Contents

Preface to the first edition
Preface to the second edition
Contributors

Biographies of contributors

1 Charge structure and geographical variation of thunderclouds
Earle Williams
1.1 The formation of clouds
1.2 Local conditions necessary for thunderclouds
1.3 The gross charge structure of thunderclouds
1.4 Sprite-producing thunderclouds: mesoscale convective systems
1.5 Geographical variability of thunderclouds
1.5.1 Environmental controls
1.5.2 Tropical thunderstorms
1.5.3 Midlatitude thunderstorms
1.5.4 Winter thunderstorms
References

2 Thunderstorm electrification mechanisms
Rohan Jayaratne
2.1 Introduction
2.2 The suggested mechanisms
2.2.1 The inductive mechanism
2.2.2 The convective mechanism
2.2.3 The selective ion capture theory
2.2.4  Drop breakup theory
2.2.5 Melting of ice
2.2.6 The Workman—Reynolds effect
2.2.7 The thermoelectric effect
2.2.8 Surface potential theories
2.2.9 The quasi-liquid layer theory
2.2.10 Charging due to the fragmentation of ice
2.3 Riming experiments
2.4 Droplet size effect
2.5 Effect of chemical impurities
References

3 Mechanism of electrical discharges
Vernon Cooray
3.1 Introduction

xviii
Xix
XX
XXi

15

15
16
16
19
20
20
21
21
22
22
25
28
29
31
34
35

41

41



vi

The lightning flash

32

33

34

35

3.6

3.7

3.8

3.9

3.10

3.11
3.12

Basic definitions

3.2.1 Mean free path and cross section

3.2.2 Dirift velocity and mobility

3.2.3 Thermal equilibrium and local thermal equilibrium

Ionisation processes

3.3.1 lonisation due to electron impact

3.3.2 Photoionisation

3.3.3 Thermal ionisation

3.3.4 lonisation caused by meta-stable excited atoms

3.3.5 lonisation due to positive ions

De-ionisation processes

3.4.1 Electron—ion recombination

Other processes that can influence the process

of ionisation

3.5.1 Electron attachment and detachment

3.5.2 Excitation of molecular vibrations

3.5.3 Diffusion

Cathode processes

3.6.1 Photoelectric emission

3.6.2 Thermionic emission

3.6.3 Schottky effect

3.6.4 Field emission

3.6.5 Incidence of positive ions

Electrical breakdown

3.7.1 Electron avalanche

3.7.2 The space charge electric field due to an avalanche

3.7.3 Formation of a streamer

3.7.4 Characteristics of the streamers

3.7.5 Streamer to spark transition and thermalisation

3.7.6  Electrical breakdown criterion in the presence
of streamer discharges

Electrical breakdown in very small gaps: Townsend’s

breakdown mechanism

3.8.1 Townsend’s experiment

3.8.2 Townsend’s theory of electrical breakdown

Paschen’s law

3.9.1 Physical interpretation of the shape of the
Paschen curve

3.9.2 Validity of Paschen’s law

Voltage and current (V-I) characteristics and the post

breakdown stage (low pressures)

3.10.1 The glow discharge

3.10.2 Abnormal glow

3.10.3 The glow to arc transition

Resistance of spark channels

Corona discharges

3.12.1 Negative corona modes

3.12.2 Positive corona modes

3.12.3 Electrical breakdown and corona

41
41
42
43
45
45
48
48
50
51
51
51

52
52
54
55
56
58
58
58
59
59
60
61
63
64
69
74

76

78
78
79
85

86
87

87
88
90
91
93
94
95
97
99



Contents

3.13 Dependence of electrical breakdown conditions
on atmospheric conditions
3.14 Statistical nature of electrical breakdown
3.14.1 Electrical breakdown under the application
of impulse voltages
3.14.2 Statistical nature of the electrical breakdown
3.15 The long spark
3.15.1 Streamer to leader transition and the initiation
of the leader
3.15.2 General characteristics of impulse breakdown
in rod—plane gaps
3.15.3 Some features of mathematical modelling of positive
leader discharges
3.16 Humidity effects
3.16.1 Critical electric field necessary for streamer propagation
3.16.2 Influence on the corona development at the initiation
of long sparks
3.16.3 Influence on leader propagation
References

