
Atmospberic
Turbulence and
Air Pollution
Modelling
Edltedby
F.T. M. Nieawstadt and B. van Bop



A'5fr!2 (J 3~ 1~1ITlT'

FüR lviE1 Ev[-OLOGIE U. "f/.- -1 fOT Gm
1'NIVFRSITAT HA!\l"C\ P

HERlU!NHAUSER STR. 2 • JOCJ HA!\NOVER 11

Atmospheric Turbulence
and
Air Pollution Modelling
A Course held in The Hague, -
21-25 September, 1981

edited by

F. T. M. NIEUWSTADT
and
H. VAN DOP

Rove! Netberlends Meteorotoqicst tnstitute, de Bilt

D. Reidel Publishing Company
Dordrecht: Holland / Boston: U.S.A. / London : England



CONTENTS

PREFACE xi

SYMBOLS AND NOTATION xv

ACKNOWLEDGEMENTS xxi

1. EQUATIONS AND CONCEPTS - J.A. BUSINGER 1

1.1. INTRODUCTION 1

1.2. GOVERNING EQUATIONS 2

The Equations of Continuity 2
The Equation of State 3
Potential Temperature 4
The Equations of Motion 5
Conservation of Enthalpy 6
Conservation of Transferable Scalar Quantities 8

1.3. EQUATIONS OF THE MEAN FLOW 8

1.4. DISCUSSION OF THE BOUSSINESQ APPROXIMATIONS
AND THE CONSERVATION OF ENTHALPY EQUATION 13

1.5. SUMMARY OF THE BOUSSINESQ SET OF EQUATIONS 15

1.6. THE CLOSURE PROBLEM, FIRST-ORDER CLOSURE 16'

1.7. SECOND-ORDER VARIANCE AND COVARIANCE
EQUATIONS 19

1.8. THE TURBULENT KINETIC ENERGY BALANCE;
TEMPERATURE VARIANCE BALANCE 22

APPENDIX A. REQUIREMENTS FOR A DIVERGENCE-FREE
VELOCITY FIELD 26



vi CONTENTS
APPENDIX B. THE MAGNITUDE OF PRESSURE FLUCTUATIONS 30
APPENDIX C. THE ENTHALPY EQUATION FOR MOIST AIR 30
APPENDIX D. THE EKMAN SPIRAL 33

2. SIMILARITY RELATIONS, SCALING LAWS AND SPECTRAL
DYNAMICS - H. TENNEKES 37

2.1. INTRODUCTION 37

2.2. ROSSBY-NUMBER SIMILARITY 39

The Surface Layer
The Process of Matching
The Constant-Stress Layer
The Von Karman Constant

42
43
46
47

2.3. DIABATIC EXTENSION OF ROSSBY-NUMBER SIMILARITY 47
2.4. MONIN-OBUKHOV SIMILARITY IN THE SURFACE LAYER 50

2.5. SCALING OF TURBULENCE QUANTITIES IN THE
SURFACE LAYER 53

2.6. SCALING OF TURBULENCE OUTSIDE THE SURFACE LAYER 56
2.7. CORRELATION FUNCTIONS AND SPECTRA 60

2.8. lNERTIAL SUBRANGES 64

3. BOUNDARY-LAYER MODELING - J.C. WYNGAARD 69

3.1. THE CALCULATION OF BOUNDARY-LAYER STRUCTURE 69

3.2. ENSEMBLE-AVERAGE MODELS 72

First-Order or Eddy-Diffusivity (K) Closure 72
Second-Order Closure 77

3.3. VOLUME-AVERAGE MODELS 97
Large-Eddy Models 98
Other Volume-Average Models 105



CONTENTS vii

4. OBSERVED CHARACTERISTICS OF THE ATMOSPHERIC
BOUNDARY LAYER - S.J. CAUGHEY 107

4.1. INTRODUCTION 107

4.2. CONVECTIVE BOUNDARY LAYER 110

Boundary-Layer Development 110
Spectra of the Velocity Components 114
Spectrum of Temperature 119
Cospectra of Heat Flux and Stress 121
Entrainment 127
Variances, Dissipation Rates and Structure
Parameters 131
Turbulent Kinetic Energy Budget 137

