


Mesoscale Meteorology

and Forecasting

EDITED BY

PETER s. RAY

A M S

American Meteorological Society
Boston

1986



1~r;J32~gINSTITUT
FüR METEOROLOGIE U. KLIMATOLOG..r

UNIVERSIT1i.T HANNOVER
HERIlENH1i.USER srx. 2 • 3006 HANNOVER "

CONTENTS

Preface .

INTRODUCTION
.Xl

Chapter 1. Overview and Definition of Mesoscale Meteorology
1.1. Introduction. . . . . . . . . . 1
1.2. Empirical Definitions of Scale . . . . . . . 1
1.3. Scale Definitions Based on Utility . . . . . 5
1.4. The Physical Significance of Scales of Motion 6
1.5. Scale Interaction . . . . . . . . .13
1.6. Organized Mesoscale Phenomena , . . . . . .14
1.7. Conclusion . . . . . . . . . . . . . . . .16

Chapter 2. Mesoscale Classifications: Their History and Their
Application to Forecasting

2.1. The Synoptic Scale . . . . . . . . . . . . . . . . . . . . .18
2.2. The Mesoscale. . . . . . . . . . . . . . . . . . . . . . .20
2.3. Characteristics of Convective Mesoscale and Submesoscale Phenomena .24
2.4. Classifications of Meteorological Scales, . . . . . . . . . . . . .. .28
2.5. Classification Scales in Forecasting . . . . . . . . . . . . . . .. .31

Chapter 3. Forecast Problems: The Meteorological and Operational
Factors

3.1. Introduction. . . . . . . .36
3.2. Case Studies. . . . . . . .37
3.3. Discussion of Case Studies. .39
3.4. Analysis of Forecast Problems . .41
3.5. Progress in Solving Meteorological and Operational Forecast Problems .44
3.6. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . .. .48

OBSERVING TECHNIQUES AND OBSERVING SYSTEMS

Chapter 4. Atmospheric Sounding Systems
4.1. Introduction. . . . . . . . . . . . . .50
4.2. Parameters and Accuracies in Upper-Air Data . .50
4.3. Important Derived Quantities . . . .53
4.4. Interpretation and Applications . . . . . . . .55
4.5. Future Mesoscale Sounding Systems . . . . . .61

Chapter 5. Systems for Measurements at the Surface
5.1. What Are Measurements and Observations . . . .71
5.2. Changing Requirements for Surface Measurements .73
5.3. Variables of Interest . . . . . . . . . . . . .74
5.4. Spatial and Temporal Scales .... . . . . . .75
5.5. Fluctuations and Trends of Individual Variables . .78
5.6. Specifications and Limitations of Surface-Based Sensors and Systems. .80
5.7. Requirements for Surface Measurements . . . . . . . . . . . . .. .82

v



Chapter 6. Principles of Radar
6.1. Introduction. . . . . . . . . . . . . .85
6.2. Operating Principles and Characteristics .85
6.3. Uses of Refiectivity Information . . . . .94
6.4. Uses of Doppler Velocity Information. . 101
6.5. Multiple Doppler Radar Analysis Techniques 111

Chapter 7. The Use of Satellite Data for Mesoscale Analyses and
Forecasting Applications

7.1. Introduction . . . . . . . . 118
7.2. Remote Soundings . . . . . 119
7.3. Applicability of Satellite Data 120
7.4. Differential Heating . . . . . 121
7.5. Thunderstorm Outfiow. . . . 125
7.6. Mesoscale Convective Systems 127
7.7. Using Visible Imagery to Isolate Severe Convective Storms . 128
7.8. Using Infrared Imagery. . . . . . . . . 133
7.9. Sounding Information From GOES-VAS . 136
7.10. Precipitation Estimation Techniques 138
7.11. Cloud-Tracked Winds. . . . . . . . . 145
7.12. Future Data Resources and Satellite Systems 146

Chapter 8. Operational Objective Analysis Techniques and Potential
Applications for Mesoscale Meteorology

8.1. Introduction. . . . . . . . . . . . . . . . 151
8.2. Basic Concepts in Objective Analysis. . . . . . . 153
8.3. Requirements for Mesoscale Objective Analysis . . 165
8.4. An Operational Objective Analysis System Suitable for Mesoscale

Applications . . . . . . . . . . . . . . . . . . . . . . . 167

INTERNALLY GENERATED CIRCULATIONS

Chapter 9. Fronts and Jet Streaks: A Theoretical Perspective
9.1. Introduction. 173
9.2. Frontogenesis . . . . . . . . . . . . . . . . . . . . . . 174
9.3. Jet Streaks . . . . . . . . . . . . . . . . . . . . . . . 203

Chapter 10. Atmospheric Fronts: An Observational Perspective
10.1. Introduction. . . . . . 216
10.2. HistoricalOverview . . . . . 217
10.3. Surface Frontal Structure . . . 224
10.4. Upper-Level Frontal Structure . 234
10.5. Relationship of Fronts to the Structure of Middle-Latitude Cyclones 248
10.6. Future Directions of Research . . . . . . . . . . . . . . . .. 252