Mechanism of the lightning flash
Vernon Cooray

4.1
4.2
43
4.4

4.5

4.6

4.7

4.8
4.9

Introduction

Ground flash

Cloud flash

Frequency of lightning discharges

4.4.1 Cloud to ground flash ratio

4.4.2 Ground flash density

4.4.3 Total lightning activity

Inception of lightning discharges in clouds

4.5.1 The particle interaction or classical mechanism
4.5.2 The runaway electron hypothesis

Physical processes and the electromagnetic fields

of ground flashes

4.6.1 Preliminary breakdown process

4.6.2 Stepped leader

4.6.3 Return stroke

4.6.4 Continuing current

4.6.5 M-Components

4.6.6 K changes

4.6.7 Subsequent strokes

4.6.8 Dart leaders

Electromagnetic fields generated by cloud flashes
4.7.1 General features

4.7.2 Radiation field pulse characteristics

Difference between the ground flashes and cloud flashes
Energy dissipation in return strokes and lightning flashes
and cloud potential

4.9.1 Potential of the cloud

vil

99
101

102
103
103

103

104

111
114
114

114
115
115

119

119
119
121
123
124
124
125
125
125
131

132
132
137
152
177
178
182
183
184
193
193
194
199

200
202



viii

The lightning flash

4.10 Measuring lightning-generated electric and magnetic fields
4.10.1 Electric field mill or generating voltmeter
4.10.2 Plate or whip antenna
4.10.3 Crossed loop antennas to measure the

magnetic field

4.11 Detection of lightning flashes
4.11.1 Lightning flash counters
4.11.2 Magnetic direction finding
4.11.3 Time of arrival technique: VLF range
4.11.4 Time of arrival technique: VHF range
4.11.5 VHF radio interferometry

References

Features of lightning flashes obtained from high-speed
video recordings
Marcelo M. F. Saba, Tom A. Warner and Carina Schumann
5.1 Introduction
5.2 Negative and positive cloud-to-ground flashes
5.2.1 Leaders
5.2.2 Return stroke
5.2.3 Number of return strokes per flash
5.2.4 Flash duration
5.2.5 Multigrounded lightning flashes
5.2.6 Interstroke time intervals
5.2.7 Continuing current
5.3 Bipolar cloud-to-ground flashes
5.4 Upward lightning flashes
5.4.1 Upward leader initiation characteristics
5.4.2 Upward leader characteristics
5.4.3 Corona brush and leader branching
5.4.4 Recoil leaders in upward lightning flashes
5.4.5 M-components, dart leaders and return strokes
in upward lightning flashes
References

Rocket-and-wire triggered lightning experiments
Viadimir A. Rakov
6.1 Introduction
6.2 Triggering techniques
6.2.1 Classical triggering
6.2.2 Altitude triggering
6.2.3 Triggering facility at Camp Blanding, Florida
6.3 Overall current waveforms
6.3.1 Classical triggering
6.3.2 Altitude triggering
6.4 Parameters of return-stroke current waveforms
6.5 Return-stroke current peak versus grounding conditions
6.6 Characterization of the close lightning
electromagnetic environment

