River Confluences, Tributaries
and the Fluvial Network

Edited by

Stephen P. Rice, Loughborough University, UK
André G. Roy, Université de Montréal, Canada
Bruce L. Rhoads, University of Illinois, USA

John Wiley & Sons, Ltd






River Confluences, Tributaries
and the Fluvial Network






River Confluences, Tributaries
and the Fluvial Network

Edited by

Stephen P. Rice, Loughborough University, UK
André G. Roy, Université de Montréal, Canada
Bruce L. Rhoads, University of Illinois, USA

John Wiley & Sons, Ltd



Copyright © 2008 John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester,
West Sussex PO19 85Q, England

Telephone  (+44) 1243 779777

Chapters 9, 11 and 18 are the works of the US Government and are in the public domain in the United States
of America.

Email (for orders and customer service enquiries): cs-books@wiley.co.uk
Visit our Home Page on www.wileyeurope.com or www.wiley.com

All Rights Reserved. No part of this publication may be reproduced, stored in a retrieval system or transmitted in
any form or by any means, electronic, mechanical, photocopying, recording, scanning or otherwise, except
under the terms of the Copyright, Designs and Patents Act 1988 or under the terms of a licence issued by the
Copyright Licensing Agency Ltd, 90 Tottenham Court Road, London W1T 4LP, UK, without the permission in
writing of the Publisher. Requests to the Publisher should be addressed to the Permissions Department, John
Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex PO19 8SQ, England, or emailed to
permreq@wiley.co.uk, or faxed to (+44) 1243 770620.

Designations used by companies to distinguish their products are often claimed as trademarks. All brand names
and product names used in this book are trade names, service marks, trademarks or registered trademarks of
their respective owners. The Publisher is not associated with any product or vendor mentioned in this book.

This publication is designed to provide accurate and authoritative information in regard to the subject matter
covered. It is sold on the understanding that the Publisher is not engaged in rendering professional services. If
professional advice or other expert assistance is required, the services of a competent professional should be
sought.

Other Wiley Editorial Offices

John Wiley & Sons Inc., 111 River Street, Hoboken, NJ 07030, USA

Jossey-Bass, 989 Market Street, San Francisco, CA 94103-1741, USA

Wiley-VCH Verlag GmbH, Boschstr. 12, D-69469 Weinheim, Germany

John Wiley & Sons Australia Ltd, 33 Park Road, Milton, Queensland 4064, Australia

John Wiley & Sons (Asia) Pte Ltd, 2 Clementi Loop #02-01, Jin Xing Distripark, Singapore 129809

John Wiley & Sons Canada Ltd, 6045 Freemont Blvd, Mississauga, Ontario, L5R 4J3

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not be
available in electronic books.

Library of Congress Cataloging-in-Publication Data

River confluences, tributaries, and the fluvial network / edited by Stephen P. Rice, André G. Roy, Bruce L. Rhoads.
p. cm.
Includes bibliographical references and index.
ISBN 978-0-470-02672-4 (cloth)
1. Watersheds. 2. Geomorphology. 3. River engineering. L Rice, Stephen P. II. Roy, André G.

III. Rhoads, Bruce L.

GB562.R58 2008

551.48'3—dc22

2008016826

British Library Cataloguing in Publication Data

A catalogue record for this book is available from the British Library
ISBN 978-0-470-02672-4

Typeset in 10.5/13pt Minion by Aptara Inc., New Delhi, India

Printed and bound in by Markono Printers, Singapore
This book is printed on acid-free paper



Contents

Preface

List of contributors

1

Introduction: river confluences, tributaries and the fluvial network
Stephen P. Rice, Bruce L. Rhoads and André G. Roy

Introduction

Key aims of the book

Sections of the book
References

RIVER CHANNEL CONFLUENCES

Introduction to Part I: river channel confluences
André G. Roy
Introduction

Individual chapters
Reference

Modelling hydraulics and sediment transport at river confluences
Pascale M. Biron and Stuart N. Lane

Introduction

Hydraulics

Bedload, suspended and solute transport

Conclusion

Acknowledgments

References

Sediment transport, bed morphology and the sedimentology of
river channel confluences
James L. Best and Bruce L. Rhoads

Context
Bed morphology

xi

xiii

[ S

11

13

13
15
16

17

17
18
29
37
38
38

45

45
46



vi CONTENTS
Sediment transport 56
Sedimentology 60
Conclusions 66
Acknowledgements 67
References 68
5 Large river channel confluences 73
Daniel R. Parsons, James L. Best, Stuart N. Lane, Ray A. Kostachuk, Richard J. Hardy,
Oscar Orfeo, Mario L. Amsler and Ricardo N. Szupiany
Introduction 73
Bed morphology 75
Flow structure at large river channel confluences 80
Flow mixing at large river confluences 85
Conclusions 87
Acknowledgements 88
References 88
6 Management of confluences 93
Robert Ettema
Introduction 93
Unruly confluences 95
Management approaches 103
Managing confluences for sediment transport 104
Managing confluences for ice passage 111
Summary 116
References 116
7 Unconfined confluences in braided rivers 119
Peter Ashmore and J. Tobi Gardner
Introduction 119
General characteristics and significance of confluences in braided channels 121
Confluence scour depth 125
Confluence kinetics and bar formation 128
Confluence spacing and the length-scale of braided morphology 130
Sediment transport and sediment budgets 132
Sediment sorting and alluvial deposits 135
Prospect 139
Acknowledgements 142
References 143
II TRIBUTARY-MAIN-STEM INTERACTIONS 149
8 Introduction to Part II: tributary—main-stem interactions 151
Stephen P. Rice
Introduction 151
Individual chapters 153

References 155



10

11

12

13

CONTENTS

Spatial identification of tributary impacts in river networks
Christian E. Torgersen, Robert E. Gresswell, Douglas S. Bateman and Kelly M. Burnett

Introduction

Data and measurement

Analytical tools

Future developments and challenges
Acknowledgements

References

Effects of tributaries on main-channel geomorphology
Rob Ferguson and Trevor Hoey

Introduction

Conceptual considerations

Empirical evidence

Theoretical models: (1) Regime analysis of confluences

Theoretical models: (2) Numerical experiments with adjustable grain-size
distributions

Discussion

Acknowledgments

References

The ecological importance of tributaries and confluences
Stephen P. Rice, Peter Kiffney, Correigh Greene and George R. Pess

Introduction

Tributaries, confluences and river ecology

Tributaries, ecosystem functions and river management
Constraints on understanding and progress

A case study

Conclusion

Acknowledgments

References

Tributaries and the management of main-stem geomorphology
Fréderic Liébault, Hervé Piégay, Philippe Frey and Norbert Landon

Introduction

Conceptual framework for assessing the geomorphological impact of tributaries
Managing the geomorphological impact of tributaries

Conclusion

Acknowledgments

References

Confluence environments at the scale of river networks
Lee Benda

Introduction
River network structure and confluence environments

vii
159

159
160
167
175
176
176

183

183
185
187
191

198
201
206
206

209

209
210
215
217
218
235
237
237

243

243
245
251
266
267
267

271

271
272



viii

III

14

15

16

CONTENTS

Symmetry ratios and confluence environments

Basin shape, network patterns and confluence environments

Local network geometry

Drainage and confluence density

River network scaling properties of confluence environments

The law of stream sizes and the spatial scale of morphological diversity related
to confluences

Longitudinal extent and size of confluence environments

Stochastic watershed processes

The role of hierarchical branching networks

Discussion

River networks, resource management and river restoration

Acknowledgements

References

CHANNEL NETWORKS

Introduction to Part III: channel networks
Bruce L. Rhoads

Introduction
Individual chapters
References

Hydrologic dispersion in fluvial networks
Patricia M. Saco and Praveen Kumar

Hydrologic dispersion effects on runoff response

Runoff response as travel-time distributions: the GIUH
Geomorphologic dispersion in stream networks

Non-Llinear effects and the use of hydraulic geometry relations
Kinematic dispersion in stream networks

The effect of scale and rainfall intensity on the dispersive mechanisms
Hillslope Dispersive effects

Kinematic dispersion effects using the meta-channel approach
Summary and future research directions

Acknowledgments

References

Sediment delivery: new approaches to modelling an old problem
Hua Lu and Keith Richards

Introduction

The concept of sediment delivery

Difficulties in measuring and estimating sediment yield and SDR

Links between hydrology and sediment production and yield

Physical inferences of sediment delivery based on a simple lumped model
Practical large-scale application using a distributed model

Conclusions

273
280
284
284
285

289
290
291
292
295
296
297
297

301

303

303
304
305

307

307
309
314
316
318
320
324
329
331
333
333

337

337
340
341
347
352
358
361



CONTENTS ix

Acknowledgements 362
References 362

17 Numerical predictions of the sensitivity of grain size

and channel slope to an increase in precipitation 367
Nicole M. Gasparini, Rafael L. Bras and Gregory E. Tucker
Introduction 367
Landscape-evolution models 370
Example simulation of network evolution 376
Discussion 386
Conclusions 388
Acknowledgements 389
References 389
18 Solute transport along stream and river networks 395
Michael N. Gooseff, Kenneth E. Bencala and Steven M. Wondzell
Introduction 395
Review of current knowledge 396
Linking transport processes with the fluvial geomorphic template 404
Forward-looking perspective 410
Acknowledgements 413
References 413
19 Fluvial valley networks on Mars 419
Rossman P. Irwin III, Alan D. Howard and Robert A. Craddock
Introduction 419
Early observations 421
Distribution, age, origin and morphology of valley networks 422
Morphometry 432
Alluvial deposits 436
Hydrology 438
Summary 442
Acknowledgements 442
References 442
Subject Index 453

Place Index 457






Preface

When the book proposal that led to this publication was reviewed, we were flattered,
but mainly daunted, by the suggestion from a particularly generous referee that we
should write this book ourselves. While grateful for the referee’s support of the project,
we persevered with our original intention of compiling an edited volume. The resulting
collection of chapters draws on the research of an international group of scholars and
practitioners who work in universities, government agencies, private consultancies and
research establishments. Their expertise is in academic and applied geomorphology,
hydrology, sedimentology, ecology and engineering. Their methods include numerical
modelling, laboratory experimentation and detailed field investigations. Looking at the
chapters that they have produced, it is clear to us that we were right to favour the great
variety and depth of their expertise and experience over our own, inevitably inferior,
knowledge of their areas of specialization. We are therefore grateful to our authors for
embracing our project, for sharing their understanding and for helping us to, in a sense,
avoid having to write this book ourselves.

And it is a book that needed to be written (in one way or another). River conflu-
ences are ubiquitous and critical nodes in river networks, and the branching pattern of
tributaries and sub-networks is one of the most characteristic features of river systems
on Earth and elsewhere. We find it somewhat remarkable, then, that this will be the
first book to focus attention explicitly on confluence dynamics, tributary impacts and
the links between processes at these scales and river network functions. We believe that
understanding confluence processes and interactions between the tributary and main
stem are keystones for scaling-up our understanding of river processes to the drainage
network scale: without an understanding of the nodes in the network and the inter-
actions between connected links, the development of basin-scale models and tools is
restricted. We subscribe to the view that such network-scale understanding is central to
the successful integration of Earth, environmental and biological sciences within river-
ine landscapes and thence the sustainable management of our riverscapes. We therefore
hope that this book will be a helpful stepping-stone for the pursuit of an integrated,
cross-scale river science.



xii PREFACE

To date, work in this area has been communicated almost exclusively via academic
journals in geomorphology, ecology, geology and engineering. By bringing together
the expertise represented here in one place, our aim is to provide a single benchmark
reference that defines the current state of understanding as well as the leading edge of
contemporary research. Each chapter is built around two central pillars: a critical review
of work in the author’s area of expertise and unpublished research that highlights the
cutting edge of research in that area. In this way, the book is at once intended to fulfil
the needs of students (of whatever age and standing) who require sound, thoughtful
reviews of particular topics and also those who are actively involved in conducting and
applying research on confluences, tributaries and networks. We therefore hope that
the book will be useful both as a standard reference and as a source of new research
questions and hypotheses.

To close, some thanks. First to the authors of these chapters for their time and effort:
we are grateful and hope that the exercise has been rewarding. Each chapter was fully
reviewed and we must thank the large number of colleagues who acted as indepen-
dent referees; their input was consistently constructive and has substantially improved
the quality of the end product. Natasha Todd-Burley’s editorial assistance was invaluable
during the final stages of production. Finally, the book has been a number of years in the
making and we therefore want to thank family and friends for their continued support.
In particular, SPR would like to thank Georgina for her support and encouragement
throughout this process and dedicate his contribution to his brother Mike, who beat
him to a publication with tributary associations. BLR thanks Kathy, Jamie and Steven
for helping him to keep life in proper perspective at all times. AGR thanks his co-editors
for their enthusiasm for this project, his research team for their constant support and
Catherine for being there.

