 200
The Wegener-Bergeron-Findeisen (WBF) Pro-
cess 201

Collision and Collection 202

Terminal Velocity of Hydrometeors 202
Cloud Droplets 202
Rain Drops 203
Hailstones 204

Collection & Aggregation Processes 204

Warm-cloud Process 204

Cold-cloud Processes 205
Precipitation Formation 205

Warm Clouds 205

Cold Clouds 206

Precipitation Characteristics 207
Rain-Drop Size Distribution 207
Rainfall Rates 208
Snowfall Rates & Snow Accumulation 208
Precipitation Distribution 209

Precipitation Measurement 210
Review 211

Homework Exercises 211
Broaden Knowledge & Comprehension 211
Apply 211
Evaluate & Analyze 214
Synthesize 217



VI CONTENTS

g e W W T e S

CHAPTER 8¢ SATELLITES & RADAR 219

Radiative Transfer for Satellites 220
Signals 220
Transmittance and Windows 220
Planck’s Law & Brightness Temperature 221
Radiative Transfer Equation 224
Weighting Functions 226

Weather Satellites 227
Orbits 227
Geostationary Satellites 227
Polar Orbiting Satellites 228
Imager 230
Visible 230
Infrared (IR) 230
Water-vapor 231
Other Channels 231
Image Examples & Interpretation 231
Sounder 235
[lustration of Retrieval Corollary 1 236
[lustration of Retrieval Corollary 2 236

Weather Radars 240
Fundamentals 240
Maximum Range 241
Scan and Display Strategies 241
Radar Bands 242
Beam Propagation 243
Reflectivity 245
The Radar Equation 245
Rainfall Rate Estimated by Radar Reflectiv-
ity 247
Bright Band 248
Hail 248
Other Uses for Reflectivity Data 248
Doppler Radar 249
Radial Velocities 249
Maximum Unambiguous Velocity 250
Velocity Azimuth Display (VAD) 252
Identification of Storm Characteristics 253
Spectrum Width 254
Difficulties 254
Polarimetric Radar 255
Phased-Array Radars & Wind Profilers 257

Summary 260
Threads 260

Exercises 260
Numerical Problems 260
Understanding & Critical Evaluation 262
Web-Enhanced Questions 265
Synthesis Questions 266

g e W W T g S
CHAPTER 9 « WEATHER REPORTS &
MAP ANALYSIS 267

Sea-level Pressure Reduction 267

Meteorological Reports & Observations 268
Weather Codes 268
METAR and SPECI 270
Weather-Observation Locations 271

Synoptic Weather Maps 274
Station Plot Model 274
Map Analysis, Plotting & Isoplething 280

Review 281

Homework Exercises 282
Broaden Knowledge & Comprehension 282
Apply 282
Evaluate & Analyze 287
Synthesize 287

g e W W T S S

CHAPTER 10 » ATMOSPHERIC FORCES
& WINDS 289

Winds and Weather Maps 290
Heights on Constant-Pressure Surfaces 290
Plotting Winds 291

Newton’s 20d Law 292
Lagrangian 292
Eulerian 293

Horizontal Forces 294
Advection of Horizontal Momentum 294
Horizontal Pressure-Gradient Force 295
Centrifugal Force 296
Coriolis Force 297
Turbulent-Drag Force 300
Summary of Forces 301

Equations of Horizontal Motion 301

Horizontal Winds 302
Geostrophic Wind 302
Gradient Wind 304
Atmospheric-Boundary-Layer Wind 307
ABL Gradient (ABLG) Wind 309
Cyclostrophic Wind 311
Inertial Wind 312
Antitriptic Wind = 312
Summary of Horizontal Winds 313

Horizontal Motion 314
Equations of Motion — Again 314
Scales of Horizontal Motion 315
Vertical Forces and Motion 315
Conservation of Air Mass 317
Continuity Equation 317
Incompressible Idealization 318
Boundary-Layer Pumping 318



R.STULL ¢ PRACTICAL METEOROLOGY VII

Kinematics 320
Measuring Winds 321
Review 322

Homework Exercises 322
Broaden Knowledge & Comprehension 322
Apply 323
Evaluate & Analyze 325
Synthesize 327

i e N B T T T S
CHAPTER 11 « GENERAL CIRCULATION
329

Key Terms 330

A Simplified Description of the Global Circulation 330
Near the Surface 330
Upper-troposphere 331
Vertical Circulations 332
Monsoonal Circulations 333