204
204
205

209
210
211
212
212
213
214
215

231

231
233
233
237
238
239
240
244
244
251
253
254
255
258
259

260
262

267

267
269
269
272
274
276
276
278
279
289

295



Contents  1x

6.7 Studies of interaction of lightning with various objects and systems 296

6.7.1 Overhead power distribution lines 297
6.7.2 Underground cables 308
6.7.3 Power transmission lines 309
6.7.4 Residential building 309
6.7.5 Airport runway lighting system 311
6.7.6 Miscellaneous experiments 313
6.8 Concluding remarks 314
Acknowledgment 314
References 314
Tower initiated lightning discharges 325
Gerhard Diendorfer
7.1 Introduction 325
7.2 Concept of effective height of tall objects 326
7.3 Initiation of upward lightning 330
7.4 Seasonal occurrence of upward lightning 331
7.5 General characterization of upward negative lightning 332
7.6 Characteristics of impulsive current components
in negative upward lightning 336
7.6.1 Parameters of ICC pulses 336
7.6.2 Parameters of return strokes following the ICC 337
7.7 Characteristics of upward positive lightning 339
7.8 Characteristics of upward bipolar lightning 341
7.9 Detection of upward lightning 343
7.10 Summary 343
References 344
Computation of electromagnetic fields from lightning discharge 351
Rajeev Thottappillil
8.1 Electrostatics and magnetostatics 351
8.1.1 Electrostatic field from a dipole 351
8.1.2 Magnetostatic field from a line current 352
8.1.3  Electrostatic and magnetostatic fields from a semi-infinite
vertical thin-wire antenna above a conducting plane 354
8.2 Time varying fields from lightning 357
8.2.1 Introduction 357
8.3 Treatment of retardation effects 359
8.4 Fields in terms of current (the Lorentz condition approach) 361
8.4.1 Magnetic field 364
8.4.2 Image channel 364
8.4.3 Fields at ground level 364
8.5 Fields in terms of current and charge (the continuity
equation approach) 365
8.5.1 Image channel 368
8.5.2 Fields at ground level 368
8.6 Non-uniqueness of electrostatic, induction, and radiation
field components 369

8.7 The continuity equation 371



X

The lightning flash
8.8 Fields in terms of apparent charge distribution
8.8.1 Theory
8.8.2 Return stroke electric and magnetic fields
8.8.3 Magnetic field
8.8.4 Image channel
8.8.5 Leader electric fields
8.9 Calculation of fields from lightning return stroke
8.9.1 Numerical calculation of fields at different elevations
and distances from the lightning return stroke
8.9.2 Electric fields
8.9.3 Magnetic fields
8.10 Transmission line model of the return stroke
8.10.1 Pulse propagation on a vertical wire antenna above
a conducting plane: exact formulation
8.10.2 Pulse propagation along a vertical lightning channel
above conducting ground at certain speed v: exact
expressions using electromagnetic fields of accelerating
charges
References
Return stroke models with special attention to engineering

applications
Vernon Cooray

9.1
9.2
9.3
9.4
9.5
9.6

9.7

9.8
9.9
9.10
9.11

9.12

Introduction

Modelling of return strokes

Electro-thermodynamic models

Transmission line or LCR models

Electromagnetic models

Engineering models

9.6.1 Current propagation models (CP models)

9.6.2 Current generation models (CG models)

9.6.3 CG models in practice

9.6.4 Inadequacy of the CG models used in practice
to represent first return strokes

9.6.5 A CG model to represent first return strokes

Current dissipation models (CD models)

9.7.1 General description

9.7.2 Mathematical background

9.7.3  Current dissipation concept in practice — introducing
current reflection from ground level into return stroke
models

Generalisation of any model to current generation type

Generalisation of any model to a current dissipation type model

Current propagation models as a special case of current

dissipation models

Advantage of utilising current dissipation concept in constructing

models in comparison to current propagation concept

Introducing ground conductivity in CG type return stroke models

9.12.1 Model predictions

374
374
377
381
382
383
385

387
387
392
398

399

401
401

405

405
405
407
410
419
420
420
425
431

440
441
452
452
455

456
459
460

461
462

463
464



Contents  xi

9.13 Linear charge density deposited by the first return stroke

along the leader channel 468
9.14 Future of return stroke models 470
References 470
Return stroke speed models 477
Vernon Cooray
10.1 Introduction 477
10.2  Subsequent return stroke speed profile as predicted by
current generation type engineering return stroke models 477

10.3 Return stroke speed as predicted by models taking into
consideration the processes taking place at the return

stroke front 480
10.3.1 Lundholm and Wagner 480
10.3.2 Rai 481
10.3.3 Cooray — first model 482
10.3.4 Cooray — second model 490
References 497

