
Dynamic
Meteorology

S.Panchev

D. Reidel Publishing Company
Dordrecht / Boston / Lancaster



S. PANCHEV

A,~1-1:2 J A ~ INSTITUT
FÜR METEOROLOGIE U. KLIMATOLOGIB

UNIVERSJTl\T HANNOVER
HI'.RRENHAUSER srs. 2 . 3000 HANNOVER 21

Department of Meteorology and Geophysics,
University of Sofia, Bulgaria

Dynamic Meteorology

D. Reidel Publishing Company

A MEMBER OF THE KLUWER ACADEMIC PUBLISHERS GROUP

Dordrecht / Boston / Lancaster



Table of Contents

PREFACE

ACKNOWLEDGEMENTS

LIST OF COMMONLY-USED SYMBOLS

CHAPTER 1. INTRODUCTION TO DYNAMIC METEOROLOGY
MATICS OF THE ATMOSPHERIC MOTIONS)
1. Methods for the Description of Continuous Media

a. Lagrange's Method
b. Euler's Method
c. Types of Derivatives

2. Kinematic Characteristics of the Pressure Field
a. Pressure Systems
b. Pressure-Features Movement
c. Evolution ofPressure Systems

3. Geometrical Characteristics of the Wind Field
a. Streamlines
b. Trajectory

4. Differential and Integral Characteristics of the Wind Field
a. Divergence
b. Vorticity
c. Vortex Lines and Tubes
d. Deformation

5. A Linear Wind Field Around an Arbitrary Point
a. Decomposition of the Velocity
b. Analysis of the Results

6. The Continuity Equation
a. Derivation of the Equation
b. Analysis and Particular Cases

7. Barotropy and Baroclinicity of the Atmosphere
a. Barotropy
b. Baroclinicity

8. On the Use of Scalar, Vector, and Tensor Notations
Problems

v

xiii

xvii

xix

(KINE-
1
1
1
2
3
4
4
5
6
7
7
8
9
9
11
12
13
13
13
15
16
16
17
18
18
19
19
21



vi Table of Contents

PART I: THE DYNAMICS OF AN IDEAL (WITHOUT FRICTION)
ATMOSPHERE

CHAPTER 2. EQUATIONS OF THERMO-HYDRODYNAMICS OF THE
ATMOSPHERE (WEATHER EQUATIONS) 25
1. The Thermodynamic Energy Equation 25

a. General Form 25
b. Alternative Forms and Particular Cases 26
c. Heat Sources 27

2. The Equations of Motion 28
a. General Form 28
b. Application to the Atmosphere 29
c. Boussinesq Approximation 30

3. Weather Equations in Spherical Coordinates 31
a. Preliminary Preparation 31
b. Introduction of Spherical Coordinates 32

4. Weather Equations in Local (Standard) Coordinates: Boundary Conditions 35
a. Introduction of Local Coordinates 35
b. The Boussinesq Approximation 37
c. Boundary Conditions 38

5. Equations of Motion in Cylindrical and Natural Coordinates: The Shallow-
Water Approximation 40
a. Introduction of Cylindrical Coordinates 40
b. The Natural (s, n) Coordinates 42
c. The 'Shallow-Water' Approximation 44

6. Weather Equations in Generalized Vertical Coordinates 45
a. Preliminary Formulae 45
b. Transformation of Equations 48
c. Boundary Conditions 49

Pro~~ 50

CHAPTER 3. SIMPLIFICATION OF WEATHER EQUATIONS 51
l. Methods for Simplification of Weather Equations 51

a. General Characteristics 51
b. Scale Analysis and Similarity 52

2. Scale Analysis of Weather Equations 54
a. Choice of Scales 54
b. Simplification of the Equations 56
c. Some Remarks 58

3. Weather Equations in p, G, e and Other Vertical Coordinates 59
a. Isobaric p System 60
b. Isobaric G System 63
c. Isentropic e System 65
d. Other Vertical Coordinates 66

4. Ageostrophic and Thermal Winds 67
a. Ageostrophic Wind 67
b. Thermal Wind 71



Table of Contents vii

5. Vorticity, Divergence and Balance Equations 74
a. The Vorticity Equation 74
b. Vorticity Conservation Laws 76
c. Sirnplification of the Vorticity Equation 79
d. Divergence and Balance Equations 80