Radiative Differential Heating 334
North-South Temperature Gradient 335
Global Radiation Budgets 336
Radiative Forcing by Latitude Belt 338
General Circulation Heat Transport 338

Pressure Profiles 340
Non-hydrostatic Pressure Couplets 340
Hydrostatic Thermal Circulations 341

Geostrophic Wind & Geostrophic Adjustment 343
Ageostrophic Winds at the Equator 343
Definitions 343
Geostrophic Adjustment - Part 1 344

Thermal Wind Effect 345
Definition of Thickness 346
Thermal-wind Components 346
Case Study 348
Thermal Wind & Geostrophic Adjust. - Part2 349

Explaining the General Circulation 350
Low Latitudes 350
High Latitudes 352
Mid-latitudes 352
Monsoon 356

Jet Streams 357
Baroclinicity & the Polar Jet 359
Angular Momentum & Subtropical Jet 360

Types of Vorticity 362
Relative-vorticity Definition 362
Absolute-vorticity Definition 363
Potential-vorticity Definition 363
Isentropic Potential Vorticity Definition 364
Horizontal Circulation 365
Extratropical Ridges & Troughs 367
Barotropic Instability 367
Baroclinic Instability 371
Meridional Transport by Rossby Waves 374
Three-band Global Circulation 376

A Metric for Vertical Circulation 377
Effective Vertical Circulation 377

Ekman Spiral of Ocean Currents 378
Review 379

Homework Exercises 380
Broaden Knowledge & Comprehension 380
Apply 381
Evaluate & Analyze 383
Synthesize 387

i e B T T T S
CHAPTER 12 « FRONTS & AIRMASSES
389

Anticyclones or Highs 390
Characteristics & Formation 390
Vertical Structure 391

Airmasses 391
Creation 392
Warm Airmass Genesis 393
Cold Airmass Genesis 393
Movement 397
Modification 397
Via Surface Fluxes 397
Via Flow Over Mountains 399

Surface Fronts 399
Horizontal Structure 400
Vertical Structure 403

Geostrophic Adjustment — Part 3 404
Winds in the Cold Air 404
Winds in the Warm Over-riding Air 407
Frontal Vorticity 407

Frontogenesis 408
Kinematics 408
Confluence 409
Shear 409
Tilting 409
Deformation 410
Thermodynamics 411
Dynamics 411

Occluded Fronts and Mid-tropospheric Fronts 413
Upper-tropospheric Fronts 414

Drylines 416

Review 417

Homework Exercises 418
Broaden Knowledge & Comprehension 418
Apply 419
Evaluate & Analyze 420
Synthesize 423



VIII CONTENTS

g e W W T T S
CHAPTER 13 « EXTRATROPICAL
CYCLONES 425

Cyclone Characteristics 426
Cyclogenesis & Cyclolysis 426
Cyclone Evolution 427
Cyclone Tracks 430
Stacking & Tilting 432
Other Characteristics 433

Midlatitude Cyclone Evolution — A Case Study 433
Summary of 3 to 4 April 2014 Cyclone 433
INFO e Isosurfaces & Their Utility 436
Height, Pressure, Thickness 436
Potential Temperature, Potential Vorticity 437
Surface Maps, Rules 437
Weather-map Discussion for this Case 442

Lee Cyclogenesis 443
Stationary Rossby Waves 444
Potential-vorticity Conservation 444
Lee-side Translation Equatorward 446

Spin-up of Cyclonic Rotation 446
Vorticity Tendency Equation 447
Quasi-Geostrophic Approximation 449
Application to Idealized Weather Patterns 450

Ascent 451
Continuity Effects 452
Rossby Waves 453
Jet Streaks 454
Omega Equation 456
Q-Vectors 460

Tendency of Sea-level Pressure 463
Mass Budget 463
Latent Heating 465
Net Pressure Tendency 466

Cyclone Self Development 468
Condensation 468
Temperature Advection 468
Propagation of Cyclones 469
Creation of Baroclinic Zones 469
Propagation of Cold Fronts 470