On the various approximations to calculate lightning return
stroke-generated electric and magnetic fields over finitely

conducting ground 499
Vernon Cooray
11.1 Introduction 499

11.2  Exact expressions for the electromagnetic fields of a dipole
located over finitely conducting ground and their extension

to return stroke fields 500
11.2.1 Exact expressions for the vector potential of a dipole
over finitely conducting ground 500
11.2.2  The exact expressions for the electromagnetic fields
of a dipole over finitely conducting ground 501
11.2.3  Electromagnetic fields of return strokes 503
11.3 Return stroke models utilised in testing the approximate
expressions 504
11.4 Summary of exact propagation effects in the vicinity
of the channel 505
11.5 Simplified procedures to calculate electric and magnetic
fields over finitely conducting ground 508
11.5.1 Norton’s and Bannister’s approximations 508

11.5.2 Simplified expressions to calculate vertical

electric field and horizontal magnetic field over

finitely conducting ground 512
11.5.3 Propagation effects on radiation fields of the

first return strokes of negative and positive

lightning flashes 517
11.5.4 The reason why propagation effects vary with the
shape of the radiation field 521

11.5.5 The effect of propagation on electromagnetic fields
generated by cloud flashes 523



xii  The lightning flash

11.5.6

11.5.7

11.5.8

Simplified expressions to calculate the horizontal
electric field

Barbosa and Paulino expression to calculate

the horizontal electric field

Approximate time domain expressions to calculate
underground electric fields

11.6 Propagation over vertically stratified ground or
multi-section path

11.6.1

11.6.2

11.6.3

Expressions for the attenuation function for a dipole
at ground level

Simplified expression for the electromagnetic

fields from lightning over vertically

stratified ground

Some interesting effects of vertically stratified
ground on radiation fields

11.7 Propagation effects over horizontally stratified ground

11.7.1

11.7.2

11.7.3

Wait’s simplified expressions for the attenuation
function for a dipole at ground level

Simplified expression for the electromagnetic
fields from lightning over vertically

stratified ground

Some interesting effects of horizontally stratified
ground on radiation fields

11.8 Future studies

References

12 Interaction of electromagnetic fields generated by lightning
with overhead electrical networks
Carlo Alberto Nucci and Farhad Rachidi
12.1 Introduction
12.2  Field-to-transmission line coupling models

12.2.1
12.2.2

12.2.3
1224
12.2.5
12.2.6

12.2.7

12.2.8
12.2.9

12.2.10
12.2.11

12.2.12

Use of the transmission line theory

Case of single-wire line above a perfectly
conducting ground

Agrawal et al. model

Taylor, Satterwhite, and Harrison model

Rachidi model

Contribution of the different components of the
electromagnetic field in the coupling mechanism
Other models

Inclusion of losses

Discussion on the relative importance of different
transmission line parameters when calculating
lightning-induced voltages

Case of multiconductor lines

Time-domain representation of coupling
equations

Experimental validation of the field-to-transmission
line coupling models

526

529

532

540

540

542

542
547

547

548

548
555
556

559

559
560
560

561
561
563
563

564

565
567

569

571

573

575



13

Contents

12.3  Lightning-induced voltages on overhead power lines

12.3.1

12.3.2

12.33

12.3.4
12.3.5

12.3.6

References

Return stroke current model, computation of the
incident electromagnetic field, and coupling model
Mechanism of voltage induction by a nearby lightning
return stroke on an overhead line

Preliminary remarks on the influence of the ground
resistivity on the induced voltages

Sensitivity analysis and discussion

Influence of additional factors (downward leader,
corona, channel inclination and tortuosity)
Application to realistic cases: use of the
LIOV-EMTP