Stephen Rice, Bruce Rhoads, André Roy
October 2007



List of contributors

Mario L. Amsler (mamsler@fich1.unl.edu.ar) Facultad de Ingenieria y Ciencias Hidricas
& Instituto Nacional de Limnologia, Universidad Nacional de Litoral, Santa Fe 3000,
Argentina

Peter Ashmore (pashmore@uwo.ca) Department of Geography, University of Western
Ontario, London, Ontario, N6A 5C2, Canada

DouglasS.Bateman (doug_bateman@usgs.gov) Department of Forest Sciences, Oregon
State University, Corvallis, OR 97331, USA

Kenneth E. Bencala (kbencala@usgs.gov) US Geological Survey, 345 Middlefield Road,
Menlo Park, CA 94025, USA

Lee Benda (leebenda@earthsystems.net) Earth Systems Institute, 310 Mt Shasta Blvd,
Mt Shasta, CA 96067, USA

James L. Best (jimbest@uiuc.edu) Departments of Geology and Geography and Ven
Te Chow Hydrosystems Laboratory, University of Illinois at Urbana-Champaign, 1301
West Green Street, Urbana, IL 61801, USA

Pascale M. Biron (pascale.biron@concordia.ca) Department of Geography, Plan-
ning and Environment, Concordia University, 1455 de Maisonneuve Boulevard West,
Montréal, Québec, H3G 1MS8, Canada

Rafael L. Bras (rlbras@mit.edu) Department of Civil and Environmental Engineer-
ing, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge, MA
02139, USA

Kelly M. Burnett (kmburnett@fs.fed.us) US Department of Agriculture, Forest Service,
Pacific Northwest Research Station, 3200 Jefferson Way, Corvallis, OR 97331, USA

Robert A. Craddock (craddockb@si.edu) Center for Earth and Planetary Studies,
National Air and Space Museum, Smithsonian Institution, 4th Street and Indepen-
dence Avenue SW, WA 20013-7012, USA



xiv LIST OF CONTRIBUTORS

Robert Ettema (rettema@uwyo.edu) Dean’s Office, College of Engineering and Applied
Science, University of Wyoming, 1000 E University Street, Laramie, WY 82071, USA

Rob Ferguson (r.i.ferguson@durham.ac.uk) Durham University, Department of
Geography, Science Laboratories, South Road, Durham, DH1 3LE, UK

Philippe Frey (philippe.frey@cemagref.fr) Cemagref Groupement de Grenoble, Unité
de Recherche ETNA (Erosion Torrentielle, Neige et Avalanches), Domaine universitaire,
2 rue de la Papeterie BP76, 38402 SAINT-MARTIN-D’HERES cedex, France

J. Tobi Gardner (jgardne7@uwo.ca) Department of Geography, University of Western
Ontario, London, Ontario, N6A 5C2, Canada

Nicole M. Gasparini (nicoleg@alum.mit.edu) School of Earth and Space Exploration,
Arizona State University, Tempe, AZ 85287-1404 USA

Michael N. Gooseff (mgooseff@engr.psu.edu) Department of Civil and Environmental
Engineering, Pennsylvania State University, University Park, PA 16802, USA

Correigh Greene (Correigh.Greene@noaa.gov) NOAA NW Fisheries Science Center,
2725 Montlake Boulevard East, Seattle, WA 98112, USA

Robert E. Gresswell (bgresswell@usgs.gov) US Geological Survey, Northern Rocky
Mountain Science Center, 1648 S. 7th Avenue, Bozeman, MT 59717, USA

Richard J. Hardy (r.j.hardy@durham.ac.uk) Durham University, Department of Geog-
raphy, Science Laboratories, South Road, Durham, DH1 3LE, UK

Trevor Hoey (thoey@ges.gla.ac.uk) Department of Geographical and Earth Sciences,
East Quadrangle, University Avenue, University of Glasgow, Glasgow, G12 8QQ, UK

Alan D. Howard (alanh@virginia.edu) Department of Environmental Sciences,
University of Virginia, 291 McCormick Rd, PO Box 400123, Charlottesville, VA 22904-
4123, USA

Rossman P. Irwin III (IrwinR@si.edu) Center for Earth and Planetary Studies, National
Air and Space Museum, Smithsonian Institution, MRC 315, 6th Street and Indepen-
dence Avenue SW, WA 20013-7012, USA

Peter Kiffney (Peter.Kiffney@noaa.gov) NOAA NW Fisheries Science Center, Mukilteo
Field Station, Building B, Mukilteo, WA 98275, USA

Ray A. Kostaschuk (rkostasc@uoguelph.ca) Department of Geography, University of
Guelphelph, Ontario, N1G 2W1, Canada

Praveen Kumar (kumarl@uiuc.edu) Department of Civil and Environmental
Engineering, University of Illinois, 205 North Mathews Avenue, Urbana, IL 61801,
USA



LIST OF CONTRIBUTORS XV

Norbert Landon (norbert.landon@univ-lyon2.fr) Universite Lumiere, Lyon 2, Faculté
GHHAT, Institut de Recherche en Geographie, 5 avenue Pierre Mendes CP11, 69676
BRON cedex, France

Stuart N. Lane (s.n.lane@durham.ac.uk) Durham University, Department of Geogra-
phy, Science Laboratories, South Road, Durham, DH1 3LE, UK

Frédéric Liébault (frederic.liebault@cemagef.fr) Cemagref Groupement de Grenoble,
Unité de Recherche ETNA (Erosion Torrentielle, Neige et Avalanches), Domaine uni-
versitaire, 2 rue de la Papeterie BP76, 38402 SAINT-MARTIN-D’HERES cedex, France

Hua Lu (hlu@bas.ac.uk) British Antarctic Survey, High Cross, Madingley Road,
Cambridge, CB3 0ET, UK

Oscar Orfeo (cecoal@arnet.com.ar) Centro de Ecologia Aplicada del Litoral (CECOAL),
Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET), Corrientes
City, Corrientes 3400, Argentina

Daniel R. Parsons (parsons@earth.leeds.ac.uk) School of Earth & Environment,
University of Leeds, Leeds, LS2 9JT, UK

George R. Pess (george.pess@noaa.gov) NOAA — Northwest Fisheries Science Center,
2725 Montlake Boulevard East, Seattle, WA 98112, USA

Hervé Piégay (herve.piegay@ens-Ish.fr) Université de Lyon, UMR 5600 CNRS, Site
ENS-LSH, Plateforme ISIG, 15 Parvis René Descartes, BP7000, 69342 Lyon cedex 07,
France

Bruce L. Rhoads (brhoads@uiuc.edu) Department of Geography, University of Illinois
at Urbana-Champaign, Room 220 Davenport Hall, 607 South Mathews Avenue, Urbana,
IL 61801-3671, USA

Stephen P. Rice (s.rice@lboro.ac.uk) Department of Geography, Loughborough
University, Loughborough, LE11 3TU, UK

Keith Richards (ksrl0@cam.ac.uk) Department of Geography, University of Cam-
bridge, Downing Place, Cambridge, CB2 3EN, UK

André Roy (andre.roy@umontreal.ca) Département de Géographie, Université de
Montréal, CP 6128, succursale Centre-Ville, Montréal, Québec, H3C 3J7, Canada

Patricia M. Saco (patricia.saco@newcastle.edu.au) Civil and Environmental Engineer-
ing, University of Newcastle, Callaghan, New South Wales 2308, Australia

Ricardo N. Szupiany (rszupian@fichl.unl.edu.ar) Facultad de Ingenieria y Ciencias
Hidricas, Universidad Nacional de Litoral en Santa Fe, Consejo Nacional de Investiga-
ciones Cientificas y Técnicas (CONICET), Santa Fe 3000, Argentina



xvi LIST OF CONTRIBUTORS

Christian E. Torgersen (ctorgersen@usgs.gov) US Geological Survey, Forest and
Rangeland Ecosystem Science Center, Cascadia Field Station, University of Washington,
College of Forest Resources, Box 352100, Seattle, WA 98195, USA

Gregory E. Tucker (gtucker@cires.colorado.edu) Cooperative Institute for Research in
Environmental Sciences (CIRES) and Department of Geological Sciences, University of
Colorado at Boulder, 2200 Colorado Avenue, Boulder, CO 80309-0399, USA

Steven M. Wondzell (swondzell@fs.fed.us) USDA Forest Service, Pacific Northwest Re-
search Station, Olympia Forestry Sciences Laboratory, 3625 93rd Avenue SW, Olympia,
WA 98512, USA



1

Introduction: river confluences,
tributaries and the fluvial
network

Stephen P. Rice!, Bruce L. Rhoads? and André G. Roy?

Department of Geography, Loughborough University, UK
2Department of Geography, University of Illinois, USA
3Canada Research Chair in Fluvial Dynamics, Département de Géographie, Université de

Montréal, Canada

Introduction

That river systems are networks consisting oflinks and nodes is one of their most obvious
characteristics. Despite the ubiquity of confluences and tributary networks, the first cen-
tury of modern fluvial geomorphology paid little consistent attention to river junctions
and the interactions between tributaries and the main stem (Kennedy, 1984). Important
exceptionsinclude classic contributions from Playfair (1802), Lyell (1830) and Sternberg
(1875), works on tributary—main-stem interactions (e.g. Krumbein, 1942; Miller, 1958),
considerations of junction hydraulics and mixing (e.g. Taylor, 1944; Mackay, 1970)
and the seminal works on river network structure (e.g. Horton, 1945; Shreve, 1967).
However, the 1980s marked the beginning of a period in which confluence, tributary
and network studies developed rapidly. Key contributions were concerned with:
confluence morphology, hydraulics and sedimentology (Mosley, 1976; Best, 1986,
1988; Roy et al., 1988), tributary-induced changes in channel form (Richards, 1980; Roy

River Confluences, Tributaries and the Fluvial Network Edited by Stephen P. Rice, André G. Roy
and Bruce L. Rhoads © 2008 John Wiley & Sons, Ltd
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and Woldenberg, 1986; Rhoads, 1987) and bed sediments (Church and Kellerhals, 1978;
Knighton, 1980), the ecological role of tributaries along unregulated (Bruns et al., 1984)
and regulated rivers (Petts, 1984; Petts and Greenwood, 1985), tributaries as repositories
of paleoflood information (Kochel and Baker, 1982) and tributary network structure
(Abrahams and Campbell, 1976; Flint, 1980; Abrahams and Updegraph, 1987).

Figure 1.1 indicates the rapid increase in the volume of published work on tributaries
and confluences in the period since 1980 and illustrates how the initial impetus of the
1980s was consolidated in the 1990s. Ecological interest has lagged behind geomorphol-
ogy and hydraulics, but it is clear that ecological interest is now growing at the fastest
rate. This body of work has demonstrated that river confluences are critical nodes in
river systems where tributary fluxes of water and sediment can elicit adjustments in
the geomorphology, hydraulics, sedimentology and ecology of the recipient channel. At

200+ —O— Geomorphology and sedimentology

o —1— Ecology
o —/— Hydraulics and hydrology
S 160 —e— Total
o
©
o 1201
o]
S
2
o 80
2
©
g 401
S
(@]

O A 1]

1980 1985 1990 1995 2000 2005

Year

Figure 1.1 The growth in research publications that deal with confluences and tributaries. Network
research is not included. Because of the cross-disciplinary nature of many papers, the classification
into sub-disciplines is imperfect. Searches were made for the period 1980-2007 using the ISI Web
of Science, Science Citation Index - Expanded (http://portal.isiknowledge.com/). A primary search
was made of titles, abstracts and keywords using the Boolean expression ‘(confluence* OR tributar*)
AND (river* OR channel*)and subsequent searches explored other likely terms. Results from these
searches were then scrutinized and only those papers where tributaries or confluences were the
primary subject matter or where they were used explicitly to explain observed phenomena were
retained. Large numbers of papers that studied a particular river system including one or more of
its tributaries or confluences but which did not focus on the properties or processes of confluences
or tributaries were excluded. Because many papers on water chemistry across drainage basins fall
into this category, the ‘hydraulics and hydrology” classification does not include any water quality
papers.
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the smallest scales, research at river confluences examined the distinctive flows, mor-
phologies, sedimentary assemblages and habitats that make confluence sites important
local features. Most attention has been directed towards understanding flow mixing at
junctions (Gaudet and Roy, 1995; Best and Ashworth, 1997; Biron et al., 2004; Rhoads
and Sukhodolov, 2004; Ding and Wang, 2006) and relations between sediment trans-
port, morphology and stratigraphy (Biron et al., 1993; Kenworthy and Rhoads, 1995;
Ashworth, 1996; Leclair and Roy, 1997; Paola, 1997; Roy and Sinha, 2005; Boyer et al.,
2006). The biological attributes of confluences have received some attention (Cellot,
1996; Kupferberg, 1996; Franks et al., 2002; Fernandes ef al., 2004; Kreb and Budiono,
2005; Kiffney et al., 2006), as have the dynamics of ice jams at confluences (Prowse, 1986;
Ettema et al., 1997; Shen et al., 2000; Ettema and Muste, 2001). At this scale, improved
understanding informed, and was informed by, studies of confluences in braided rivers
(Ashmore, 1991; Ashworth et al., 1992; Best and Ashworth, 1997), which, arguably,
has laid the foundation for recent investigations of the dynamics of river bifurcations
(Dargahi, 2004; Federici and Paola, 2003; Khan et al., 2000; Parsons et al., 2007).

At a slightly larger scale, the confluence zone has been recognized as an important
site of storage and staging for clastic and organic materials in fans and terraces (Al-
bertson and Patrick, 1996; Brierley and Fryirs, 1999; Florsheim et al., 2001; May and
Gresswell, 2004; Gomez-Villar et al., 2006). Ecological research at this scale suggests that
tributary channels in the vicinity of confluences can provide important biological re-
sources including, for example, refugia from high water temperatures (Bramblett et al.,
2002; Cairns et al., 2005) and main-stem predators (e.g. Fraser ef al., 1995). It has been
proposed that such factors, along with enhanced morphological heterogeneity in this
confluence zone, may create hotspots of elevated biodiversity (Benda et al, 2004a). At
the larger, reach scale, main-stem adjustments to tributary fluxes of water, sediment and
organic materials have been shown to structure the longitudinal operation of various
abiotic and biotic processes leading to step-changes or gradient shifts in, for example,
bed material grain size (Dawson, 1988; Rice and Church, 1998), longitudinal profile
(Rice and Church, 2001; Hanks and Webb, 2006) and macroinvertebrate ecology (Perry
and Schaeffer, 1987; Rice et al., 2001). Earlier work on tributary influences has been
extended to investigate what controls the magnitude of tributary impacts (Rice, 1998;
Benda et al., 2004b; Ferguson et al., 2006; Rice et al., 2006).

Understanding confluence dynamics and tributary impacts at these various scales
is crucial for scaling-up knowledge of river processes to the drainage network scale:
understanding the operation of the nodes in a network is necessary in order to develop
network-scale models and tools. Indeed, there is increasing awareness that river system
science requires a better integration of process knowledge across a range of spatial scales
and particular emphasis is being placed on understanding network-scale functions (e.g.
Paola et al., 2006). Building on early work that focused on the topological properties
of river networks (see Abrahams, 1984, for a review), a large body of research over the
past 30 years has focused on the fractal properties and scaling relations of networks
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and the way in which these properties and relations are connected to basin hydrological
response (see Rodriguez-Iturbe and Rinaldo, 1997). This line of research has matured
into the investigation and modelling of process dynamics at river network scales, for
example in geomorphology (Gasparini et al., 1999; Binnie et al., 2006; Sklar et al., 2006;
Bigelow et al., 2007) and lotic ecology (Poole, 2002; Power and Dietrich, 2002; Benda
et al., 2004a; Grant ef al., 2007; Thorp et al., 2006; Bertuzzo et al., 2007). Other emerging
topics include the role of network structure in pollutant dispersion and the relation of
channel networks on other planets to those on Earth — topics that are covered in the
latter section of this volume.