6. Gradient Wind at Curvilinear Isobars 81
a. Natural Coordinates 81
b. Cartesian Coordinates 83

7. Pressure-Velocity Relationships in the Low-Latitudes Atmosphere 85
a. Linear Approach 85
b. Two-Dimensional Nonlinear Approach 86
c. Three-Dimensional Nonlinear Approach 87

8. Lagrangian Approach to the Problem of Simplification 89
a. Middle Latitudes 89
b. Low Latitudes 90
c. Global-Scale Oscillations 91

9. Spectral Approach to the Problem of Simplification 93
a. General Discussion 93
b. Examples of Low-Order Systems 95

Problems 98

CHAPTER 4_ ENERGETICS OF THE ATMOSPHERE 101
1. Types of Energy and Energy Conversions 101

a. Definitions 101
b. Energy Conversions 105

2. The Energy Balance Equation Per Unit Air Mass 106
a. The Energy Balance Equation in z Coordinates 107
b. The Energy Balance Equation in p Coordinates 108

3. Integral Forms of the Energy Balance Equations 110
a. Subsidiary Formulae 110
b. Closed Air Mass 111
c. Vertical Air Column 113

Problems 114

CHAPTER 5. WAVESANDINSTABILITIESINTHEATMOSPHERE 115
1. General Information on Wave Motions: The Perturbation Method 115

a. Mathematical Description 115
b. The Perturbation Method 118
c. Types of Wave~ in the Atmosphere 120

2. Sound Waves in the Atmosphere 121
a. Constant Basic State 122
b. Variable Basic State 123

3. Surface (External) Gravity Waves 124
a. Long Waves 125
b. Short Waves 126
c. Equatorial Atmosphere 127



viii Table of Contents

4. Internal Gravity Waves 129
a. Waves on Internal Boundary Surfaees 129
b. Waves in a Continuously Stratified Atmosphere 132

5. The Rossby Waves 134
a. Two-Dimensional Pure Waves 134
b. Two-Dimensional Mixed Waves 137
e. Three-Dimensional Rossby Waves 138

6. Orographie Waves 141
a. Topographie Rossby Waves 141
b. Mountain Waves 144
e. Taylor's Colurnn 146

7. Empirical Evidenee for the Existenee ofWave Motions in the Atmosphere 147
a. Gravity Waves 147
b. Inertial Waves 148

8. Dynamie Instability of Atmospherie Motions 152
a. General Considerations 152
b. InertialInstability 153
e. Barotropie Instability 154
d. Baroelinie Instability 156
e. Convective Instability 157

9. A Coneept of Nonlinear Waves in the Atmosphere 159
a. Solitary Waves (Solitons) 159
b. Atmospherie Solitons 161

Problems 162

CHAPTER 6. THE MUTUAL ADJUSTMENT OF METEOROLOGICAL
ELEMENTS 165
1. Geostrophic Adjustment: One-Dimensional Model 165

a. Significance of the Problem 165
b. One-Dimensional Model 167

2. Geostrophic Adjustment: Two-Dimensional Model 170
a. Starting Equations 170
b. Character of the Adjustment Process 171
c. Adjustment Activity of the Fields 172

3. Three-Dimensional Adjustment Models 174
a. Geostrophic Adjustment 174
b. Geostrophic-Hydrostatic Adjustment 175

4. Waves and Adjustment on a Sphere 177
a. Beta Approximation 177
b. Spherical Earth 178
c. One-Dimensional Spectral Model 181

Pro blems 184

CHAPTER 7. THE THEORETICAL BASIS OF METEOROLOGICAL
FORECASTS 185
1. Synoptic Variations of Meteorological Elements - Early Theories 185



Table of Contents ix

a. Classification of the Causes 185
b. Kibel's Theory 187

2. Barotropic Prognostic Models 189
a. Quasi-Geostrophic Approximation 189
b. Quasi-Solenoidal Approximation 192
c. Energetics of the Model 193
d. Nonlinear Interactions 195

3. Baroclinic Prognostic Models 197
a. Quasi-Geostrophic Approximation 197
b. Quasi-Solenoidal Approximation 198
c. The Two-Layer Baroclinic Model 199

4. Prognostic Models with Primitive Equations 201
a. General Characteristics 201
b. Initialization 204

5. Methods for Cloudiness and Precipitation Forecasting 206
a. Basic Equations 206
b. Semiempirical Method 207
c. Method oflnvariants 210