Principles of protection of structures against lightning

Carlo Mazzetti

13.1 Parameters of lightning current
13.2  Classification of structures
13.3 Damage due to lightning

13.3.1
13.3.2
13.33
13.4 Risk
13.4.1
13.4.2
1343
13.4.4
13.4.5

Effects of lightning
Causes and types of damage
Types of loss

Number of flashes
Probability of damage
Amount of loss

Risk components
Tolerable value of risk

13.5 Basic criteria of protection

13.5.1

13.5.2

13.5.3

Protection of structures against physical damages
and life hazard

Protection of electrical and electronic systems within
the structure against lightning electromagnetic
impulse (LEMP)

Protection of services entering the structure

13.6 Protection by means of SPD
13.7 Main features of lightning protection system (LPS)

13.7.1
13.7.2
13.7.3
13.7.4

13.7.5
13.7.6

External lightning protection system
Positioning of the air termination system
Down conductor systems

Protection measures against touch and step
voltages

Earth termination system

Materials and dimensions

13.8 Internal lightning protection system

13.8.1
13.8.2
13.8.3

General
Lightning equipotential bonding
Electrical insulation of the external LPS

13.9 Shielding

xiii

578

578

579

581
584

595

598
601

611

611
612
613
613
613
614
615
615
616
617
617
618
619

619

621
623
623
624
624
624
627

628
628
634
634
634
635
636
636



X1V

14

15

The lightning flash

13.10 Maintenance and inspection of LPS
13.11 Annex A: parameters of lightning current
13.11.1 Lightning flashes to earth
13.11.2 Lightning current parameters
13.11.3 Maximum lightning current parameters used for
dimensioning lightning protection systems
13.11.4 Minimum lightning current parameters used for
interception efficiency of air terminals
13.12 Annex B: models for the evaluation of lightning exposure
of structures and interception probability of air terminals
13.12.1 Electrogeometric model
13.12.2 Improved electrogeometric model
13.12.3 Generalised leader inception model
13.12.4 Leader progression model
References

Attachment of lightning flashes to grounded structures
Vernon Cooray
14.1 Introduction
14.2  Striking distance
14.3 Leader inception models
14.3.1 Critical radius and critical streamer length concepts
14.3.2 Rizk’s generalized leader inception equation
14.3.3 Lalande’s stabilization field equation
14.3.4 Leader inception model of Becerra and
Cooray (SLIM)
14.4 Leader progression or lightning attachment models
14.4.1 Recent developments
14.5 The potential of the stepped leader channel and the
striking distance
14.6  Charge distribution on the stepped leader channel as a
function of cloud potential
14.7  Striking distance of subsequent return strokes
14.8 The effect of the height of the structure
14.8.1 Variation of striking distance with height
14.8.2 Variation of attractive radii with distance
14.9 Comparison of different lightning attachment models
14.9.1 Comparison of attractive radii calculated using EGM
and SLIM with CVM
14.9.2 Comparison of the predictions of SLIM with the
predictions of other lightning attachment models
14.10 Experimental test of lightning attachment models
14.11 Lightning strikes to the side of the structure
References

Lightning and EMC

Michel lanoz

15.1 Introduction

15.2  Short overview of EMC history

636
637
637
638

639

643

643
643
645
646
646
646

649

649
650
652
652
653
654

654
655
657

657

660
661
662
663
664
666

666
670
670
675
675
679

679
679



Contents

15.3 Lightning as a disturbance source
15.4 Types of coupling between lightning and circuits or installations
15.4.1 Coupling modes
15.4.2 Effects due to conductive coupling
15.4.3 Calculation of the average number of lightning
strokes per year on an overhead line
15.4.4 Effects due to electromagnetic field coupling
15.5 Typical EMC problems due to lightning
15.5.1 Lightning effects in power networks
15.5.2 Lightning effects on power network
substation equipment
15.5.3 Lightning effects on telecommunication networks
15.5.4 Lightning effects on low-voltage power networks
15.5.5 Lightning effects on aircraft
15.6  Specific EMC lightning protection parameters
15.6.1 General
15.6.2 Peak current
15.6.3 Peak current derivative
15.6.4 Peak rate of change of voltage
15.6.5 Total charge
15.6.6 The action integral: integral i* x dt
15.6.7 Time to half value of the current
15.6.8 Conclusions on LEMP and fast transients
protection comparison
15.7 Specific EMC lightning protection concepts
15.7.1 General EMC protection concepts
15.7.2  Suppressors
15.7.3 Shielded cages
References