Key aims of the book

Work on confluence dynamics, tributary impacts and network-scale functions is, then,
alive and well and involves experimental work in the field and laboratory, numerical
modelling and large-scale empirical field investigations. This endeavour is frequently
cross-disciplinary, challenging traditional boundaries between ecology, engineering, ge-
omorphology, hydrology and sedimentology and emphasizing that river network form
and functions control the spatio-temporal patterns of many physical, chemical and bi-
otic processes at the Earth’s surface (Paola ef al., 2006). At the onset of the second century
of modern fluvial studies, our key aim in this book is to present a multidisciplinary,
multiscale perspective on confluences, tributaries and river networks. Our intention
is that by bringing together work on confluence dynamics and tributary—main stem
interactions with network-scale perspectives, the reader will be better positioned to
explore the links between processes across these scales. We have tried to draw out these
linkages explicitly wherever possible. We hope that the book will provide a foundation
upon which integrative effort can be built so that a truly network-scale understanding
of river systems can be developed. A recurrent theme, raised by numerous authors,
is the need for the continued collection of field and experimental data with which
to develop and test our models of confluence, tributary and network processes, and
we hope that the areas for further investigation highlighted herein will direct this ef-
fort. Also, by presenting the material here in book form, we hope to maximize the
involvement of the wider community and facilitate the incorporation of new conflu-
ence, tributary and network understanding into the management of river processes
and services.

Sections of the book

The book is organized into three parts: (I) River Channel Confluences, (II) Tributary—
Main-stem Interactions and (III) Channel Networks. Each section begins with a short
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introductory essay that includes an overview of the papers in that section, so we refrain
from providing such an overview here. Individual chapters focus on the core themes
of research and knowledge as well as some topics that have received less attention (e.g.
confluence and tributary management). Each chapter provides a review of current
understanding, presents new research and considers where future efforts should be
directed. We do not claim that the volume is comprehensive, and some topics, such
as the structure and dynamics of distributary drainage networks, are not covered here.
We do feel, however, that the book has sufficient scope to introduce the novice and
scholar alike to many important issues at the forefront of research on river confluences,
tributaries and networks. It is hoped that the book as a whole will provide a timely
synthesis of a rapidly growing and important field of study but will also bring forward
new and stimulating ideas that will shape a coherent and fruitful vision for future work.
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Introduction

River channel confluences are critical interfaces where intense changes in physical pro-
cesses occur. These changes affect both the local and downstream characteristics of the
river flow and of the bed. How and why these changes occur are fundamental questions
for our understanding of the dynamics of the whole of the river system. In view of the
importance of channel confluences, it is surprising to note that it has taken much time
before confluences have become an object of scientific inquiry. This is partly explained
by the complex character of river channel confluences. Considering the difficulties
posed by the understanding of flow structure in single channels, how does one expect to
grasp the behaviour of flows when two streams with different characteristics meet? Such
complexity has defied researchers for years and, as a result, the interactions between
flows, sediments and bed morphology at confluences have long been neglected.

With the development of advanced instrumentation and of novel experimental de-
signs, research evolved quickly in the last two decades of the twentieth century. It is of
great interest to see how the science of river confluences has evolved since the 1980s
through an intricate and effective blend of laboratory work, field studies and numerical
modelling. The acquisition of this new knowledge on confluences has also had major

River Confluences, Tributaries and the Fluvial Network Edited by Stephen P. Rice, André G. Roy
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implications for the management of river systems. Tremendous advances in knowledge
have followed the seminal work of Mosley published in 1976. His laboratory experi-
ments paved the way for the identification of major controls on the flow structure and
on the associated bed morphology of river channel confluences. Two key variables, the
junction angle and the ratio of discharges between the confluent channels, have been
shown to affect the size and shape of the principal zones of the flow (e.g. flow separation
downstream from the tributary entrance) and of the scour area that is characteristic of
most confluences. The systematic investigation of confluence dynamics in the labora-
tory has produced a solid framework against which the results from field research can
be gauged. For instance, the hydraulics of confluences involve a number of processes:
flow separation, flow acceleration, flow stagnation and a shear layer with very high
turbulence intensity. These processes all take place within the confluence volume and
vary in space and time. Field studies have not only documented this variability but also
allowed researchers to discover new controlling variables and to develop a more com-
plete model of river confluence dynamics. For instance, the role of bed discordance has
emerged as a critical variable. In turn, the effect of this variable on the flow structure was
systematically tested in the laboratory. This interaction between laboratory and field
studies has been extremely fruitful. This, however, has raised the persistent issue of how
these results scale up. Researchers have recently tested the potential of applying results
from small laboratory and field experiments to large rivers, including some of the largest
confluences in the world. This has led to the identification of other critical variables,
such as the channel width-to-depth ratio. Advances have also come from the substantial
contributions of computational fluid dynamics (CFD). The systematic examination of
the effects of various confluence geometries and planforms on the flow structure has
been successfully conducted. The application of CFD has been an audacious venture.
The complexity of the bed geometry as well as the high turbulence intensity generated
by a range of processes presented enormous challenges to researchers. The applications
have produced insightful results that both confirmed some of the empirical observa-
tions and provided new hypotheses to be tested. This knowledge has also important
implications for the management and design of river channel confluences. Confluences
are often preferential sites for flooding and ice jams and for bed instability. These fea-
tures are of great concern because they threaten many infrastructures, like bridges and
buildings.

This first section of this book aims at reviewing and expanding the current state of
knowledge on river channel confluences. As a reflection of the complex interactions
among processes at confluences, the material that composes this section is heavily
interrelated. It has been a challenge to divide the knowledge already gained on river
channel confluences into five individual chapters. Because we were hoping that the
material could be read as separate, stand-alone, chapters as well as a coherent set of
contributions, the amount of overlap between chapters had to be gauged carefully. This
section will provide readers with an exhaustive overview of our current understanding
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of the fundamental physical processes at confluences, of the potential to scale up these
processes to unconfined and large river systems and of the application of this knowledge
to the management of confluences. All chapters cover extensively the literature and
present new results and ideas for future work.

Individual chapters

In Chapter 3, Biron and Lane examine the flow and sediment-transport processes from
amodelling point of view. The authors set the stage by documenting the debate that has
emerged around the many (often conflicting) views on the flow structures at confluences.
They highlight the critical role of planform geometry, of topographic forcing by the
bed and of the shear layer that develops in between the confluent flows. They present
the challenges that modellers face when attempting to represent numerically these
flow processes and illustrate the effectiveness of three-dimensional models to represent
confluence dynamics. They also discuss models used for the transport of matter through
confluences, including solute, suspended and bedload sediment transport.

Following on this work, Best and Rhoads (Chapter 4) present the relations between
flow processes and the morphology of river channel confluences. They describe in de-
tail the typical morphological features found at river channel confluences (e.g. scour,
tributary-mouth bars). These forms vary with planform geometry and with the dis-
charges and depths of the confluent channels. They also describe bedload sediment-
transport patterns and their consequences on channel changes and on the imprints of
confluences in the sedimentological record.

Chapter 5 extends the work presented in the previous chapters as it is applied to
very large confluences (more than a kilometre wide). Written by a group of researchers
under the lead of Parsons, the chapter utilizes data collected in the first five years of
the twenty-first century. This work has been possible through advances in instrumen-
tation allowing for the measurement of flow and bed morphology over large bodies
of water. The authors highlight both the similarities and differences between small-
and large-scale confluences using selected examples. The fact that channel width in-
creases faster than flow depth when rivers grow in size is shown to be a critical factor
for explaining some of the features of the bed morphology and flow processes at large
confluences.

In Chapter 6, Ettema discusses the management approaches used in the context of
river channel confluences. He emphasizes two aspects of river channel confluences:
sediment transport and ice passage. Through examples, the author illustrates the ‘un-
ruliness’ of confluences and the main issues associated with channel (in)stability at
confluences. Management strategies to alleviate the effects of bed instability and of
ice jams are explored and discussed. The author also introduces a novel dimensional
analysis of the problem of ice passage.
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In the final chapter of the section, Ashmore and Gardner examine the morphology
and dynamics of unconfined confluences especially in the context of braided river
systems where confluences form a fundamental unit of the channel pattern. The authors
distinguish the main characteristics of the confluence-bar-bifurcation unit and link the
variable expression of this morphology with flow processes. The formation of deep
scour zones and of extensive bars is discussed in relation to the more classical setting of
confined channels. The authors describe the relations between bedforms and sediment
transport and present new methods and ideas for the understanding of the sorting
patterns of particles at confluences.

These chapters show how vital channel confluences are for the whole of the river
system and they set the stage for the next sections as the scale of interest is shifted
towards the role of tributaries and the properties of drainage networks.

Reference

Mosley MP. 1976. An experimental study of channel confluences. Journal of Geology 84:
535-562.
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Introduction

River confluences are key features of drainage basins in terms of geomorphology, hydrol-
ogy, the routing of water, sediments, pollutants, for geological records, as well as from
a habitat point of view. Confluences are also sites of complex hydraulics with many
controlling factors. The observation, measurement and modelling of the hydraulic
behaviour of river confluences has proved to be a difficult enterprise. Earlier mod-
elling attempts of open-channel junctions focused on hydraulics using 1D approaches
based on momentum changes at confluences (Taylor, 1944; Webber and Greated, 1966;
Ramamurthy et al., 1988; Hager, 1989a; Hsu et al., 1998; Shabayek et al., 2002). However,
these theoretical approaches are based on a series of over-simplified assumptions (e.g.
constant width, negligible friction). Furthermore, they do not take into account mixing
processes, and are thus not well suited to represent the highly three-dimensional flow
at river confluences.

The advent of hydrodynamic modelling, particularly in three dimensions, has greatly
improved our understanding of the dynamics of confluences (Weerakoon and Tamai,

River Confluences, Tributaries and the Fluvial Network Edited by Stephen P. Rice, André G. Roy
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1989; Weerakoon et al., 1991; Bradbrook et al., 1998, 2000a, 2000b, 2001; Huang et al.,
2002; Biron et al., 2004a). Hydrodynamic models complement field and laboratory
studies of confluences, as they allow the exploration of a greater number of scenarios
(e.g. combinations of discharge or velocity ratio, junction angle, bed morphology, bed
roughness etc.) than can commonly be measured in the field or the laboratory. However,
their value in hypothesis testing is commonly challenged by two issues. First, conflu-
ences contain aspects of flow, mixing and sediment-transport processes, notably those
associated with turbulence, that represent extreme challenges for numerical models.
Second, the worth of hydrodynamic models in addressing some of the key unanswered
questions regarding confluences remains to be established. This is notably the case for
issues regarding large river junctions, where questions are emerging about the trans-
ferability of conclusions reached from small-scale field and laboratory studies (Parsons
et al., this volume, Chapter 5; Parsons et al., 2007; Lane et al., in press) where numerical
modelling represents a particular challenge as a result of limits to effective computation
over such large spatial scales. This chapter reviews the key findings that result from
hydraulics and sediment-transport modelling of confluences and uses these to present
new ideas on the generalization of observations from the laboratory scale to the very
large scale.

Hydraulics
Key elements of confluence hydraulics

The first real attempt to develop a general model of confluence hydraulics followed
from Mosley (1976) and was developed by Best (1987, 1988). The latter defined six
distinct elements of confluence hydraulics: (1) a zone of flow stagnation at the upstream
junction corner, (2) flow deflection where each tributary enters the confluence, (3) a
flow-separation zone below the downstream junction corner (also described in detail
in Best and Reid, 1984), (4) an area of maximum velocity, (5) a gradual flow recovery
area downstream from the flow-separation zone and (6) several distinct shear layers
associated with vortex generation (Figure 3.1(A)). The dominant controls on these
zones were believed to be confluence angle and discharge ratio. For instance, Best and
Reid (1984) show the effects of these two variables on the size of the separation zone
(Figure 3.1(B)). As the confluence angle or the discharge ratio increases, the zone of
separation widens and increasingly dominates the dynamics of the confluence. These
variables are also associated with the bed morphology of the confluence (Best and
Rhoads, this volume, Chapter 4). There are, however, other factors that intervene, and
the presence of a shear layer is a dominant feature of the confluence. It is perhaps
unfortunate that on the visual representation of this model, the shear layer between
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Figure 3.1 (A) Best (1987) model of flow dynamics at river channel confluences; (B) relationship
between maximum separation zone width and the ratio of the angled tributary to post-confluence
total discharge (ng), and the channel momentum ratio (Mr) defined as (<U,>?/<U;>?) x (bp/b1),
where <U> is mean flow velocity, b is channel width and subscript 1 and 2 correspond to the main
channel upstream from the junction and the angled tributary respectively (from Best and Reid, 1984).

the two incoming streams appears as a simple dotted line (Figure 3.1(A)), as one does
not readily see the importance of this zone which can occupy a significant area of the
receiving channel (Biron et al., 1993; De Serres et al., 1999; Rhoads and Sukhodolov,
2001). However, Best (1987) explicitly reveals the importance of this element in the text:
‘A feature of great significance in this region is that a shear layer is created between the
two convergent flows along which powerful, vertical vortices are generated. These are
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responsible for increased bed shear stresses within the junction which, together with the
increase in velocity as both flows enter the confluence, are responsible for considerable
bed scour’ (Best, 1987, p. 31).