6. Predictability of the Meteorological Elements 212
a. The Nature of the Problem 212
b. Range of Predictability 215
c. Numerical Experiments of Predictability 215

Problems 216

PART 11: THE DYNAMICS OF AREAL (WITH FRICTION) ATMOSPHERE

CHAPTER 8. THE GENERAL THEORY OF ATMOSPHERIC TURBULENCE 221
1. Turbulent Motions: General Information 221

a. Definition for Turbulence 221
b. Methods for Description 223
c. On the Averaging Procedure 225

2. The Reynolds Equations 226
a. Derivation of the Equations 226
b. Analysis and Interpretation of the Results 228

3. Fundamentals of the Semiempirical Theory of Turbulence 231
a. Equations for the Reynolds Stresses 231
b. Energy Balance Equation 232
c. Coefficients of Turbulence 234

4. Fundamentals of the Statistical Theory of Turbulence 236
a. Homogeneous and Isotropie Turbulence 236
b. Locally Homogeneous and Isotropie Turbulence 238
c. Microstructure of Scalar Fields 240

Problems 241

CHAPTER 9. THE DYNAMICS OF THE ATMOSPHERIC SURFACE LAYER 243
1. Turbulent Surface Layer: General Properties 243



x Table of Contents

a. Definition of Surface Layer (SL) 243
b. Energetics of the SL 245
c. Semiempirical Equations 246

2. Vertical Profiles of the Wind and Other Meteorological Elements in the
Surface Layer 249
a. Neutral Stratification: Logarithmic Law 249
b. Arbitrary Stratification: Power Model 252

3. The Similarity Theory for the Structure of the Surface Layer 256
a. Fundamental Suppositions and Formulae 256
b. Asymptotic Cases 257
c. Universal Functions 260

4. Microstructure of Atmospheric Turbulence in the Surface Layer 261
a. Spatiai Microstructure 261
b. Time Microstructure 264
c. Practical Applications 265

5. Turbulent Diffusion of Admixtures in the Surface Layer 266
a. Semiempirical Equation of Diffusion 266
b. Particular Solutions and Analysis 267

6. Horizontally Nonhomogeneous Surface Layer 269
a. Adjustment of Scalar Characteristics 270
b. Adjustment of the Wind 272

Pro~~ 2M

CHAPTER 10. THE DYNAMICS OF THE ATMOSPHERIC PLANETARY
BOUNDARYLAYER 275
1. Turbulent Planetary Boundary Layer (PBL): General Properties 275

a. Definition forPBL: Equations 275
b. Ekman Model 279

2. K Models of the PBL 281
a. Barotropic PBL 281
b. Baroclinic PBL 284

3. Nonlinear [-Models of the PBL 286
a. Explicit Expressions for [(z) 286
b. Implicit Expressions for [(z) 287

4. Similarity Theory for the PBL 288
a. Parametrization of the PBL 288
b. Universal Dependences 289
c. Experimental Data and Significance of the Problem 292

5. Vertical Motions in the PBL 293
a. General Information and Formulae 293
b. Ekman PBL 295
c. Vorticity Generation in the PBL 297

6. Some Special Questions of PBL Theory 298
a. The PBL Above Mountains 298
b. Local Circulations in the PBL 303
c. Nonstationary PBL 306

Problems 308



Table of Contents xi

CHAPTER 11. THE GENERAL CIRCULATION OF THE ATMOSPHERE 309
1. Characteristic Peculiarities and Structure of General Atmospheric

Circulation (GAC) 309
a. Factors Determining GAC 309
b. Structural Elements ofGAC 310
c. Theoretical Description of GAC 312

2. Analytical and Numerical Models of GAC 314
a. Blinova's Model 314
b. Monin's Model 317
c. Numerical Models and Experiments 319

3. GAC as Quasi-Two-Dimensional Turbulence 322
a. Empirical Data 322
b. Theory of Atmospheric Macroturbulence 327

4. Lagrangian Description of the Atmospheric Macroturbulence and Diffusion 331
a. Theoretical Results 331
b. Empirical Data 334

Problems 338

REFERENCES 339

APPENDIX: Retrospective View of Dynamic Meteorology: Perspectives 344

BIOGRAPHICAL DATA 349

INDEX 355