Review 471

Homework Exercises 473
Broaden Knowledge & Comprehension 473
Apply 474
Evaluate & Analyze 476
Synthesize 479

i e W W T e S
CHAPTER 14 « THUNDERSTORM
FUNDAMENTALS 481

Thunderstorm Characteristics 481
Appearance 482
Clouds Associated with Thunderstorms 482

Cells & Evolution 484

Thunderstorm Types & Organization 486
Basic Storms 486
Mesoscale Convective Systems 488
Supercell Thunderstorms 492

Thunderstorm Formation 496
Favorable Conditions 496
Key Altitudes 496

High Humidity in the ABL 499

Instability, CAPE & Updrafts 503
Convective Available Potential Energy 503
Updraft Velocity 508

Wind Shear in the Environment 509

Hodograph Basics 510

Using Hodographs 514
Shear Across a Single Layer 514
Mean Wind Shear Vector 514
Total Shear Magnitude 515
Mean Environmental Wind (Normal Storm Mo-

tion) 516

Supercell Storm Motion 518
Bulk Richardson Number 521

Triggering vs. Convective Inhibition 522
Convective Inhibition (CIN) 523
Triggers 525

Thunderstorm Forecasting 527
Outlooks, Watches & Warnings 528
Stability Indices for Thunderstorms 530

Review 533

Homework Exercises 533
Broaden Knowledge & Comprehension 533
Apply 534
Evaluate & Analyze 537
Synthesize 542

g e W W T e S

CHAPTER 15 « THUNDERSTORM
HAZARDS 545

Precipitation and Hail 545
Heavy Rain 545
Hail 548

Gust Fronts and Downbursts 554
Attributes 554
Precipitation Drag on the Air 555
Cooling due to Droplet Evaporation 556
Downdraft CAPE (DCAPE) 557
Pressure Perturbation 559
Outflow Winds & Gust Fronts 560

Lightning and Thunder 563
Origin of Electric Charge 564
Lightning Behavior & Appearance 566
Lightning Detection 568
Lightning Hazards and Safety 569
Thunder 571

Tornadoes 577



R.STULL ¢ PRACTICAL METEOROLOGY IX

Tangential Velocity & Tornado Intensity 577
Appearance 581
Types of Tornadoes & Other Vortices 582
Evolution as Observed by Eye 583
Tornado Outbreaks 583
Storm-relative Winds 584
Origin of Tornadic Rotation 586
Helicity 587
Multiple-vortex Tornadoes 592
Review 593

Homework Exercises 594
Broaden Knowledge & Comprehension 594
Apply 595
Evaluate & Analyze 598
Synthesize 601

i e N . T T T S
CHAPTER 16 * TROPICAL CYCLONES
603

Tropical Cyclone Structure 604

Intensity and Geographic distribution 605
Saffir-Simpson Hurricane Wind Scale 607
Typhoon Intensity Scales 607
Other Tropical-Cyclone Scales 607
Geographic Distribution and Movement 607

Evolution 608
Requirements for Cyclogenesis 608
Tropical Cyclone Triggers 610
Life Cycle 613
Movement/Track 615
Tropical Cyclolysis 616

Dynamics 617
Origin of Initial Rotation 617
Subsequent Spin-up 617
Inflow and Outflow 618

Thermodynamics 620
Fuel Creation and Intake 620
Exhaust 620
Warm Core 621
Carnot-cycle Heat Engine 624

A Tropical Cyclone Model 626
Pressure Distribution 626
Tangential Velocity 626
Radial Velocity 627
Vertical Velocity 628
Temperature 629
Composite Picture 629

Climatology 630
Seasonality 630
Locations of Strongest Cyclones 631
Natural Cycles & Changes in Activity 631
Hazards 631
Human Population and Zoning 631
Storm Surge 632
Surface Wind-waves 634