There has been surprisingly little research done on shear-layer dynamics at natu-
ral confluences, at least for angled junctions. Indeed, most of our understanding on
Kelvin—Helmbholtz instabilities generated in mixing zones comes from laboratory stud-
ies at parallel junctions (Winant and Browand, 1974; Chu and Babarutsi, 1988; Babarutsi
and Chu, 1998; Uijttewaal and Tukker, 1998; Uijttewaal and Booij, 2000; Van Proijen
and Uijttewaal, 2002). At natural junctions, Leclair and Roy (1997) provide evidence of
the shear layer expansion at low-flow and Roy et al. (1999) document the dynamics of
eddies in the mixing zone with a combined use of visualization and velocity time series.
However, to our knowledge, only the field studies of Biron et al. (1993) and Rhoads
and Sukhodolov (2004) quantify in detail shear-layer dynamics at natural confluences,
with the use of time series and spectral analyses of velocity measurements collected at
relatively high sampling frequency (20 and 25 Hz respectively). Although the quantifi-
cation of the coherent rotating mixing-layer vortices at natural confluences provides
a useful tool to characterize these features, visualization remains particularly efficient
to enhance our understanding of the complex processes occurring in mixing zones.
The ideal situation is when a colour difference exists between the incoming streams
(e.g. Bayonne—Berthier confluence, Roy et al., 1999). Otherwise, dye can be injected,
as was done in the Kaskaskia River—Copper Slough (KRCS) junction (Sukhodolov and
Rhoads, 2001; Rhoads and Sukhodolov, 2004). Care is required, however, when us-
ing this method as the injection point may affect the interpretation of the results. For
example, the same mixing zone appears differently with dye being injected from the
stagnation zone (Figure 12, Sukhodolov and Rhoads, 2001) or spread across the entire
width of the Kaskaskia River (Figure 13, Rhoads and Sukhodolov, 2004), where much
larger coherent structures seem to prevail.

Current debate on confluence hydraulics

A long-standing debate about the nature and cause of observed flow structures at the
junction of two rivers has followed the work of Mosley (1976) and Best (1987, 1988).
This debate has mostly grown in the Earth science literature, as engineers have looked at
the merging of two channels from a different perspective, focusing on lateral momentum
exchange (Ramamurthy et al., 1988), the velocity field (Wang et al., 1996; Weber et al.,
2001), water-surface variation (Wang et al., 1996; Khan et al., 2000; Weber et al., 2001;
Huang et al., 2002) and subcritical versus supercritical differences (Hager, 1989a, 1989b;
Gurram et al., 1997).

A common view is that a major component of flow structure at confluences is the pres-
ence of two rotating cells which are converging at the surface in the centre of the channel,
and diverging near the bed (Figure 3.2(A)) (Mosley, 1976; Ashmore, 1982; Ashmore and
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Figure 3.2 Different perspectives on secondary flow circulation models at confluences: (A) domi-
nating model in Earth science, with a back-to-back meander analogy implying two counter-rotating
cells converging at the surface and diverging at the bed at a symmetrical junction (from Ashmore,
1982); (B) an engineering perspective on secondary flow showing the two cells rotating in opposite
directions at an asymmetrical junction (from Gurram et al., 1997, based on the study by Fujita and
Komura, 1989); (C) another engineering perspective with only one clockwise cell downstream of the
separation zone (from Weber et al., 2001).

Parker, 1983; Ashmore et al., 1992; Rhoads and Kenworthy, 1995, 1998; McLelland et al.,
1996; Rhoads, 1996; Richardson et al., 1996; Richardson, 1997; Bradbrook et al., 2000b,
2001; Rhoads and Sukhodolov, 2001). Field measurements (Rhoads and Kenworthy,
1995, 1998; Rhoads, 1996) and hydrodynamic modelling (Bradbrook et al., 2000b)
suggest that these can rapidly evolve into a single, channel-width circulation cell
as a result of differences in the angular momentum of the two confluent tributaries.
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It has been suggested that such cells are responsible for scour formation as a result of
depression of the core of maximum velocity and/or intense shear towards the bed by
downwelling flow (e.g. Ashmore, 1982; Ashmore et al., 1992; Bridge, 1993). Studies also
describe either twin helical cells rotating in the opposite direction (Figure 3.2(B)) or a
single clockwise cell (Figure 3.2(C)). The latter is less surprising as hydrodynamic mod-
elling of trapezoidal channels (Bradbrook et al., 1998, 2001) has shown that there are
situations when single rotating cells form as flows join. The case shown in Figure 3.2(B)
does not match the current understanding of confluence hydrodynamics.

Part of the difficulty in producing a general model of flow structure formation at con-
fluences is that, whilst the processes that drive flow structure formation will be the same,
their manifestation in particular places may be very different as a result of differences in
the associated boundary conditions. There are a number of reasons for this. The first,
and one still overlooked in confluence studies, is the role played by upstream planform
forcing. For example, Ashmore and Parker (1983) present a situation where both incom-
ing streams are curved in an opposite way (one convex, the other concave) in a braided
system (Figure 3.3(A)). In this case, the helical flow pattern inherited from the two up-
stream meanders would indeed produce downwelling in the centre of the channel at the
junction as the cell motion is anticlockwise in the right tributary (looking downstream)
and clockwise in the left tributary. However, if the same situation is viewed as part of a
braid bar unit (e.g. Ashworth et al., 1992; Bridge, 1993; Figure 3.3(B)), whether or not
there is opposite curvature depends upon the rate at which helical circulation responds
to upstream planform forcing. In Figure 3.3(B), downwelling should migrate towards
the outer bank of each distributary channel alongside and immediately downstream
of the maximum bar width. Downstream from here, the curvature in both distribu-
taries reverses to mirror that in Figure 3.3(A), and the downwelling zone should migrate
back across towards the downstream end of the bar. The rate of adjustment between
planform forcing and helical circulation will then determine the nature of the heli-
cal circulation at the entrance to the confluence. Figure 3.3(C) shows a third scenario
where the two upstream channels curve in the same direction as per the Bayonne—
Berthier confluence studied by Biron et al. (1993, 2002), De Serres et al. (1999) and

Figure 3.3 Different planform geometries of channels upstream of junctions: (A) braided river
upstream channels as depicted by Ashmore and Parker (1983); (B) braided river upstream channels
as depicted by Ashworth et al. (1992) and Bridge (1993); C) confined confluence planform geometry
at the Bayonne-Berthier confluence (Québec) (De Serres et al., 1999).
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Boyer et al. (2006). In theory, this should produce two anticlockwise cells when looking
downstream at the junction entrance. These observations are important because most
laboratory studies use straight incoming channels (e.g. Mosley, 1976; Best, 1987, 1988),
which effectively eliminates the possibility of there being planform curvature and so it
is not surprising that such studies have tended to underestimate its importance.

The second challenge, and one related to the influence of upstream planform forcing,
comes from the differences that emerge between laboratory studies which use rectangu-
lar channels (e.g. Ramamurthy et al., 1988; Fujita and Komura, 1989; Best and Roy, 1991;
Gurram ef al., 1997; Weber et al., 2001) and laboratory and field studies of self-formed
confluences (e.g. Mosley, 1976; Ashmore, 1982; Ashmore and Parker, 1983; Best, 1987,
1988). This difference is crucial because the latter introduce an additional set of forcing
terms into the analysis associated with topography. As the width-to-depth ratio rises,
such terms will become increasingly dominant in the momentum balance and cause
deviation from models of confluence hydrodynamics that consider only bed pressure
gradients caused by curvature-driven helical circulation. These processes will not only
matter in relation to the confluence zone itself but will also condition the rate at which
flow patterns adjust to upstream planform forcing. They will also be controlled by the
relative submergence of bed roughness such that rivers with different bed sedimentolo-
gies should be associated with different magnitudes of the topographic forcing terms
and potentially different flow structures. If flow structures are a critical determinant of
sediment transfer and morphological changes in confluences, this may well contribute
to differences in the morphology of confluences in sand and gravel-bed rivers.

The third issue represents a specific extreme of topographic forcing. Confluences
commonly have a marked scour, and this may generate flow separation on both
avalanche faces. As such faces commonly extend across the tributary entrance tan-
gential to tributary flow direction, they may well cause helical circulation that has the
same orientation as would be expected from curvature-induced helical circulation of
the sort expected in Figure 3.3(A). Indeed, Best (1987, 1988) suggests that, in his ex-
periments, the counter-rotating helical vortices were resulting from — not causing —
scouring, and describes them as ‘leeside eddies), that is flow-separation cells in the lee
of each avalanche face which contribute to further segregate bedload transport on each
side of the scour, thus maintaining a deep scour. Bed morphology, rather than plan-
form curvature, could thus be the primary control for the development of these cells.
The issue is still not resolved as numerical models suggest that planform curvature in
the absence of any kind of topographic forcing does result in the formation of counter-
rotating helical cells (Bradbrook et al., 2000a), although there are no coupled laboratory
or numerical studies of confluence evolution from the flat bed case. As we explain below,
such a study is a critical requirement but not at all straightforward.

Fourth, distortion of the shear layer due to bed discordance and vertical separation
may be more important than planform curvature in some situations (Bestand Roy, 1991;
Gaudet and Roy, 1995; Biron ef al, 1996a, 1996b; De Serres et al., 1999; Boyer et al.,
2006). At many natural junctions, the tributary is shallower than the main channel,
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leading to a depth difference which can be quantified by the depth ratio D, (average
depth of the tributary over that of the main channel). Values of depth ratio as low as
0.36 have been observed in an estuary channel confluence (Pierini et al., 2005). Small
depth ratios often occur in large confluences, such as the Negro and Solimoées (D, ~ 0.6,
Laraque ef al, in press) and the Paraguay—Parana (D, = 0.5, Lane ef al, in review). At a
smaller confluence (Bayonne—Berthier, about 10 m wide), D, values ranged from 0.36
at low flow to 0.72 at high flow (De Serres ef al., 1999). At discordant bed confluences
in small rivers, the role of vortices in the distorted mixing layer has been shown to be
crucial for sediment transport and scour formation (Biron et al., 1993; De Serres et al.,
1999; Roy et al., 1999; Boyer et al., 2006). However, Sukhodolov and Rhoads (2001)
state that although the shear layer is in general located within the scour-hole area, it
does not necessarily imply that shear-layer turbulence generates scouring. They believe
that helical motions, despite not being systematically present at junctions (Rhoads
and Sukhodolov, 2001), contribute to scour at confluences. Ashmore et al. (1992) also
acknowledges that Best (1988) considers helical circulation in confluences as arising
primarily from horizontal separation vortices in the lee of avalanche faces, but they
state that ‘it is possible that when flow separation occurs at the entrance it reinforces,
rather than replaces, the circulation due to streamline curvature’ (p. 300), and they
conclude that secondary circulation is dominated by double helical cells back-to-back.
The causal role of these cells is also highlighted by Bridge (1993), who states that ‘the
location and relative depth of the confluence scour zone is clearly influenced by the
curvature-induced spiral flow” (p. 40), indicating that helical cells are not perceived as
leeside separation cells but rather as meander-like cells.

It is interesting to note that most of the studies which have described twin-secondary
cells as the dominating flow feature were carried out using relatively small width-to-
depth ratios, with an average of around 6 (ranging from 3 to 8) (Mosley, 1976; Ashmore,
1982; Ashmore and Parker, 1983; Ashmore et al., 1992; Rhoads and Kenworthy, 1995;
McLelland et al., 1996; Rhoads, 1996; Rhoads and Kenworthy, 1998). In most natural
rivers, the width-to-depth ratio is much higher, particularly for large rivers as down-
stream hydraulic geometry dictates that the rate of increase of width with discharge
should be greater than the rate of increase in depth (Leopold and Maddock, 1953).
Whilst the width-to-depth ratio may at first glance seem to be the variable that mat-
ters, the magnitude of water surface super-elevation at a confluence associated with
planform curvature alone should actually depend on the ratio of river width to radius
of curvature (Bradbrook et al., 2000b; Lane and Ferguson, 2005). The water-surface
elevation difference across a section normal to the direction of streamline curvature
(AE,;) will depend upon the centrifugal acceleration, and for tributary i is given by:

AE,; = s (3.1)
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where: Us; is the streamwise section-averaged velocity in tributary i, w; is the width
of tributary 7, g is the acceleration due to gravity and R; is the radius of the curvature
of tributary i. If we assume that there is a linear association between the radius of the
curvature and width (Leopold and Wolman, 1960; but note this needs to be tested for
large rivers) and because the rate of increase in section-averaged velocity with down-
stream changes in river discharge is commonly much smaller than in width (Leopold
and Maddock, 1953), the magnitude of water surface super-elevation will not scale with
width. Thus, the magnitude of the driving component of curvature-driven circulation
is likely to be very small indeed, and it is not surprising that early results from large
rivers do not find helical circulation (e.g. Parsons et al., 2007). However, for the same
river, Lane et al. (in press) show that there are situations in which channel-scale helical-
like circulation can form. They do not associate this with curvature-induced effects but
with the interaction of angular moment and topographic discordance that created a
particular scenario in which the deeper channel could penetrate fully underneath the
shallower channel. What emerges from this discussion is that we need to make sure
that studies of confluences explore the full range of width-to-curvature ratios, in the
presence of variable degrees of topographic forcing, including the extreme case when
scour or discordance can lead to flow separation.

Hydrodynamic modelling of confluence hydraulics

From the previous section, it is clear that laboratory and fieldwork both suffer from
limitations (e.g. site-specific, with varying upstream curvatures and bed roughness, low
width-to-depth ratio) which often prevent any comparison of results between studies,
and complicates the task of determining the dominant features and control variables of
confluence hydraulics. Hydrodynamic modelling can help in solving many of these is-
sues, although confluences represent an extreme challenge for hydrodynamic modelling
due, for example, to complex bed geometry, high three-dimensionality in the flow field
and the need for accurate turbulence representation of the mixing-layer zone. This is
particularly the case for natural junctions.

Some attempts were made to use two-dimensional (Khan et al., 2000; Weerakoon
et al., 2003; Zanichelli et al., 2004) or pseudo three-dimensional models (Wang et al.,
1996) for confluence modelling. However, Lane et al. (1999) show that the predic-
tive ability of a three-dimensional model is markedly increased over a two-dimensional
model at confluences, particularly if the two-dimensional model is not corrected for the
effect of secondary circulation. Furthermore, three-dimensional velocity data collected
at confluences indicate large variations from the bed to the water surface in the flow field
(De Serres et al., 1999; Rhoads and Sukhodolov, 2001), which would not be adequately
simulated in a two-dimensional model. However, for large confluences where, for ex-
ample, the objective is to investigate flood-control measures rather than detailed mixing
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processes (Weerakoon et al., 2003), depth-averaged models still represent a reasonable
compromise if secondary circulation corrections are available.

