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This book comprehensively describes all aspects of gravity flow, a physical
process in the environment that is covered in many different disciplines,
including meteorology, oceanography, the earth sciences and many industrial
processes. The first edition of this book was very well received, and the new
edition has been brought completely up to date.

No other book covers a similar range of information. The new edition
contains a completely new chapter on gravity currents in satellite imagery,
and many new sections, including glacier, purging in pipes, flow over porous
media, and recent work on atmospheric bores and sea breezes. The physical
processes of gravity currents are described with a variety of laboratory
experiments, many from the author’s own work.

Gravity Currents is a valuable supplementary textbook for undergraduates
and a reference work for research workers in a range of disciplines, including
fluid mechanics, meteorology, oceanography and earth sciences. The general
reader will also find much of interest, since the physics of the flows involved is
clearly described, without advanced mathematics, by numerous photographs
and illustrations.
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Protection against the bore in the Qiantang River: an historic scene.

© in this web service Cambridge University Press www.cambridge.org



http://www.cambridge.org/9780521664011
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

978-0-521-66401-1 - Gravity Currents: In the Environment and the Laboratory: Second Edition
John E Simpson

Frontmatter

More information

IOHN E S|MPSON University of Cambridge

Second edition

GRAVITY CURRENTS

IN THE ENVIRONMENT AND THE LABORATORY

© in this web service Cambridge University Press www.cambridge.org



http://www.cambridge.org/9780521664011
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

978-0-521-66401-1 - Gravity Currents: In the Environment and the Laboratory: Second Edition
John E Simpson

Frontmatter

More information

CAMBRIDGE UNIVERSITY PRESS
Cambridge, New York, Melbourne, Madrid, Cape Town,
Singapore, Sdo Paulo, Delhi, Tokyo, Mexico City

Cambridge University Press
The Edinburgh Building, Cambridge CB2 8RU, UK

Published in the United States of America by
Cambridge University Press, New York

www.cambridge.org

Information on this title: www.cambridge.org/9780521664011

First edition © Ellis Horwood 1987
Second edition © Cambridge University Press, 1997

This publication is in copyright. Subject to statutory exception
and to the provisions of relevant collective licensing agreements,
no reproduction of any part may take place without the written
permission of Cambridge University Press.

First published by Ellis Horwood 1987
Second edition first published by Cambridge University Press, 1997

First published 1999
A catalogue record for this publication is available from the British Library
Library of Congress Cataloguing in Publication data

Simpson, John E. 1915-

Gravity currents in the environment and the laboratory /John E.

Simpson.- 2nded.
p. cm.

Includes bibliographical references and index.

ISBN o 521 56109 4 (hbk)

1. Gravity. 2. Fluid dynamics. 1. Title.
QB334.556 1997
532".051-dc2o  96-14067 CIP

ISBN 978-0-521-56109-9 Hardback
ISBN 978-0-521-66401-1 Paperback

Cambridge University Press has no responsibility for the persistence or
accuracy of URLs for external or third-party internet websites referred to in
this publication, and does not guarantee that any content on such websites is,
or will remain, accurate or appropriate. Information regarding prices, travel
timetables, and other factual information given in this work is correct at

the time of first printing but Cambridge University Press does not guarantee
the accuracy of such information thereafter.

© in this web service Cambridge University Press www.cambridge.org



http://www.cambridge.org/9780521664011
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

978-0-521-66401-1 - Gravity Currents: In the Environment and the Laboratory: Second Edition
John E Simpson

Frontmatter

More information

Contents

Foreword xi
Preface xii

1 The nature of gravity currents 1
1.1 Introduction 1

1.2 Dam break 3

1.3 Gravity currents 4

14 Bores 5

1.5 Internal bores 7

1.6 Solitary waves 9

2 Atmospheric gravity currents 11

2.1 Thunderstorm outflows 12

2.2 Frontal structure of a haboob 14

2.3 Atmospheric bores 21

24 Generation of bores 24

2.5 Development of a bore from a gravity
current 25

3 Sea-breeze fronts 29

3.1 Formation and structure of sea-breeze fronts 30
3.2 Internal bores formed by the sea breeze 35

3.3 Seabreeze and pollution 37

3.4 Birds and insects at sea-breeze fronts 40

4 Gravity currents in satellite imagery 45
4.1 Use of satellites 45

4.2 Rope clouds 46

4.3 Ropes and cold fronts 49

4.4 Ropesinthesky 53

4.5 Hurricaneropes 56

5 Fronts and topography 59

5.1 The southerly buster 59

5.2 Other coastal trapped gravity currents 62
5.3 Katabatic winds and fronts 62

© in this web service Cambridge University Press www.cambridge.org



http://www.cambridge.org/9780521664011
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

978-0-521-66401-1 - Gravity Currents: In the Environment and the Laboratory: Second Edition
John E Simpson