Inland Flooding 637
Thunderstorms, Lightning & Tornado Outbreaks 637

Tropical Cyclone Forecasting 637
Prediction 637
Safety 638

Review 639

Homework Exercises 640
Broaden Knowledge & Comprehension 640
Apply 640
Evaluate & Analyze 642
Synthesize 644

g e W U W T e W

CHAPTER 17 * REGIONAL WINDS 645

Wind Frequency 645
Wind-speed Frequency 645
Wind-direction Frequency 646

Wind-Turbine Power Generation 647

Thermally Driven Circulations 648
Thermals 648
Cross-valley Circulations 649
Along-valley Winds 653
Sea breeze 654

Open-Channel Hydraulics 657
Wave Speed 658
Froude Number - Part1 659
Conservation of Air Mass 660
Hydraulic Jump 660

Gap Winds 661
Basics 661
Short-gap Winds 661
Long-gap Winds 662
Coastally Trapped Low-level (Barrier) Jets 664

Mountain Waves 666
Natural Wavelength 666
Lenticular Clouds 666
Froude Number - Part2 667
Mountain-wave Drag 668

Streamlines, Streaklines, and Trajectories 668

Bernoulli’s Equation 669
Principles 669
Some Applications 672

Downslope Winds 675
Bora 675
Foehns and Chinooks 676

Canopy Flows 677
Forests and Crops 677
Cities 678

Review 679

Homework Exercises 680
Broaden Knowledge & Comprehension 680
Apply 681
Evaluate & Analyze 684
Synthesize 686



X CONTENTS

g e W W T T S
CHAPTER 18 « ATMOSPHERIC
BOUNDARY LAYER 687

Static Stability — A Review 687
Explanation 687
Rules of Thumb for Stability in the ABL 689

Boundary-layer Formation 689
Tropospheric Constraints 689
Synoptic Forcings 690

ABL Structure and Evolution 692

Temperature 693
Cumulative Heating or Cooling 693
Stable-ABL Temperature 696
Mixed-Layer (ML) Temperature 697

Wind 699
Wind Profile Evolution 699
Drag, Stress, Friction Velocity, and Roughness
Length 700
Log Profile in the Neutral Surface Layer 702
Log-Linear Profile in Stable Surf. Layer 702
Profile in the Convective Radix Layer 703

Turbulence 705
Mean and Turbulent Parts 705
Variance and Standard Deviation 706
Isotropy 707
Turbulence Kinetic Energy 708
Free and Forced Convection 710
Turbulent Fluxes and Covariances 711
Turbulence Closure 713
Turbulence Closure Types 714
K-Theory 714
Nonlocal Closure 716
Review 716
Homework Exercises 717
Broaden Knowledge & Comprehension 717
Apply 718
Evaluate & Analyze 720
Synthesize 721

i e W W T e S
CHAPTER 19 ¢ POLLUTANT
DISPERSION 723

Dispersion Factors 724
Air Quality Standards 725

urbulence Statistics 726

Review of Basic Definitions 726

Isotropy (again) 727

Pasquill-Gifford (PG) Turbulence Types 728
Dispersion Statistics 728

Snapshot vs. Average 728

Center of Mass 729

Standard Deviation — Sigma 729

Gaussian Curve 730
Nominal Plume Edge 730

Taylor’s Statistical Theory 731
Passive Conservative Tracers 731
Dispersion Equation 731
Dispersion Near & Far from the Source 732

Dispersion In Neutral & Stable Boundary Layers 732
Plume Rise 732
Neutral Boundary Layers 733
Stable Boundary Layers 733
Gaussian Concentration Distribution 734

Dispersion In Unstable Boundary Layers (Convective
Mixed Layers) 735
Relevant Variables 735
Plume Centerline 736
Crosswind Integrated Concentration 736
Concentration 737

Review 737

Homework Exercises 739
Broaden Knowledge & Comprehension 739
Apply 739
Evaluate & Analyze 741
Synthesize 743

g e W W T S S
CHAPTER 20 » NUMERICAL WEATHER
PREDICTION (NWP) 745

Scientific Basis of Forecasting 746
The Equations of Motion 746
Approximate Solutions 749
Dynamics, Physics and Numerics 749
Models 751

Grid Points 752
Nested and Variable Grids 752
Staggered Grids 753

Finite-Difference Equations 754
Notation 754
Approximations to Spatial Gradients 754
Grid Computation Rules 756
Time Differencing 757
Discretized Equations of Motion 758