In all existing studies on three-dimensional numerical modelling at junctions, the
full three-dimensional form of the Navier-Stokes equations, based on finite-volume
discretization, has been used (Weerakoon and Tamai, 1989; Weerakoon et al., 1991;
Bradbrook et al., 1998; 2000a, 2000b, 2001; Lane et al., 1999, 2000; Huang et al., 2002;
Biron et al., 2004a). For steady-flow conditions, the Reynolds-Averaged Navier—Stokes
(RANS) equations are used, for which a turbulence model needs to be specified. The
standard k-¢ turbulence model (Huang et al., 2002) or the modified renormalization
group (RNG) k-&¢ model, which has been shown to perform better in situations where
flow separation occurs (Yakhot et al., 1992; Bradbrook et al, 1998, 2000b, 2001;
Richardson and Panchang, 1998; Lane et al., 2000; Biron et al., 2004a), are commonly
adopted. It is interesting to note that many of these three-dimensional models were
developed by Earth scientists, but that their work is not always acknowledged in the
engineering literature despite publications in engineering journals (e.g. Bradbrook
et al., 2001; Biron et al., 2004a). For example, Parsons (2003) notes that Huang et al.
(2002) stress an urgent need to develop and to validate a three-dimensional numerical
method that is suitable for simulating open-channel junction flow, even though this
had already been successfully achieved a few years before by Bradbrook et al. (1998,
2000a, 2000b, 2001).

The complex geometry of confluences creates difficulties when developing a numer-
ical mesh. First, a multiblock approach is typically required to represent the main and
tributary channel (Bradbrook etal., 2001; Huang et al., 2002). Second, except for the spe-
cial cases of parallel junction (Bradbrook et al., 1998) or 90° junction (Huang et al., 2002)
where a Cartesian grid can be used, a boundary-fitted coordinate approach is required
to limit abrupt changes in the aspect ratio of cells or in gridline direction (Weerakoon
and Tamai, 1989; Weerakoon et al., 1991; Bradbrook et al., 2000b, 2001; Biron et al,,
2004a). Third, modelling of natural junctions requires either an innovative representa-
tion of the three-dimensional variability in bed topography in structured meshes (e.g.
Lane et al., 2004; Hardy et al., 2005) or the use of unstructured meshes (see below).

Virtually all three-dimensional modelling studies at junctions have focused on time-
averaged flow structures. However, the understanding of the effect of processes that
are occurring at various timescales (from the fraction of a second to several minutes
when looking at the mixing layer’s turbulence dynamics) is very important (Bradbrook
et al., 2000b). A solution to this problem is unsteady turbulence modelling with large
eddy simulation (LES), where direct numerical simulation is used for flow fluctuations
greater than the local grid dimension, and a sub-grid-scale turbulence model is used
only for fluctuations smaller than this dimension (Keylock et al., 2005). Bradbrook et al.
(2000a) have successfully used LES for both a laboratory and natural discordant-bed
junction, and have captured large-scale turbulence associated with these sites.

Three-dimensional numerical modelling studies have provided very helpful insights
to the flow structure control at river confluences. For example, Bradbrook et al. (1998)
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demonstrate that secondary circulation can develop at a parallel junction, that is in the
absence of planform curvature. They determine that the key control on the secondary
circulation strength was the velocity ratio rather than the junction angle and that, in the
presence of bed discordance, this effect was increased (Bradbrook et al., 1998, 2001).
Numerical modelling not only allows for a variety of scenarios to be tested but also
provides physical explanations which would otherwise be difficult to obtain as they are
related to a variable — pressure — that is complicated to quantify in both experimental or
fieldwork. For example, two factors appear to greatly control flow dynamics at junctions:
(i) the cross-stream pressure gradient, dependent upon the velocity ratio, and (ii) the
vertical extent of this pressure gradient, related to depth ratio and determining the
relative depth of flow for cross-stream mass transfer (Bradbrook et al., 1998).

At the Kaskaskia River and Copper Slough (KRCS) confluence, where helical cells
have been detected both from two-dimensional and three-dimensional velocity mea-
surements (Rhoads and Kenworthy, 1995, 1998; Rhoads, 1996; Rhoads and Sukhodolov,
2001), downwelling has been observed upstream of the scour holein a three-dimensional
numerical simulation, and has been associated with the water surface super-elevation
present at confluences (Bradbrook et al., 2000b). However, Bradbrook et al. (2000b) also
performed an interesting numerical simulation of the KRCS confluence by numerically
filling the scour hole by 0.4 m (reducing the depth from 1.4 to 1 m). Their results show
that the zone of downwelling into the scour was no longer present. This suggested that
bed topography, that is scour hole and point bar at asymmetrical confluences, reinforces
the flow structures associated with planform curvature and that topographic steering
is playing a role similar to that observed in meanders.

Three-dimensional numerical modelling has also been used to compare secondary
flow generated at a symmetrical confluence to that resulting from a single meander
channel (Bradbrook ef al., 2000b). Although the symmetrical junction did produce
two cells, there were still important differences compared to the meander case. For
instance, the surface elevation at the outer bank of the meander was greater than at
the centre of the symmetrical junction, and a much greater surface depression resulted
on the opposite side of the meander. Therefore, the water surface slope of meanders
provides a greater centrifugal force to turn the flow than what was observed at a junc-
tion. In other words, a fluid encountering a solid boundary (meander bank) does
not behave the same way as a fluid encountering another fluid, where a mixing layer
develops.

Challenges for confluence hydraulics modelling

The numerical representation of confluence geometry remains a challenge for three-
dimensional modelling. This is ‘the stage where the CFD modeller has the largest impact
on solution quality. Ideally, meshes are composed of hexahedral (8-node) elements that
are orthogonal (i.e. each element corner is 90°), distributed in the physical domain in
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such a way that all gradients are represented adequately, and oriented with the direction
of flow. When complex geometries are involved, non-uniform meshes must be used.
A high quality non-uniform mesh satisfies criteria in attributes such as element size,
element-to-element size variation, aspect ratio, skewness, smoothness, and boundary
resolution’ (Weber et al., 2006, p. 278). As will be seen in the section on sediment
transport, an ideal mesh would not only minimize changes in direction or aspect ratio
between cells butalso allow the mesh to be recomputed based on scouring and deposition
processes.

In many three-dimensional models, a rigid-lid approximation is used for the treat-
ment of water surfaces (Weerakoon and Tamai, 1989; Weerakoon etal., 1991). This, how-
ever, is not adequate for confluence junction flows where water surface super-elevation
is known to occur in the centre of the receiving channel (Mosley, 1976; Bradbrook et al.,
1998, 2000b; Biron et al., 2002). A porosity approach has been used in many confluence
three-dimensional simulations (Bradbrook et al., 1998, 2000b, 2001; Biron et al., 2002;
2004a) to correct for the effects of using a rigid-lid treatment. This approach does not
involve generating a new mesh. Instead, porosity is defined for each cell in the top layer
of fluid, and the flux across any cell face is equal to the porosity multiplied by the area of
the face and the velocity component perpendicular to it. Super-elevation is represented
by porosity values greater than 1.0, whereas surface depression has a porosity value
less than 1.0 (Bradbrook et al, 1998). Using this free-surface approximation, an im-
proved correlation in the downstream velocity component between the simulated and
the experimental data of Biron ef al. (1996a, 1996b) was obtained (Bradbrook, 1999;
Han, 2002). Results also indicate that including water surface topography as a boundary
condition may improve the correlation between simulated and measured data (Biron
et al., 2002). However, this method is limited to situations where the water surface
depression or super-elevation is smaller than the height of the top cell. Other methods
exist to deal with free-surface variation, such as the Volume of Fluid (VOF) method (Ma
et al., 2002), the two-dimensional Poisson equation (Wu et al., 2000), the kinematic
and dynamic free surface conditions, where the mesh is regenerated through stretch or
compression (Huang ef al., 2002), and a direct approach based on pressure distribution
at the surface, which also involves regenerating the mesh (Rameshwaran and Naden,
2004). For all these methods, one of the difficulties is that there are very few detailed
datasets of water surface topography for comparing simulated output, particularly at
natural confluences.

The free-surface porosity method described above is limited to small water fluc-
tuations and is not adequate for examining the more complex case of unsteady flow
conditions due, for example, to the passage of a flood. At confluences, this is further
complicated by the fact that floods may not be synchronized in both incoming streams,
giving rise to a varying discharge or momentum flux ratio, which in turn can affect
the position of the mixing zone (De Serres et al., 1999; Boyer ef al., 2006). In order
to run these simulations, a wetting and drying algorithm would be needed. Most of
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the wetting and drying models, either based on a moving-mesh or a fixed-mesh ap-
proach, were developed for two-dimensional models or three-dimensional models with
Cartesian fixed grids in the vertical direction (Lin and Falconer, 1997; Jiang and Wai,
2005). When the vertical grid size is very small due to a three-dimensional model fol-
lowing the bed topography, it may prove difficult to reach a stable solution (Bates and
Horritt, 2005; Jiang and Wai, 2005). Furthermore, stable algorithms need to be derived
to accurately compute changes in the free water surface in three-dimensional models
(Olsen, 2003). Thus, a wetting and drying approach is still difficult to implement in a
three-dimensional confluence model using boundary-fitted coordinates.

The numerical modelling of mixing-layer dynamics requires the use of LES to examine
the different temporal scales present in mixing zones (Bradbrook et al., 2000a; Keylock
et al., 2005). Even though the ever-increasing power of computers will facilitate LES
studies of these zones in the near future, it will remain difficult to determine the impact
of these vortices on bed shear stress, and hence on bedload transport (Keylock et al.,
2005). Boyer et al. (2006) emphasize the inadequacy of the mean Reynolds shear stress
(—p <u'w'>, where p is water density, u’ and w’ represent longitudinal and vertical
velocity fluctuations and <> denotes a time average) to quantify the magnitude of the
forces exerted on the river bed at a river confluence. They suggest including all turbulent
stress fluctuations to explain instantaneous bedload transport rates. Obtaining accurate
values of these quantities in three-dimensional modelling remains a challenge. Estimates
of bed shear stress in mixing zones could perhaps be made using the turbulent kinetic
energy approach, where shear stress is proportional to the fluctuations in velocity of
the three velocity components (Biron ef al., 2004b; Tilston and Biron, 2006). However,
not all scales of turbulence present in a mixing layer can be modelled using LES, and
the marked increases in turbulent fluctuations, and hence in turbulent kinetic energy,
which were observed in mixing zones (De Serres et al., 1999; Roy et al., 1999) remain to
be adequately quantified by a three-dimensional model. In order to determine whether
mixing-layer vortices can indeed generate bed shear stress values high enough to be
responsible for scour formation at junctions, these modelling issues must be addressed
at the same time as additional field measurements are collected in a wide variety of
scales of confluences with different scour depths.

Bedload, suspended and solute transport
Bedload sediment transport at confluences
Very few studies have investigated sediment transport at confluences, with the excep-

tion of Best (1987, 1988), Roy and Bergeron (1990), Rhoads (1996) and Boyer et al.
(2006). In his sand-bed experiments, Best (1988) shows clear segregation of bedload
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transport on each side of the scour, with very little going through the scour in both a
laboratory flume and a field study. A segregation around the scour zone was also ob-
served by Rhoads (1996), although bedload sediments appeared to mix over a relatively
short distance downstream of the scour. In a gravel-bed confluence, tracked marked
particles revealed a very different pattern, with particles from both tributaries converg-
ing towards the scour zone, with no apparent segregation (Roy and Bergeron, 1990).
Boyer et al. (2006) observe that the lateral distribution of bedload transport in a sand-
bed confluence showed highest values generally close to the edges of the mixing layer.
No clear correlation was established between mean Reynolds shear stress and bedload
transport rates, but the pattern of horizontal-vertical cross stresses (0 <Uw’'>, where
U is the mean streamwise velocity) appeared related to bedload transport patterns.
Corridors of high bedload transport were not associated with the existence of helical
cells but the shear layer zone, which is characterized by high turbulence intensities, was
believed to play an important role in the transport of sediment (Boyer et al., 2006).
Roy et al. (1999) also link high turbulence levels observed in the shear layer at the same
field site to higher bedload transport rates, despite lower mean downstream velocity. A
modelling approach using LES may help establish clearer links between instantaneous
stresses and bedload transport (Zedler and Street, 2001), although this has seldom been
attempted so far (Keylock et al., 2005). Best and Rhoads (this volume, Chapter 4) pro-
vide an exhaustive review of the interactions between bed morphology and sediment
transport.

Suspended and solute transport at confluences

The suspended and dissolved load transport at confluences has rarely been quantified at
confluences. This problem has been more often examined from a perspective of mixing
rates downstream of junctions. The general belief is that mixing distances downstream
of confluences are in the order of around 100 channel widths (Mackay, 1970; Smith
and Daish, 1991; Rutherford, 1994). According to Jirka (2004): ‘Regardless of potential
amplifications and complexities, the following rules of thumb apply for the mixing
properties of point sources in rivers: (1) Complete vertical mixing is a rapid process with
maximal dimensions of a few decades of the water depth. (2) Complete lateral mixing
requires large distances. For typical river morphology (B/h= 10 to 100) the complete
mixing will require from 100 to 1000 river widths’ (p. 17, where B is channel width
and h is flow depth). However, Gaudet and Roy (1995) observed much faster mixing
(around 25 channel widths) downstream from discordant bed confluences of widths
ranging from 5 to 15 m. This was attributed to the distortion of the mixing layer when
water from the shallower tributary tends to flow above the water from the deeper main
channel (Best and Roy, 1991; Gaudet and Roy, 1995). Dye injection experiments did not
reveal any mixing-layer distortion at the KRCS concordant bed confluence (Rhoads and
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Sukhodolov, 2004), which corresponds to the two-dimensional mixing layer observed
in parallel junctions (Uijttewaal and Tukker, 1998; Uijttewaal and Booij, 2000).