4.3. STABLE BOUNDARY LAYER 139

General Characteristics of the SBL 139
Waves and Turbulence 143
Turbulence Spectra in the Stable Surface Layer 148
Turbulence Behavior through the SBL Depth 150
Depth of the SBL 156

4.4. CONCLUDING REMARKS 156

5. DIFFUSION IN THE CONVECTIVE BOUNDARY LAYER - R.G. LAMB 159

5.1. INTRODUCTION 159

5.2. FORMULATION OF A LAGRANGIAN DIFFUSION MODEL 166

5.3. NUMERICAL SIMULATIONS OF NON-BUOYANT MATERIAL
DIFFUSION AND COMPARISONS WITH OBSERVATIONS 175

Results 176
Comparison of the Model Results with #
Observations 183

5.4. THE STRUCTURE OF TURBULENCE IN THE CONVECTIVE
BOUNDARY LAYER 191

5.5. FORMULAS FOR APPLICATION 197

5.6. DISPERSION OF BUOYANT EMISSIONS IN A CONVECTIVE
BOUNDARY LAYER 206



viii CONTENTS

6. DIFFUSION IN THE STABLE BOUNDARY LAYER - J.C.R. HUNT 231

6.1. INTRODUCTION 231

6.2. BASIC IDEAS ABOUT MOLECULAR AND FLUID ELEMENT
MOTION AND PROBABILITY DISTRIBUTIONS 232

6.3. TURBULENT DIFFUSION IN IDEALIZED FLOWS 236

Marked Fluid Elements in Unstratified
Turbulence Away from Boundaries 236

Unidirectional shear flow 238
Straining flow 243
Flux gradient relations - when are they
likely to go wrong? 244

Diffusion in Stably-Stratified Turbulence 247

6.4. TURBULENCE DIFFUSION IN THE STABLY-STRATIFIED
ATMOSPHERIC BOUNDARY LAYER 253

Some Properties of the Stably Stratified
Atmospheric Boundary Layer 253

Mean velocity profile 254
Mean temperature profile 254
Vertical turbulence and heat flux 254
Horizontal components of turbulence 255
Turbulence at heights of 50 to 300 m 256
Diffusivities and temperature fluctuations 256

Elevated Source above the Surface Layer 258
Sources in the Surface Layer 260
Elevated sources in the surface layer (t < TL) 260
Elevated sources in the surface layer (t > TL) 262
Comparison of vertical diffusion from
ground-level and elevated sources 269

6.5. CONCLUDING REMARKS 271

Concentration Distributions 271
Complex Atmospheric Conditions 272
Topography 272

7. APPLICATIONS IN AIR POLLUTION MODELING - S.R. HANNA 275

7.1. INTRODUCTION 275



CONTENTS ix

7.2. STATISTICAL MODELS OF DIFFUSION 277

Taylor's Statistical Theory 277
Monte Carlo Diffusion Models 280

Model description 280
Turbulent energy and Lagrangian time
scales in the unstable PBL 282
Turbulent energy and Lagrangian time
scales in the stable PBL 283
Turbulent energy and Lagrangian time
scales in the neutral PBL 284
Results of application of the Monte Carlo
model 285

The Langevin Horizontal Diffusion Model 286

7.3. IMPROVEMENTS TO THE GAUSSIAN MODEL 288

Wind Speed in the Gaussian Plume Model • 288
Plume Rise Calculations 289
Estimation of Oy and Oz using oe and oe 290
Determination of Stability Class 291
Revisions of Pasquill-Gifford (P-G) Sigma Curves 292

7.4. K-DIFFUSION MODELS 295

Analytical Solutions to the Diffusion Equation 295
Numerical Solutions to the Diffusion Equation 297

7.5. PROGRESS IN THE SIMILARITY THEORY OF DIFFUSION 300

7.6. RECENT SPECIAL APPLICATIONS 303

Skewness of Vertical Turbulent Velocity 304
Natural Variability of Pollutant Concentrations 306
Representativeness of Wind-Speed Observations 307

8. REPORT FROM THE PANEL DISCUSSION - L. KRISTENSEN 311

9. REFERENCES
#

323

AUTHORS INDEX 343

SUBJECT INDEX 350

/