Frontmatter

More information

Contents

6 Environmental problems: atmosphere 66
6.1 Gravity current hazards to aircraft 66

6.2 Spread and dilution of a dense gas 69

6.3 Gravity currents of gases in mines 76

6.4 House ventilation flows 81

7 Gravity currents in rivers, lakes and the ocean 88
7.1 Ocean scale fronts 88

7.2 Fronts in estuaries 91

7.3 Frontsin fjords and lakes 94

7.4 Boresin the environment 95

7.5 Internal bores 99

7.6 Turbidity currents on the ocean bed 102

8 Industrial problems with gravity currents: oceanography 105
8.1 Power station effluents 105
8.2 Oilslicks 106

9 Avalanches 112

9.1 Typesof avalanche 112

9.2 Snow avalanches 112

9.3 Rockavalanches (dry} 116

9.4 Debris and mud avalanches (wet) 118
9.5 Glaciers 122

10 Volcanicgravity currents 127

10.1 Basaltic lava streams 127

10.2 Pyroclastic plumes 128

10.3 Pyroclastic gravity currents 129

10.4 Mud flows or lahars 133

10.5 Eruption of Mount St Helens 135
10.6 The Lake Nyos gas disaster 136

10.7 Volcanic action on the ocean bed 137

11 The anatomy of a gravity current 140
11.1 The front 140

11.2 Inviscid-fluid theory 142

11.3 Effect of mixing on gravity current 144
11.4 Effectof friction 147

11.5 Head and tail ambient flows 152

11.6 Gravity currents meeting obstacles 155
11.7 Purging of fluid in a pipe 162

© in this web service Cambridge University Press www.cambridge.org



http://www.cambridge.org/9780521664011
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

978-0-521-66401-1 - Gravity Currents: In the Environment and the Laboratory: Second Edition
John E Simpson

Frontmatter

More information

Contents

12 Spread of dense fluid 164

12.1 Lockexchange flows 164

12.2 Release of a fixed quantity of fluid in a rectangular channel 166
12.3 Radial collapse of a fixed quantity of fluid 172

12.4 Constant flux in a parallel channel 175

12.5 Constant flux, radial flow 177

12.6 Front moving along a free surface 178

12.7 Gravity currents on slopes 178

12.8 Gravity currents of high density ratio 180

12.9 Gravity currents over porous media 182

13 Ambient stratification 186
13.1 Two-fluid systems 186
13.2 Continuous stratification 197

14 Ambient turbulence 205
14.1 Turbulence experiments 205

15 Viscous gravity currents 213

15.1 Inertial and viscous regimes 214

15.2 The spreading of viscous gravity currents 215
15.3 Viscous flows on slopes 215

16 Suspension flows 218

16.1 Turbidity currents 219

16.2 Air suspension currents: fluidisation 221
16.3 Initiation of turbidity currents 224
16.4 Summary of suspension processes 225

17 Gravity currents on a rotating earth 227

17.1 Coriolis force 227

17.2 Rossby number 228

17.3 Spreading under gravity: no boundaries 229
17.4 Spread along a boundary 230

18 Numerical models of gravity currents 232
18.1 Marker-and-cell technique 232

18.2 Models of thunderstorm outflows 233
18.3 Analytical and numerical model 234
18.4 High-resolution models 236

Index 239

© in this web service Cambridge University Press www.cambridge.org



http://www.cambridge.org/9780521664011
http://www.cambridge.org
http://www.cambridge.org

CAMBRIDGE

Cambridge University Press

978-0-521-66401-1 - Gravity Currents: In the Environment and the Laboratory: Second Edition
John E Simpson

Frontmatter

More information

© in this web service Cambridge University Press www.cambridge.org



http://www.cambridge.org/9780521664011
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

978-0-521-66401-1 - Gravity Currents: In the Environment and the Laboratory: Second Edition
John E Simpson

Frontmatter

More information

Foreword by Steve Thorpe
Professor of Oceanography, The University, Southampton, UK

The day of the gifted amateur scientist is past. No longer may we see his
enthusiasm conveyed in a text which will both draw the attention of
professional scientists and stimulate the interest of students. Books by
learned academics, on the other hand, are sometimes so analytical and
abstract that they fail to convey that element of surprise, even awe, which
first arouses a spirit of enquiry and the formulation of questions, and leads
to the development of experimental results and theoretical

description.