As the width-to-depth ratio is believed to affect mixing rates (Chu and Babarutsi,
1988), an important question is whether processes such as those observed by Gaudet
and Roy (1995) in small discordant confluences, usually characterized by a relatively
small width-to-depth ratio, are comparable to processes occurring in much larger con-
fluences, with larger width-to-depth ratios. Visualization provided by colour differences
between the two incoming channels at many natural confluences is particularly useful
to investigate this question. In the Amazonian basin, this situation arises where a white-
water river (with a high suspended load coming from its Andean sources) encounters a
blackwater river (with very limited suspended and nutrient load, and brown-coloured
acidic waters due to a high content of humic compounds) (Maurice-Bourgoin et al.,
2003). Typically, white rivers are markedly deeper than black rivers (A. Laraque, per-
sonal communication). For example, the white Solimoes River near Manaus (Brazil) is
55m deep at its junction with the black Negro River, which is 35 m deep (Sternberg,
1995; Laraque et al., 2000). Figure 3.4 illustrates remarkable similarities between mix-
ing layers in two discordant junctions with two-order magnitude differences in scale,
the Bayonne (turbid) and Berthier (clear) rivers in Québec (Figure 3.4(A)) and the
Rios Mamoré (white) and Guaporé-Itenez (black) in Brazil (Figure 3.4(B)), suggesting
that the suspended and dissolved load mixing processes at confluences are not scale-
dependent.

There are unfortunately no data available yet to quantify the rate of mixing at the
Mamoré and Guaporé-Itenez confluence, but it is very obvious from Figure 3.4(B) that
a very rapid mixing of their suspended load is occurring downstream of the junction.
At another large Amazonian confluence, between the Negro and Solimdes rivers, an
extensive field survey was conducted at the end of the 1990s. Suspended load distribution
was measured at nine cross-sections along two to four verticals (Guyot et al., 1998;
Laraque et al., in press). Not surprisingly, 96.5 per cent of the suspended load came
from the Solimdes River (with a total load 0f 4910 kg s~! during the survey of September
1997). Mass balance showed that the mixing of waters at this confluence was achieved
25 km downstream of the confluence (Tao et al., 1999; Maurice-Bourgoin et al., 2003).
This, considering the width of the Negro channel (approximately 4 km), is extremely
rapid as it is equivalent to around six times the width. However, the explanations for
this rapid mixing are not clear. Further, a visual survey of large river junctions (Lane
et al., in press) suggests that some large river junctions can require a very large distance
downstream to mix completely. At present, we have no clear understanding of what
drives mixing in large rivers.

The evidence produced by three field studies forms the basis of an embryonic model
for large rivers. First, Lane et al. (in press) present evidence from a situation when
mixing downstream of the confluence of the Parand and Paraguay rivers (post mixing
width of 2.8 km) takes over 400 km. They show that shear-related mixing processes
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Figure 3.4 The mixing-layer zone in two confluences of different scale with highly contrasted
colours: (A) the Bayonne (turbid) and Berthier (clear) confluence (Québec), with a width of about
10 m; (B) the Rios Mamoré (white) and Guaporé-Itenez (black) at the border between Brazil and
Bolivia, with a width of around 1km (photograph J.-L. Guyot). Note the coherent vortices in the
mixing layer and pockets of turbid water on the other side of the receiving channel indicating rapid
mixing of the suspended load. In both cases, the turbid river is deeper than the clear-water one.
Flow is from right to left.
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resulted in some mixing but that this was largely confined to close to the upstream
junction corner (less than 0.5 multiples of post-confluence width downstream). They
could find no evidence of channel-scale helical circulation and they use this observation
to conclude that near-field mixing processes were a necessary requirement for rapid
mixing in large river junctions. Second, Laraque et al. (in press) in the Amazon have
observed the sliding of the Solimdes waters under those of the Negro and attribute
this phenomenon to the larger speed, discharge and density in the Solimdes River. The
larger density of the Solimdes River is due to its higher suspended load and slightly
colder temperatures caused by a difference in albedo due to the dark-coloured Negro
River, and it might contribute to explaining why this river would slide under the Negro
River. Kelvin—Helmbholtz instabilities in the shear layer may be amplified by the density
difference, resulting in an upwelling of large boils of the denser Solimdes water within
the Negro River (see Figure 1 in Biron et al., 1996b). The presence of large dunes (several
metres high), as well as the depth difference between the two rivers, may also explain
this particularly strong upwelling (A. Laraque, personal communication). Third, Lane
et al. (in press) also report on a case where mixing takes place at the Paraguay—Parand
confluence in only 8 km downstream as compared with the more normal 400 km.
They show that this was because the combination of bed discordance with tributary
angular-momentum ratio resulted in the formation of channel-scale circulation that
was sufficient to transfer the more turbid water from the Paraguay rivers across the
full width of the post-confluence channel. This observation is interesting as it matches
the results from numerical modelling of small laboratory-style channels that show
that discordance at river junctions matters, although the effects of discordance are
conditioned by momentum ratio (Bradbrook et al., 1998, 2001).

Three-dimensional numerical modelling of solute transport

Three-dimensional numerical modelling has been used successfully to investigate mix-
ing patterns between water from two tributaries by simulating a numerical tracer sub-
ject to advection by the mean flow and turbulent diffusion (Bradbrook et al, 1998,
2000a, 2001). These simulations confirmed field observations by Gaudet and Roy
(1995) that mixing is greatly enhanced by the presence of bed discordance. However,
to our knowledge, the role of a density difference between the two channels, as is
typically the case at the large Amazonian confluences between a whitewater with a
high suspended load and a blackwater river (e.g. Negro and Solimdes Rivers, Laraque
et al., in press; Paraguay and Parana Rivers, Lane et al., in press), has never been
investigated.

The three-dimensional model used by Bradbrook et al. (1998, 2000a, 2001),
PHOENICS (from CHAM), is used here to investigate the density difference impact on
mixing. The model uses a finite volume approach to solve the fully three-dimensional
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form of the Reynolds-Averaged Navier—Stokes equations in each cell of the modelling
domain. All simulations are performed using the RNG k-¢ turbulence model.

A simple 90° junction with rectangular channels is used to represent a confluence
with features similar to the Negro and Solimdes confluence, where the Solimdes channel
joins the Negro river at an angle close to 90°. The computational domain is 5 m in length,
each tributary is 0.6 m wide, the receiving channel downstream from the junction is
0.65m wide and the flow depth is 0.1 m. A Cartesian grid of 140 x 80 x 12 (in the
longitudinal, lateral and vertical dimensions, respectively) is used with inlet velocities of
0.3 m/s for both tributaries. The standard law-of-the-wall is used at the bed and banks
(Bradbrook et al., 2001), with the roughness term defined as a median diameter of 1
mm. The porosity method is used for free-surface approximation (as described in detail
in Bradbrook et al., 1998). Four different scenarios are simulated: (A) concordant beds
with equal density, (B) concordant beds where the density of the angled tributary is
raised t0 998.32 kg m ™, to represent an increased density due to a high-suspended load
such as that measured in the Paraguay River in 2004 by Lane et al. (in press), compared
to a main channel density 0of 996.57 kg m ™~ (as in the Parané River, Lane et al., in press),
(C) discordant beds with a depth ratio of 0.7 with equal density and (D) discordant beds
with a higher density in the tributary (same density ratio as in (B)). Mixing is visualized
with the aid of a numerical tracer with a concentration of 1 in the main channel and 0
in the tributary.

Figure 3.5 shows that even a small density difference of 1.75 kg m~> (density ratio of
1.0018) has a marked impact on the mixing layer between the two tributaries. When
both streams are concordant and have the same water density, the mixing zone is ver-
tical and the segregation in the concentration of each tributary remains very strong
downstream (Figure 3.5(A)). However, when the tributary is denser, the heavier trib-
utary pushes the other stream near the bed, whereas at the surface the lighter fluid
is sliding above the tributary and is oriented towards the left bank (looking down-
stream), resulting in a distorted mixing layer (Figure 3.5(B)). Enhanced mixing is
also observed due to bed discordance, where the mixing layer becomes distorted as
its base is pulled towards the shallower tributary (Figure 3.5(C)). Interestingly, when
the tributary is both shallower and denser, the initial mixing-layer distortion due to
bed discordance is present close to the bed at the junction, but a reversed distortion
occurs due to the density difference, which pushes the near-bed (denser) part of the
mixing layer towards the right bank, despite the pressure difference due to discordance
(Figure 3.5(D)).

The deviation from complete mixing (Figure 3.6) was calculated for the four down-
stream transects of Figure 3.5. This is defined as:

C,—C
Dev = & =P 100 (3.2)
Cp
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Figure 3.5 Simulated numerical tracer downstream of the confluence where blue corresponds to a
value of 0 and red to a value of 1 for (A) concordant beds with equal density, (B) concordant beds
where the tributary density is increased to 998.32 kg m~—3, with the density of the main channel set
at 996.57 kgm~3 (following the density difference of the Paraguay and Parané Rivers, Lane et al.,
in press), (C) discordant beds (shallower tributary) with equal density and (D) discordant beds with
a higher density in the tributary (same as in B). Flow is towards the top. A colour reproduction of
this figure can be seen in the colour section towards the centre of the book.
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Figure 3.6 Deviation from complete mixing for the minimum values of concentration at the four
downstream cross-sections shown in Figure 3.5. Non-dimensional downstream distances are com-
puted by dividing the distance from the upstream junction corner by the width of the parent channel.
The discordant reversed density represents the case where the denser channel is the main channel
instead of the tributary.
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where C, is the minimum simulated concentration of each transect and Cp is the
predicted concentration (Gaudet and Roy, 1995). The predicted concentration is:

Cp— (CIQ1 + G Q) (3.3)

Qs

where C; and C, are the concentrations in the main and tributary channels, Q; and
Q; are the discharge in the main and tributary channels and Qs is the total discharge
downstream of the junction. As expected, mixing is faster for discordant beds than
for concordant beds (Figure 3.6). Because the tributary channel is denser, the density
difference when beds are discordant appears to slightly decrease mixing due to bed
discordance. To verify the impact of density on mixing rates, another simulation was
performed using a denser fluid in the main channel instead of the tributary channel.
This, for example, would represent the situation of the Negro and Solimdes confluence.
Figure 3.6 indicates that the combined effect of bed discordance and density difference
when the deeper channel is denser is producing a faster mixing.

Challenges for confluence sediment-transport modelling

Three-dimensional models have been used successfully to simulate bedload and sus-
pended load transport (Wu et al., 2000; Olsen, 2003; Nagata et al., 2005). Both structured
(Wu et al., 2000; Nagata et al., 2005) and unstructured grids (Olsen, 2003) have been
employed. In some cases, a mass balance function is used to obtain the overall sediment
transport (Wu et al., 2000; Olsen, 2003). This can be further divided into a suspended
load component, which uses the convection—diffusion equation (Wu et al., 2000; Olsen,
2003), and a bedload component, where a van Rijn (1987) equation (Wu ef al, 2000;
Olsen, 2003) or a momentum equation have been used (Nagata et al., 2005). In all cases,
the grid must be able to adjust to account for erosion and deposition occurring at the
bed. To avoid creating a new grid at each time step, the bed porosity approach could
be used, where each cell is given a porosity value of 0 if it is fully within the bed or the
banks, 1 if it only consists of fluid and between 0 and 1 if it is partly in the bed or banks
(Lane et al, 2004; Hardy et al, 2005). The value of porosity would then change ac-
cording to erosion and deposition patterns, but the grid would remain constant. So far,
this method has been used successfully to represent bed roughness, but it has not been
tested with a coupled sediment-transport algorithm. Since our understanding of the
role of spatially distributed bed roughness as a control on flow and sediment transport
at confluences is limited at this stage, the porosity approach would allow for a further
testing of this question in gravel-bed rivers. Nevertheless, at river confluences, adding a
sediment-transport module remains a challenge considering the previously mentioned
difficulties in designing a suitable numerical mesh.
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Furthermore, all existing methods for coupling a three-dimensional hydrodynamic
model with a sediment-transport module are based on determining shear velocity
or shear stress — required in bedload transport equations — from the equilibrium or
non-equilibrium logarithmic law in the boundary cells (e.g. Wu et al., 2000; Nagata
et al., 2005). However, turbulence intensity in the mixing layer, which is important to
initiate and sustain particle motion in the mixing zone (Boyer et al., 2006), may not
be adequately simulated by this approach. A bed shear stress approximation based on
instantaneous fluctuations of velocity, such as Reynolds shear stress or turbulent kinetic
energy (Biron et al., 2004b) or horizontal—vertical cross-stresses (Boyer ef al., 2006), may
be more directly related to sediment transport at confluences. The calculation of these
parameters would require the use of non-steady simulations such as LES to adequately
simulate the fluctuations in velocity associated with the passage of Kelvin—Helmholtz
instabilities in the mixing zone. However, this could only be obtained by running the
complete LES simulations before computing bed shear stress or cross stresses, which
would then preclude a grid adjustment at each time step based on erosion and deposition
patterns (Keylock et al., 2005).

Conclusion

Three-dimensional numerical modelling is a very powerful tool for improving our
understanding of flow dynamics at complex sites such as river confluences as it allows
the assessment of the role of controlling variables more efficiently than in experimental
or field studies. It has also helped to clarify the debate surrounding the role of back-
to-back helical cells at the junctions of two streams, although it has yet to resolve the
question of whether or not helical circulation is a cause or a consequence of confluence
scour. A second aspect that three-dimensional models have not fully clarified yet is
the role of the mixing-layer zone, as it requires running LES simulations, which are
computer-intensive. Considering the large number of studies which have emphasized
the essential role of vortices in the mixing zone in confluence dynamics and sediment
transport, it is important that future research examines this issue.

Most studies on river confluences so far, including numerical simulations, have ex-
amined small junctions where the width-to-depth ratio was small. More field data are
needed in larger width-to-depth ratio environments. Recent studies in large Amazonian
confluences suggest that factors which were not deemed important in small junctions,
such as the presence of large dunes or a density difference between incoming chan-
nels, could play a fundamental role in large junctions (see Parsons et al., this volume,
Chapter 5). The three-dimensional simulations presented in this chapter clearly re-
veal the importance of density ratio on mixing rates, but field and laboratory data are
required to validate these simulations.
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More research is also required on the use of three-dimensional numerical models
for large confluences, for example examining problems of numerical instability created
by the aspect ratio of grid cells, where the horizontal scale of cells could be a few
orders of magnitude larger than the vertical scale. The research agenda in confluence
studies should target the development of hydrodynamic models applicable at all scales,
including the large Amazonian confluences, with a coupled sediment-transport module.
This will require major efforts from a numerical modelling perspective, as well as
additional suspended and bedload transport data at small and large natural confluences
to calibrate and validate these models.
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Context

River channel confluences are sites of significant hydraulic and morphological change
within fluvial networks (Richards, 1980; Rhoads, 1987; Ferguson et al., 2006; Biron and
Lane, this volume, Chapter 3) and also occur within river channels where islands or bars
are present. The local and downstream effects of confluences can have a profound influ-
ence on the geomorphology and ecology of river channels — see, for example, Rice et al.
(2001) — as well as on strategies for effective channel management (Pinter ef al., 2004).
For these reasons, the morphology of river channel confluences is of major importance
within a range of considerations and disciplines. For example, scour-depth predictions
at channel junctions are clearly needed in the design of engineering structures, whilst
the recognition of confluence scour is important in reconstructions of ancient sed-
imentary environments (Bristow et al., 1993; Siegenthaler and Huggenberger, 1993;

River Confluences, Tributaries and the Fluvial Network Edited by Stephen P. Rice, André G. Roy
and Bruce L. Rhoads © 2008 John Wiley & Sons, Ltd
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Miall and Jones, 2003). Within contemporary environments, considerations of channel
and floodplain ecology may also be critically affected by confluence morphodynamics
(Ezcurra de Drago et al., 2007).