Numerical Errors & Instability 759
Round-off Error 759
Truncation Error 760
Numerical Instability 760

The Numerical Forecast Process 762
Balanced Mass and Flow Fields 763
Data Assimilation and Analysis 765
Forecast 768
Case Study: 22-25 Feb 1994 768
Post-processing 770

Nonlinear Dynamics And Chaos 773
Predictability 773
Lorenz Strange Attractor 773
Ensemble Forecasts 776



R.STULL ¢ PRACTICAL METEOROLOGY

XI

Probabilistic Forecasts 777

Forecast Quality & Verification 777
Continuous Variables 777
Binary / Categorical Events 780
Probabilistic Forecasts 782
Cost / Loss Decision Models 784

Review 786

Homework Exercises 787
Broaden Knowledge & Comprehension 787
Apply 788
Evaluate & Analyze 790
Synthesize 791

i e N B T T T S
CHAPTER 21 « NATURAL CLIMATE
PROCESSES 793

Radiative Balance 793
The So-called “Greenhouse Effect” 795
Atmospheric Window 796
Average Energy Budget 797

Astronomical Influences 797
Milankovitch Theory 797
Solar Output 803

Tectonic Influences 804
Continent Movement 804
Volcanism 804

Feedbacks 806
Concept 806
Idealized Example 807
Infrared Radiative (IR) Feedback 810
Water-vapor Feedback 810
Lapse-rate Feedback 810
Cloud Feedback 811
Ice—albedo (Surface) Feedback 811
Ocean CO, Feedback 812
Biological CO, Feedback 812

Gaia Hypothesis & Daisyworld 813
Physical Approximations 813
Steady-state and Homeostasis 815

GCMs 815

Present Climate 816
Definition 816
Koppen Climate Classification 817

Natural Oscillations 818
El Nifo - Southern Oscillation (ENSO) 818
Pacific Decadal Oscillation (PDO) 820
North Atlantic Oscillation (NAO) 824
Arctic Oscillation (AO) 824
Madden-Julian Oscillation (MJO) 824
Other Oscillations 824

Review 825

Homework Exercises 826
Broaden Knowledge & Comprehension 826
Apply 827
Evaluate & Analyze 829
Synthesize 832

i e W U W T g W

CHAPTER 22 « ATMOSPHERIC OPTICS

833

Ray Geometry 833
Reflection 833
Refraction 834
Huygens’ Principle 837
Critical Angle 837
Liquid-Drop Optics 837
Primary Rainbow 839
Secondary Rainbow 840
Alexander’s Dark Band 841
Other Rainbow Phenomena 841

Ice Crystal Optics 842
Parhelic Circle 844
Subsun 844
22°Halo 845
46° Halo 846
Halos Associated with Pyramid Crystals 847
Circumzenith & Circumhorizon Arcs 848
Sun Dogs (Parhelia) 850
Subsun Dogs (Subparhelia) 851
Tangent Arcs 851
Other Halos 853

Scattering 856
Background 856
Rayleigh Scattering 857
Geometric Scattering 857
Mie Scattering 858
Diffraction & Interference 858
Corona, Iridescence and Glory 859
Supernumerary Bows 860
Mirages 861
Review 863
Homework Exercises 863
Broaden Knowledge & Comprehension 863
Apply 864
Evaluate & Analyze 866
Synthesize 868

i e W N W T g W

APPENDIX A ¢ SCIENTIFIC TOOLS 869

Dimensions and Units 870
Standards 870
Unit Conversion 871
Functions and Finite Difference 872
Relationships and Graphs 873
Linear 873
Logarithmic 873
Power 874
Errors 875

Systematic Error & Accuracy 875
Random Error & Precision 875



XII CONTENTS

Reporting Observations 875
Error Propagation 876

A Scientific Perspective 877
Review 878

Homework Exercises 878
Broaden Knowledge & Comprehension 878
Apply 878
Evaluate & Analyze 878
Synthesize 878

i e W W T S S
APPENDIX B » CONSTANTS &
CONVERSION FACTORS 879

Universal Constants 879

Math Constants 879

Earth Characteristics 879

Air and Water Characteristics 880

Conversion Factors & Combined Parameters 880

g o Wa W T Y a W

INDEX 881