16 Electrical aspects of lightning strikes to humans

Chris Andrews
16.1 Introduction
16.2  Strike mechanisms — descriptive outline

16.3
16.4

16.5

16.2.1 Direct strike

16.2.2 Contact potential and side flash

16.2.3 Earth potential rise

16.2.4 Aborted upward streamer

16.2.5 Other classifications

Current behaviour in biological material

Models for lightning shock current estimates

16.4.1 Body model

16.4.2 Factors for modelling

Current estimates

16.5.1 Direct strike including side flash and contact
potential

16.5.2 EPR mediated shock

16.5.3 Aborted upward streamer

16.5.4 Telephone mediated strike

XV

680
682
682
683

683
684
687
687

689
690
690
691
693
693
694
694
695
695
695
695

696
696
696
697
698
698

701

701
701
702
702
703
703
704
705
706
706
708
708

708
713
714
716



xvi  The lightning flash

16.6 Experimental support 720
16.7 Conclusion 721
Acknowledgement 721
References 721
17 Upper atmospheric electrical discharges 725
Ningyu Liu
17.1 Introduction 725
17.2  General phenomenology 727
17.2.1 Jets and gigantic jets 727
17.2.2  Sprites 737
17.2.3 Elves 751
17.3 Elementary discharge processes 753
17.3.1 Similarity laws 754
17.3.2 Electron density growth at subbreakdown condition
at high altitudes 755
17.4 Modeling sprites and sprite streamers 757
17.4.1 Introduction 757
17.4.2 Large-scale modeling of sprites/sprite halos 759
17.4.3 Modeling of sprite streamers 763
Acknowledgments 771
References 771
18 Energetic radiation from thunderstorms and lightning 787
Joseph R. Dwyer and Hamid K. Rassoul
18.1 Introduction 787
18.2 Observations 788
18.2.1 X-rays from lightning 788
18.2.2 Gamma-ray flashes from thunderstorms 793
18.3 Discharges in air 795
18.4 Propagating electrons 796
18.5 Avalanche multiplication 798
18.6 Feedback mechanisms 801
18.7 Streamers 803
18.8 Development of hot channels 805
18.9 High-energy versus low-energy discharges 806
18.10 Modeling 807
18.11 Dark lightning 809
18.12 Future work 811
Acknowledgments 811
References 811
19 Global lightning nitrogen oxides production 819
William Koshak
19.1 The importance of lightning nitrogen oxides 819
19.2  Estimating global annual LNOx production 821
19.2.1 Flash extrapolation method 821
19.2.2  Thunderstorm extrapolation method 825

19.2.3 Global model fit method 825



Contents  xvil

19.3 Observations and inferences of LNOx 825

19.3.1 Early examinations of thunderstorm rainwater 826

19.3.2 Clarifying observations 826

19.3.3 Some field campaigns 827

19.4 The Lightning Nitrogen Oxides Model (LNOM) 831

19.4.1 Motivations 832

19.4.2 Functionality 834

19.4.3 Data products 836

19.4.4 Data archive 837

19.4.5 Future evolution 841

19.5 Benefits of satellite observations 842

19.5.1 Two early studies employing photometers 842

19.5.2 Space-based lightning mappers 842

19.5.3 Top-down constraints on LNOx 844

19.5.4 Discriminating flash type from space 846

References 850

20 Lightning and global temperature change 861
Colin Price

20.1 Introduction 861

20.2 Global distribution of thunderstorms 861

20.3 Microphysics and dynamics of thunderstorms 864

20.4 Temperature and lightning 865

20.4.1 Diurnal variations 865

20.4.2 Semi-annual variations 867

20.4.3 Annual variations 869

20.4.4 ENSO variations 869

20.4.5 Inter-annual variations 871

20.4.6 Future predictions 872

20.5 Conclusions and discussion 875

References 875

Index 879