Chapter 11. Instabilities
11.1. Introduction. . . . . . . . . . . 259
11.2. Buoyant Instability. . . . . . . . 260
11.3. Inertial and Symmetrie Instabilities 261
11.4. Kelvin-Helmholtz Instability Waves 264
11.5. The Effects of Flow Instabilities on Predictability 269

VI



Chapter 12. Gravity Waves
12.1. Introduction. . . . . 272
12.2. Basic Gravity- Wave Physics . 276
12.3. Complicating Factors . . . . 279
12.4. Relation of Gravity Waves to Mesoscale Weather. 283

Chapter 13. Quasi-Stationary Convective Events
13.1. Introduction. . . . . . . . . . . . . . 289
13.2. Structure of Convective Storms 80S Modeled 289
13.3. Types of Convective Storms. . . . . . . 291
13.4. Movement of Convective Storms . . . . . 292
13.5. Meteorological Environments Associated With Quasi-Stationary MCSs 298
13.6. Examples of Quasi-Stationary MCCs. . . . . . . . . . . . . .. 305

Chapter 14. Mesoscale Structure of Hurricanes
14.1. Introduction. . . . . . . . . . . . . . . . . . . 311
14.2. General Storm Structure . . . . . . . . . . . . . 312
14.3. Characteristics of Cumulus Convection in Hurricanes . 319
14.4. Motion of Hurricane Rainbands Relative to the Eyewall. 321
14.5. Changes in Mesoscale Convection During Landfall 324
14.6. Surface Winds and Convective Bands. 326
14.7. Tornadoes Associated With Hurricanes . . . . . 327

MESOSCALE CONVECTIVE SYSTEMS

Chapter 15. Characteristics of Isolated Convective Storms
15.1. Introduction. . . . . . . . . . . . . . . . . . . . . 331
15.2. Observed Types of Convective Storms . . . . . . . . . 332
15.3. Physical Mechanisma Controlling Convective Storm Growth and

Evolution . . . . . . . . . . . . . . . . . . . . . . . . 338
15.4. Models of Wind Shear and Updraft Redevelopment. . . . . . . 347
15.5. Some Applications to Forecasting Convective Storm Type and Severity 353

Chapter 16. Extratropical Squall Lines and Rainbands
16.1. Introduction. . . . . . . . . . 359
16.2. Synoptic Setting for Squall Lines 364
16.3. Internal Structure of Squall Lines 368
16.4. Rainbands . . . . . . . . . . 378
16.5. Forecasting Squall Lines and Rainbands 383

Chapter 17. Mesoscale Convective Complexes in the Middle Latitudes
17.1. Introduction. . . . . . 390
17.2. Climatological Attributes . . . . . . . 391
17.3. Synoptic Settings . . . . . . . . . . 396
17.4. Internal Precipitation Structure of MCCs 400
17.5. Forecasting MCCs . . . . . . . . . . 408

Chapter 18. Tornadoes and Tornadogenesis
18.1. Introduction. 414
18.2. Observations 415
18.3. Theory . . . 421

Vll



EXTERNALLY FORCED CIRCULATIONS

Chapter 19. Upslope Precipitation Events
19.1. Introduction. . . . . . . . . . . . . . . . . . . . . . 437
19.2. Climatological Controls and Impacts of Upslope Events. . . 437
19.3. The Upslope Winter Anticyclone-Kinematics and Dynamics 441
19.4. The Upslope Winter Anticyclone-Precipitation Physics . 448
19.5. The Upslope Winter Cyclone-Kinematics and Dynamies. 457
19.6. The Upslope Winter Cyclone-Precipitation Physics 463

Chapter 20. Mountain Waves.
20.1. Introduction. . . . . . . . . . . . . . . . . . . . . . . 472
20.2. Theory of Linear Waves Forced by Sinusoidal Mountain Ridges 472
20.3. Theory of Linear Waves in More Realistic Situations 477
20.4. Interpretation of Clouds in Satellite Photos . . . . 481
20.5. Development of Large-Amplitude Mountain Waves . 488
20.6. Forecasting Mountain Waves . . . . . . . . . . 490

Chapter 21. Lee Cyclogenesis
21.1. Introduction. . . . . . . . . . . . 493
21.2. Observation al Background. . . . . . 495
21.3. Mechanisms of Cyclone Development . 498
21.4. Pressure and Wind Patterns Associated with Steady Flow Over

Mountains . . . . . . . . . . . . . . . 504
21.5. Transient Generation of Orographie Cyclones . . . . . . . . 509
21.6. Theories of Lee Cyclogenesis. . . . . . . . . . . . . . . . 511