The morphodynamics of the confluence hydrodynamic zone (CHZ; Kenworthy and
Rhoads, 1995) can be related to the complex fluid dynamics of confluences, which, in
turn, are controlled by several principal factors, including: (i) the planform geometry
of the confluence, including the confluence angle, «, and the planform shape of the up-
stream and post-confluence channels, (ii) the ratio of discharges (Q,, = Q¢/Qm, where
subscripts t and m refer to the mainstream and tributary respectively) or momentum
(M; = ptQ{Ut/ p;nQmUm, where p and U are the flow density and mean velocity re-
spectively) between the confluent rivers, (iii) the presence and nature of any bed height
discordance between the levels of the incoming tributary beds and (iv) any differences
in density between the incoming flows. Although these factors strongly influence the
bed morphology at channel junctions through their imprint on the fluid dynamics, the
feedback among flow, sediment transport and bedform must also be accounted for be-
cause flow within a fully formed mobile bed will be distinctly different from flow within
sediment-free channels (Best, 1988). Thus, a full understanding of the morphodynam-
ics of channel confluences requires an intimate knowledge of the dynamic interactions
among flow, sediment transport and bed morphology over a range of spatio-temporal
scales, ranging from flow in rill networks (Bryan and Kuhn, 2002) to the dynamics of
junctions within the world’s largest rivers (Best and Ashworth, 1997; Amsler et al., 2007).
Although measurements of bed morphology have been made at a range of junctions
of different sizes, far less work has sought to quantify the nature of sediment transport
at confluences. Furthermore, the temporal evolution of bed morphology in relation to
changing flow and sediment dynamics has been extremely difficult to measure and has
been tackled in even fewer studies: this topic represents an area of great future promise
for field, laboratory and numerical experimentation.

This chapter will review the nature of bed morphology and sediment transport at
open-channel confluences and examine the nature of the morphodynamic feedbacks
between fluid and sediment movement at these sites and the development of bed mor-
phology. It also explores the sedimentology of channel confluences and how such sites
may be represented within the ancient sedimentary record. Herein, we largely restrict
our attention to the confluence of smaller channels since the morphodynamics of large
junctions are discussed in Parsons et al., this volume, Chapter 5.

Bed morphology

Our present knowledge of the morphology of channel confluences has come from a
range of studies that have examined a variety of field junctions at differing scales, as
well as physical experimentation that has detailed the nature of bed morphology within
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fixed-wall channels and also within completely mobile beds (e.g. Ashmore and Parker,
1983). Based on these studies, five principal morphological features can be identified
at channel confluences, although the presence/absence of these features and their exact
nature are dependent on a range of controlling parameters that are examined below:

1. a scour hole whose orientation approximately bisects the junction angle and whose
origin is linked to increased velocities and turbulence within the junction and the
transport pathways of sediment (see below)

2. tributary-mouth bars, or topographic steps, that form at the mouth of one or both
tributaries and often slope into the scour hole

3. a mid-channel bar or bars within the post-confluence channel

4. bank-attached lateral bars in the post-confluence channel that are associated with
regions of flow deceleration and/or flow separation

5. a region of sediment accumulation near the upstream confluence corner, perhaps
associated with flow stagnation.

Each of these morphologic units is examined below, within a range of differing scale
confluences, and the controlling variables influencing each are identified and discussed.

Confluence scour

Considerable work has been devoted to documenting the depth and form of scour at
channel junctions, since such scour may have adverse effects on engineering structures
within rivers and the maximum scour depth must be known for design purposes. In
confluences with asymmetric or symmetric planforms, a zone of scour often exists with
an axis of maximum depth that approximately bisects the junction angle (Mosley, 1975,
1976, 1982; Ashmore and Parker, 1983; Best, 1988). Such scour holes can be found at
many junctions, ranging from small single-channel rivers to braided river junctions and
anabranching rivers (Rodrigues ef al., 2006) to the world’s largest channel confluences
(Klaassen and Vermeer, 1988; Best and Ashworth, 1997; Sarker, 1996). Studies detailing
scour depths at river channel confluences include those of Mosley (1975, 1976, 1982),
Best (1988), Ashmore and Parker (1983), Rezaur et al. (1999), Bryan and Kuhn (2002)
and Ghobadian and Bajestan (2007), whilst Kjerfve et al. (1979), Ginsberg and Perillo
(1999) and Pierini et al. (2005) document the morphology and dynamics of similar
channel confluence scours within estuarine channels.
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Figure 4.1 Various controls on the morphology of channel confluences in laboratory experiments:
(A) Scour depth (cm) as a function of junction angle (degrees; redrawn from Mosley, 1976); (B)
Scour depth (d, see inset diagram for definition) as a function of junction angle and discharge
ratio, Q; (redrawn from Best, 1988); (C) Plot of the penetration of the tributary-mouth bar edge (¢,
see inset diagram for definition) into the junction as a function of confluence angle, and discharge
ratio, Q; (redrawn from Best, 1988); (D) Scour depth (cm) as a function of the total sediment load
passing though the confluence (g min~?; redrawn from Mosley, 1976).

Best (1988) found that the orientation of the maximum scour depth responded to
the discharge ratio between the confluent streams, with the scour responding to the
increased penetration of the tributary fluid into the junction at higher discharge ratios.
Mosley (1975, 1976) documents the form of confluence scour in a series of mobile-
bed physical experiments and found that the depth of scour became greater with an
increasing junction angle (Figure 4.1(A)), although the relationship was non-linear
and flattened off at junction angles higher than approximately 100°. Best (1988) also
confirmed this relationship and found that, at a given junction angle, scour depth
increased as the relative discharge of the tributary channel increased relative to that of
the mainstream (Figure 4.1(B)). In a study of scour at the confluence of rills, Bryan
and Kuhn (2002) found that the junction planform was a more important influence on
bed scour than junction angle. In symmetrical (Y-shaped) confluences, the confluence



BED MORPHOLOGY 49

scour was symmetrical in planform shape. However, asymmetrical junctions tended to
have more complex scours that eventually led to the evolution of a symmetrical junction
planform through bank erosion opposite the tributary mouth, which eventually led to
higher confluence angles than the original channels. Mosley (1975, 1976) also found
some change in the alignment of the junction scour in asymmetrical junctions, largely
forced by the growth of a bar within the separation zone (see below) and subsequent bank
erosion, but he concludes that confluences exhibit little tendency to evolve towards any
equilibrium angle based on the flow and sediment discharges in each confluent channel.
Such differences between these studies may be linked to the very different hydraulic
conditions present in many rill junctions, where supercritical flows, hydraulic jumps
and flows that are shallow with respect to the bed roughness are frequently present.

Biron et al. (1993) document that in junctions where there is a discordance in bed
height between the two tributaries (see below) the central confluence scour may be
small or absent. The lack of substantial scour may be linked to the different nature
of flow at these sites, especially the presence of upwelling in the leeside of the step
at the mouth of the shallower channel (see Best and Roy, 1991; Biron et al., 1996a,
1996b; Bradbrook et al., 2000, 2001). Additionally, confluences with lower junction
angles or bed material that imparts a high relative roughness (Roy et al., 1988) also
have smaller scour depths or beds that possess no scour. Additionally, most studies of
channel junctions have assumed or imposed straight channels upstream of the junction
whereas many confluences possess curved channels in one of both tributaries (see Biron
and Lane, this volume, Chapter 3). Indeed, as long ago as 1902, Calloway noted that
many river tributaries entered the mainstream on the concave outer bank of meander
bends. In this case, curvature within the upstream confluent channels may also lead
to differences in flow structure at the junction (Roberts, 2005) and promote smaller
scour holes than would be expected for a given confluence angle and discharge ratio at
the junction of straight channels. More work on confluent meander bends is needed to
understand the morphodynamics of these types of confluences.

Itisinteresting to examine the nature of confluence scour over a range of channel sizes,
since there are several studies that have documented confluence scour in large rivers (see
Parsons et al., this volume, Chapter 5) as well as those from smaller channel junctions.
Sambrook Smith et al. (2005) present a plot that compiles data from a range of studies.
These data are replotted and further examined in Figure 4.2. These data, consisting
of 233 data points compiled from 20 studies, show that there is a broad relationship
between scour depth and junction angle. The broad scatter is not surprising and can
be attributed to variations in scour caused by other important controlling parameters,
such as discharge ratio, junction planform type, bed discordance and sediment load. If
the data are decimated on channel size (Figure 4.2 and see Sambrook Smith et al., 2005),
it appears that the larger junctions (here arbitrarily chosen as > 5m depth) are often
characterized by smaller relative scour depths than shallow confluences with equivalent
junction angles. This difference may reflect the increasing complexity of larger channels,



50 CH 4 SEDIMENT TRANSPORT, BED MORPHOLOGY AND THE SEDIMENTOLOGY

10
'y
'y
i 8 a8
t A 'y
> A a A
£ 2 574
5 o 3
° Asd A
: g1 i
o 4 & e o
® v S ¢ 2 82 A :!2 A 0-0.1m
£ 7 }ﬁ‘ !Di °a* | = 0.10-0.5m
T 21 ‘"% . oruY ¢ 0.50-5m
: Ao g da 4 v 5-10m
a Ve o >10m
0 A

0 20 40 60 80 100 120 140 160 180 200
confluence angle, degrees

Figure 4.2 A summary of scour depth data from channel confluences (see Sambrook Smith et al.,
2005). Data sources are from experimental studies of channel junctions and a range of field studies.
Data from Mosley (1975, 1976, 1982), Ashmore and Parker (1983), Best (1985, 1988), Klaassen
and Vermeer (1988), Roy and De Serres (1989), Orfeo (1995), Best and Ashworth (1997), Roy et al.
(1988), McLelland et al. (1996), Rhoads and Sukhodolov (2001) and from research in Bangladesh
(see Sarker, 1996; Delft Hydraulics and Danish Hydraulics Institute, 1996). A colour reproduction of
this figure can be seen in the colour section towards the centre of the book.

their often greater width—depth ratios and the probable increased influence of both
form roughness and width-scale variations in flow processes and sediment transport
(see Parsons ef al., this volume, Chapter 5 and also Szupiany et al, in review).

Tributary-mouth bars

Many junctions possess accumulations of sediment at the mouth of one, or both, of the
confluent channels that have widely been termed ‘tributary-mouth bars’ (Alam et al.,
1985; Best, 1988; Bristow et al., 1993; Biron et al., 1993; Rhoads and Kenworthy, 1995;
Rodrigues et al., 2006). These bars may possess steep avalanche faces that dip, at up
to the angle of repose, into the central scour (see Mosley, 1976; Best, 1986, 1988; Petts
and Thoms, 1987; Bristow et al., 1993), although these slopes may be much lower in
angle, particularly at large channel junctions (Parsons et al., this volume, Chapter 5).
The position of the edges of these bars responds to the ratio of discharges, or mo-
mentum, between the two confluent channels, with experimental work (Figure 4.1(C))
demonstrating the increased penetration of the bar edges into the junction at higher
discharge ratios. The position of tributary-mouth bars is also a function of the junction
angle, in that, at a given Q;, a higher junction angle will result in greater flow deflection
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between the confluent streams, changes in the sediment-transport paths (see Sediment
transport below) and the consequent reduction of the penetration of the bar into the
junction (Figure 4.1(C)). Spectacular field examples of this have been presented where
one channel has been dominant during a flood (Jaeggi, 1986; Reid et al., 1989) or as a
result of dam impoundment in one of the tributaries that results in the other confluent
channel becoming dominant in its sediment and fluid discharge contribution to the
junction (e.g. Lodina and Chalov, 1971; Petts and Thoms, 1987; Mosher and Martini,
2002): both of these result in the tributary-mouth bar from one channel migrating into
the junction. This migration clearly provides potential for infill of the scour and the
preservation of the tributary-mouth bar (see Sedimentology below). Biron ef al. (1993),
Rhoads (1996) and Boyer et al. (2006) describe morphological change at small channel
confluences and show how the position of the tributary-mouth bar from one channel,
as well as the angle of the avalanche face, respond to a changing momentum ratio and
the position of the shear layer between the two mixing flows. Such rapid morphological
change at the junction of small rivers is also evident in the maps presented by Biron
et al. (2002) that show changes in the position of the tributary-mouth bar as a function
of a changing discharge ratio and flow stage (Figure 4.3).

The suppression of flooding through upstream damming can have particularly
marked impacts at channel confluences through the enhanced progradation of
tributary-mouth bars. Erskine et al. (1999), in a study of channels affected by the Snowy
Mountains hydroelectric scheme in New South Wales, Australia, found that spatially
variable channel shrinkage (5-95 per cent) is actively occurring due to the suppres-
sion of floods and the loss of high spring baseflows. Erskine et al. (1999) reason this
regulation caused several effects linked to the tributary-mouth bars:

1. tributary-mouth bars were able to form and prograde into the confluence due to the
tributary channels and gullies joining a reduced-flow mainstream

2. side bars and slackwater deposits subsequently formed due to the reworking of the
tributary-mouth bar deposits

3. the confluence scour was infilled by the tributary-mouth bar progradation and bio-
genic sediment

4. native and exotic vegetation was then able to invade and establish itself, resulting in
the stabilization of these deposits.