Helped perhaps by his background, particularly a lifelong hobby,

John Simpson has found a nice compromise. John was a school teacher when I
first met him in the late 1960s and, for many years before, had been a very active
glider pilot. He has flown over 1000 hours in 40 different types, and it was the
effect of sea-breeze fronts on gliders which first interested him in that
phenomenon. He ‘composed’ (his own words) a movie on the subjectin 1967,
and was awarded the Darton Prize of the Royal Meteorological Society for work
published in the journal Weather. In 1971 he was appointed as a Research
Assistant in the Department of Geophysics in the University of Reading (who
must have counted themselves fortunate indeed!) and later, in 1976, he became a
Research Associate in the Department of Applied Mathematics and Theoretical
Physics at the University of Cambridge. There, in 1981, he gained his PhD, 45
years after the award at the same university of his BA. On a recent visit to China
he surprised his hosts by asking to be allowed to see the bore on the Qiantang
River (see sections 7.4 and figure 7.14), a rare request. His hobby had widened,
and his enthusiasm shows.

In first perusing this book the reader will immediately be aware, as I was,
of the number of clear and simple diagrams, the beautiful photographs which
so vividly illustrate the text, and the extraordinary range of phenomena which
belong to the genus ‘Gravity Currents’. Many of them are of considerable
practical importance in areas such as mining, the discharge of power station
effluent or in the chemical industry, as well as in aircraft operations. Others are
associated with some of the most impressive natural processes, for example
sandstorms and volcanoes. John has himself contributed much to the
explanation of these phenomena, especially by his careful laboratory studies.
The book provides ample evidence of his academic, analytical approach to
physical problems but is also a testimony to the author’s delight in natural
phenomena, conveying a spirit of wonder in the drama, magnificence and power
of the geophysical fluids which are around us.

I welcome this book and hope that it may, in some readers at least, inspire a
desire to see for themselves the phenomena it describes and to understand how
they come about.

xi
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Preface

The need for this book was apparent several years ago when [ prepared a short
review on the subject of gravity currents. This had been limited to only 20 pages
and as I looked into wider environmental aspects I could see the value of a more
comprehensive review, of at least ten times the length, on the manifestations of
gravity currents and the closely related internal bores and solitary waves.
Workers in many scientific disciplines, who are not experienced in fluid
mechanics, could benefit from an account of what is already known about the
properties of gravity currents and would be able to see how much is applicable to
their own specialist subject. As the work developed I could see that the material
described, with the many photographs and diagrams I was able to include, would
also be of interest to the general reader.

The first part of the book, from Chapter 1 to Chapter 10, deals with the
nature of buoyancy-driven flows in the atmosphere and oceans and on the
earth’s surface. These flows in the atmosphere are at scales from a cold gravity
current through an open door of a house to vast squall lines of cold dense air
which are hazardous to aircraft. In the ocean the study ranges from the Gulf
Stream to river fronts in estuaries and fjords. The formation of these fronts is
of biological importance; other important gravity currents are heated effluents
from power stations. The section on earth sciences deals with snow avalanches
and volcanic gravity currents.

Industrial problems in which gravity currents play an important part are
described; a topical example is the spread of a cloud of dense gas which may
be poisonous or explosive. The study of gravity currents of gases in mines hasa
long history.

The second part of the book, Chapter 11 to Chapter 17, deals with ‘the
anatomy of a gravity current’, and examines the many factors which affect their
behaviour, including, as well as the nature of the head of the current, the
influence of stratification and turbulence in the surroundings. The topics are
dealt with by numerous laboratory experiments, and only simple mathematics
is included. The final chapter mentions briefly the rapidly growing subject of
numerical models of gravity currents.

References are collected together at the end of each chapter fo avoid
interrupting the text.

Many scientists kindly gave permission for use of striking photographs
of phenomena in the environment; most of the laboratory photographs are
my own.

xii
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I am grateful for the help of Professors R.S. Scorer and S.A. Thorpe and
I am indebted to many other friends, especially the following, each of whom
commented on the chapter dealing with his speciality: Drs Tim Davies, Herbert
Huppert, Jim McQuaid, Alf Mercer, Roger Smith, Steve Sparkes and Alan Thorpe.
Dr Chris Bertram read the whole manuscript and suggested many improvements
in the presentation. Members of the Department of Applied Mathematics and
Theoretical Physics at Cambridge have helped me in many ways; Drs Paul Linden
and Jim McDonnel made many helpful comments. My thanks go to Margaret
Downing for her able preparation of the diagrams.

Preface to the second edition

Inn the new edition I have tried to bring the book up to date, and have added
some completely new sections.

The new material includes a chapter on gravity currents in satellite
imagery, and sections on glaciers, purging in pipes and flow over porous media.
Recent field work on the generation of atmospheric bores and on gravity current
frontogenesis in the sea breeze has been included. [ have dealt with the progress
of warnings to aircraft of wind-shear hazards, and of buoyancy driven
ventilation flows in buildings. Important new laboratory work on gravity
currents with large density differences 1s included.

Again I am indebted to members of the Department of Applied
Mathematics and Theoretical Physics at Cambridge for many helpful discussions
and especially to Drs John Bush and Colin Wilson who have suggested many
helpful alterations to the text.

I'am grateful to Dr G. Kappenberger and ]. Hacker for the use of their
photographs on the cover of the book.
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