Chapter 22. Mesoscale Circulations Forced by Differential Terrain
Heating

22.1. Introduction. . . . . 516
22.2. Basic Equations . . . 516
22.3. Surface Heat Balance. 522
22.4. Sea/Land Breeze. . . 523
22.5. Slope/Valley Flows. . 529
22.6. Urban Heat Island and Urban Circulation . 534
22.7. Nonclassical Mesoscale Circulations. 535
22.8. Modeling . . . . . . . . . 539
22.9. Use of Satellite Observations. 541

Chapter 23. The Dryline
23.1. Introduction. . . . . . . . . . . . . 549
23.2. Characteristics of Drylines . . . . . . 550
23.3. Morphology of the Dryline Environment 553
23.4. Development and Propagation. . . . 559
23.5. The Dryline as a Focus of Convection. 563
23.6. Drylines Worldwide . . . . . . . . 570

MESOSCALE MODELING

Chapter 24. Formulation of Numerical Models
24.1. Introduction. . . . . . .
24.2. The Primitive Equations .
24.3. Numerical Approximations
24.4. Energy Sources and Sinks .
24.5. Numerical Artifices. . . .
24.6. Problems Still to be Solved

viii

573
574
578
585
590
592



Chapter 25. Assimilation and Initialization of Atmospheric Data
Into Numerical Prediction Models

25.1. Introduction. . . . . . . . . . . . . . . . . . . . . . . . 597
25.2. Basic Principles in Translation of Atmospheric Measurements to Model

Variables. . . . . . . . . . . . . . . . . . . . . . . . . 597
25.3. The Relative Values of Observations in Determining Mass Means. 598
25.4. Supplementing a Mass-Averaged Data Base . . . . . . . . 599
25.5. Aspects of More Rapid Updating of Meteorological Analyses 601
25.6. Concepts of Model Initialization. . . . . . . . . . . . . 602
25.7. Fundamental Types of Atmospheric Wave Motions, and Their

Relationship to Weather Phenomena. . . . . . . . . . . 604
25.8. Mutual Adjustment of Pressure and Wind Patterns Toward Geostrophic

Flow. . . . . . . . . . . . . . . . . . . . . . . . . 606
25.9. Static and Dynamical Initialization Methods Compared. . . . . . . . 609

Chapter 26. Averaging and the Parameterization of Physical
Processes in Mesoscale Models

26.1. Introduction. . . . . . . . . . . . . . . . . . . . . . 614
26.2. Ensemble Averages. . . . . . . . . . . . . . . . . . . 615
26.3. The Reynolds Averaging Procedure and the Averaging Operator. 620
26.4. Implications for the Forecaster or Operational Meteorologist. . . 628
26.5. Implications for Cloud Model Validation or Testing. . . . . . . 631
26.6. Averaging and the Parameterization of Cloud Microphysical and

Radiative Transfer Processes . . . . . . . . . . . . . . . . 632

Chapter 27. The General Question of Predictability
27.1. Introduction and Definition of Predictability. 636
27.2. Review of Predictability Studies . . . . 638
27.3. Predictability of Mesoscale Circulations 641
27.4. Discussion , . . . . . . . . . . . . . 653

SHORT-RANGE FORECASTING TECHNIQUES

Chapter 28. Nowcasting Mesoscale Phenomena
28.1. Introduction. . . . . . . . . . . . . . . . . . . . . . . 657
28.2. Tools for Nowcasting. . . . . . . . . . . . . . . . . . . 658
28.3. Weather Phenomena and Short-Range Forecasting Techniques . 668
28.4. Flash Floods . . . . 682
28.5. Heavy Snow. . . . . . . . . . 684
28.6. Future Developrnents . . . . . . 685

Chapter 29. Short-Range Forecasting
29.1. Introduction. . . . . . . . . . . . . . . . . 689
29.2. Extrapolation Bounds of Short-Range Forecasting 691
29.3. Diagnosis as an Element of Forecasting . 694
29.4. Methods of Short-Range Forecasting . . . . . . 697
29.5. An Example of Short-Range Forecasting. . . . . 711

Chapter 30. An Overview of Numerical Weather Prediction
30.1. ABrief History of Operational Numerical Weather Prediction in the

United States. . . . . . . . . . . . . . . . . . . . . 720
30.2. Comparison of Mesoscale and Global-Scale Numerical Models 722
30.3. The Concept of a Nested Grid. . . . . . . . . 726
30.4. Examples of Mesoscale Simulations and Forecasts . . . . . 727

IX



Chapter 31. The Use of Computers for the Display of Meteorological
Information

31.1. Introduction. . . . . . . . . . . . . . . . . . . . . . . .. 752
31.2. New Observing Systems. . . . . . . . . . . . . . . . . . .. 752
31.3. Current Capabilities in a National Weather Service Forecast Office. 754
31.4. Six Systems for Processing and Displaying Meteorological Data 755
31.5. Desirable System Attributes. . . . . 757
31.6. The Need for Education and Research 770

Acknowledgments . . . . . 776

Acronyms and Initialisms . 777

Authors 781

Index . 785

x