The net result of these changes due to mouth bar progradation was to lower the ecological
diversity of the river, and suggests that maximum flows in impounded rivers must be
kept sufficient to maintain the hydrogeomorphic diversity of the river, of which channel
junctions and tributary-mouth bars are a key element.
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Figure 4.3 Bed morphology of the confluence between the Berthier (top) and Bayonne (right)
rivers, Quebec, and its variation as a function of flow stage and changing discharge (Q;) or momentum
(M) ratio between the rivers. A) Low Flow; Q, = 0.85; M, = 0.91; B) Low Flow; Q, = 0.57; M, =
0.71; C) Low Flow; Q, = 1.20; M, = 2.22; D) Low Flow; Q, = 1.19; M, = 1.80; E) Mid Flow; Q, =
1.48; M, = 02.16; F) High Flow; Q, = 01.38; M, = 1.76. The dashed line represents the limit of
the tributary-mouth bar from the Berthier and zero elevation is the water surface. Note the greater
depth range in F). From Biron et al. (2002).
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The beds of confluent rivers may be either equal or unequal in height at the junction,
and these are termed ‘concordant and discordant bed confluences’ respectively. The
presence of a bed height discordance can be a common feature of many junctions and
has been shown to radically alter the flow dynamics within the confluence (Best and Roy;,
1991; Biron et al., 1993, 1996a, 1996b). Kennedy (1984) found that many confluences are
distinctly discordant, and reasoned that discordance was more likely as the magnitude of
the confluent rivers becomes increasingly disparate. Kennedy (1984) thus concludes that
Playfair’s Law, which states that rivers largely adjust to become concordant at junctions,
is largely incorrect. Concordance or discordance at the confluence will influence both
the flow dynamics and sedimentology, and could vary from event to event as a tributary-
mouth bar migrates into and out of a confluence. The importance of bed discordance
for mixing processes at junctions is also demonstrated by Gaudet and Roy (1995) who
show that the presence of bed discordance may increase the rapidity of flow mixing at
confluences by a factor of 5-10.

Post-confluence mid-channel bars

A bar is often present in the middle of the post-confluence channel (Mosley, 1976; Best,
1988), especially in junctions that have a Y-shaped planform. This feature sometimes
forms the confluence—diffluence unit characteristic of braided rivers. Mosley (1975,
1976) records how this mid-channel bar deposition can cause bank erosion in each
channel and lead to channel widening. The formation of this bar is linked by Mosley
(1975) to the convergence of sediment-transport paths downstream of the junction
scour (see Sediment transport below), where sediment may be routed around, rather
than through, the scour (Mosley, 1975; Best, 1985). Additionally, if sediment is scoured
in the upstream region, the declining flow velocities downstream from the region of
maximum flow acceleration, as well as decreasing turbulence intensities as the shear
layer dissipates (see Sukhodolov and Rhoads, 2001; Rhoads and Sukhodolov, 2004),
will inevitably lead to sediment deposition. Ashmore (1993) shows that medial-bar
deposition downstream of a junction in scaled braided river models can often be linked
to the passage of a unit bar or gravel sheet through the junction. Passage of this sediment
pulse through the junction and its emergence downstream as a mid-channel bar are
principal mechanisms of braid initiation (Ashmore, 1993; Ashworth, 1996; Ashworth
et al., 2000) and will thus be controlled by the confluence dynamics and downstream
development of the bifurcation (Parsons et al., 2007).

Bank-attached bars

Experimental studies in rectangular channels have shown that a bar may form in the
region(s) of flow separation/expansion formed at the downstream junction corner(s)
(Mosley, 1976; Best, 1987, 1988), and such accumulations have been found in several
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field studies (e.g. Best, 1988; Biron et al., 1993; Rhoads and Kenworthy, 1995; Rhoads,
1996; Mosher and Martini, 2002). These bars, which have been termed ‘separation zone
bars’ (Best, 1988) and ‘bank-attached bars’ (Bristow et al., 1993) may be characterized
by finer bed sediments than in the adjacent channel (Best, 1988), and can become
emergent at low flow stages (Rhoads, 2006). Best (1988) attributes the origin of these
bars to flow separation at the downstream junction corner. However, it is evident that
these bars may also form in regions of flow deceleration/expansion in this region but
without flow separation, since separation may be impeded by both a rounded junction
corner and the presence of appreciable roughness (large grains in tributaries, vegeta-

A B

Figure 4.4 Morphology of the Kaskaskia River - Copper Slough (KRCS) confluence, Illinois. (A)
Progradation of tributary-mouth bar into KRCS after high momentum-ratio flow in July 1991
(Kaskaskia River to the left, Copper Slough towards the top); (B) bank-attached, junction-corner
bar that is part of the prograding tributary-mouth bar, July 1991; (C) isopach map showing changes
in bed morphology between May 1990, when bed morphology was dominated by M, < 1.0 flows,
and July 1991, when bed morphology was dominated by M, > 1.0 flows. Note deposition in the
center of the confluence and near the downstream junction corner. Erosion of the inner bank of the
downstream channel was caused by flows with M, < 1.0 occurring between May 1990 and July 1991.
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tion), and flow separation can be expected to lessen as the separation zone fills with
sediment. Changes in bed morphology in response to individual hydrological events
at the asymmetrical confluence of the Kaskaskia River Copper Slough (KRCS) suggest
that the bank-attached bar that develops during high-momentum-ratio events may
join with elevated regions of a tributary-mouth bar complex that progrades into the
confluence (Rhoads and Kenworthy, 1995; Rhoads, 2006; Figure 4.4), a feature also
noted in the study of Mosher and Martini (2002). The presence of coarse gravel on
the surface of the junction-corner bar indicates that it is a zone of active downstream
bedload transport during formative events (Rhoads, 2006). The downstream edge of
this junction-corner bar at the KRCS site consists of an elevated ridge of fine sand
that appears to mark the edge of an adjacent region of flow separation. Deflection of
subsequent flows by the junction-corner bar can produce deposition of a fine-grained
bar in the region of separated, recirculating flow in the lee of the main bar (Rhoads
and Kenworthy, 1995). Sediment deposited on the separation-zone bar may come from
both suspension, due to entrainment into the separation zone along the bounding shear
layer, and also bedload, as evidenced by upstream migrating bedforms. Coarse deposits
at the head of bank-attached confluence bars are noted by Petts and Thoms (1987)
and Best (1988). Downstream coarsening of gravel-size material was documented on
a bank-attached bar at a confluence on the North Tyne River, United Kingdom, with
the coarsest material occurring in the middle of the bar (Petts and Thoms, 1987). Ma-
terial also coarsened laterally towards the adjacent scour hole. In contrast, Best (1988)
found that gravel-size material became finer towards the middle of a bar at the conflu-
ence of the River Ure and Widdale Beck, United Kingdom, but coarsened towards the
bar tail. It is evident that the sedimentology of junction-corner bars is complex, and
that flow patterns near the downstream junction corner and the supply of sediment to
this region are critical in determining bar morphology and bed-material characteris-
tics. These factors will be influenced, to a large extent, by upstream morphodynamics,
which can feed coarse sediment into this region, and by the position and nature of the
tributary-mouth bars.

Bed morphology at the upstream junction corner

The region of flow near the upstream junction corner may be characterized by a zone of
relatively slow-moving fluid, with slight water surface super-elevation, that is generated
by the stagnation of flow in this region (Best, 1987; Biron et al, 2002; Rhoads and
Sukhodolov, 2001; Mosher and Martini, 2002). Flow within this stagnation zone can be
recirculating, or exhibit reverse flow from one tributary into the other. Given the low
velocities, bed surface sediment commonly is finer than in the adjacent channels (Best,
1988). Although no distinct bar forms are present in this region, bedforms can reflect
flow patterns indicative of upstream flow.
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Sediment transport

Only a handful of studies have investigated bedload sediment transport within the
confluence hydrodynamic zone, and this aspect of confluence dynamics is fertile ground
for future research. Sediment transport, particularly bedload transport, serves as the
link between confluence flow structure and bed morphology. The turbulent, three-
dimensional flow at confluences produces patterns of bedload transport that are highly
two-dimensional. Under steady flow conditions, such as those produced in laboratory
experiments, flow and form evolve towards equilibrium conditions where a sediment-
flux continuity is maintained throughout the junction, thereby maintaining a constancy
of bed morphology. Conversely, during transient flow conditions, such as those that
occur at natural confluences, the bed will dynamically evolve due to spatio-temporal
variations in transport capacity.

Experimental studies have provided initial insight into patterns of bedload transport
under equilibrium conditions in mobile-bed confluences with scour holes (Mosley,
1976; Best, 1988). Mosley (1976) observes that most sediment within symmetrical
confluences moves along the flanks of the scour hole, rather than directly through it,
and attributes this pattern to the presence of helical flow cells within the scour that
sweep sediment laterally towards its margins. These zones of high sediment transport
converge downstream of the scour to produce maximum transport rates in the centre
of the channel (Mosley, 1976). Moreover, Mosley (1976) demonstrates that as total
sediment load increases under conditions of constant flow and junction angle, the depth
of the scour hole decreases. Mosley (1976) also reports that the scour depth decreases as
the total sediment load passing through the junction becomes higher (Figure 4.1(D)),
indicating an important feedback of transport rate on the depth of scour. The influence
of total sediment load on scour depth was corroborated by the later work of Rezaur et al.
(1999). Ashmore (1993) also highlights the important influence of pulses of bedload
(that may be independent of discharge fluctuations, perhaps introduced by barform
migration) that pass through confluences within braided rivers on the alignment of
scour holes and the evolution of confluence morphology over time. The experimental
work of Best (1988), which provides quantitative assessments of transport rates in
asymmetrical confluences, confirms some aspects of the spatial patterns of sediment
transport observed by Mosley (1976). In particular, the data of Best (1988) show that
sediment loads from each stream are clearly segregated and that this effect becomes
more pronounced as junction angle, mutual deflection of the incoming flows and scour-
hole depth increase. In contrast to observations by Mosley (1976), a transport deficit
occurred in the centre of the channel downstream of the scour hole at a high-angle
(70°) asymmetrical junction. Transport rate increased in the centre of the downstream
channel for a low-angle (15°) junction, but this confluence lacked a scour hole.

Particle-tracing experiments in natural confluences have been conducted to try to
confirm the basic aspects of results derived from laboratory studies. At the confluence
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of the River Ure and Widdale Beck in North Yorkshire, United Kingdom, gravel particles
entering the junction from the mainstream River Ure move along a bar flanking the scour
hole (Best, 1988). These particles remain along one side of the downstream channel and
do not mix with sediment from the tributary Widdale Beck. In contrast, the movement
of gravel particles through the scour hole and the mixing of particle paths within the
confluence were noted in a study of a small junction in the Ruisseau de Sud watershed
in Quebec, Canada (Roy and Bergeron, 1990). At both confluences, however, bedload
particles travel more or less parallel to the channel banks and bed contours within the
junction. An abrupt change in the alignment of migrating ripples was noted between
the crest of a tributary-mouth bar and the bed of the main channel at the confluence of
the Bayonne and Berthier rivers in Quebec, indicating that bed morphology at this dis-
cordant confluence has a substantial influence on patterns of bedload transport (Biron
et al., 1993). These studies suggest that patterns of particle movement at confluences
are complex and require further study to better characterize sediment-transport paths.

Actual measurements of bedload-transport rates in asymmetrical confluences have
been obtained by Rhoads (1996) and Boyer et al. (2006). At the concordant confluence of
the KRCS in Illinois, United States of America, Rhoads (2006) found that, for a momen-
tum ratio of less than 1.0, sandy bedload from the Kaskaskia River is clearly segregated
from the gravel-dominated bedload of the Copper Slough within the scour hole. How-
ever, the highest transportrates also occurred within the scour hole, confirming that sub-
stantial amounts of material move through this feature. Within the downstream channel,
the channel bed along the bank opposite the tributary mouth (outer bank) is swept free
of sediment by inward-directed near-bed flow associated with large-scale helical motion.
Here the bed consists of exposed glacial till. Along the channel bed on the tributary side
of the confluence (inner bank), bedload from the tributary and main stem converge and
mix. Here, size-selective sorting results in sandy bedload being confined to near-bank
locations and gravel-dominated bedload moving along the inner flank of the scour hole.

The discordant confluence of the Bayonne—Berthier lacks a substantial scour hole
but exhibits a dynamic prograding bar that influences patterns of sediment transport
in relation to shear-layer-induced erosion within the confluence (Boyer et al, 2006;
Figure 4.5(A)). The highest bedload transport rates were found to occur near the edges
of the shear layer (Boyer et al., 2006; Figure 4.5(A)), and as the shear layer impinges
on the tributary-mouth bar it was found to cause erosion of the bar, thereby resulting
in high bedload transport rates. Thus, variations in the position of the shear layer
produced by changing M; can influence bedload transport rates through the interaction
of the shear layer with the extant bed morphology, such as the tributary-mouth bar. No
substantial segregation of sediment, such as that seen at the concordant KRCS, occurs at
the discordant Bayonne—Berthier confluence, but instead bedload within the confluence
is well mixed. However, at some flow stages, increased transport rates along the edges of
the shear layer can lead to corridors of higher sediment-transport rates (Figure 4.5(A)

and (B)).
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Figure 4.5 (A) Spatial distributions of bedload transport rates at the Bayonne-Berthier discordant
bed confluence, Quebec, for four different dates (i-iv) with differing values of momentum ratio.
The background contours denote the bed morphology at these times (from Boyer et al., 2006).
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Figure 4.5 (B) A conceptual model of sediment transport and morphological change at the
Bayonne-Berthier bed confluence (from Boyer et al., 2006), at different flow stages and momentum
ratios: (i) M; < 1 and high flow; (ii) M; > 1 and low flow. The background grids show the bathymetry
of the bed. In the confluence, high values of turbulent stresses (Uw’; where U is the mean down-
stream velocity, w is the vertical component of flow and the prime denotes the deviatoric value)
were observed along the edges of the shear layer, with the center of the shear layer being dominated
by normal turbulent stress in w (w’2). Bedload transport measurements were used to define transport
corridors, whilst regions of erosion and deposition were assessed from the measured changes in bed
morphology and bedload transport patterns. A colour reproduction of this figure can be seen in the
colour section towards the centre of the book.
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Thework by Boyer efal. (2006) highlights the connection between sediment transport
and the dynamic change in bed morphology, but few studies, apart from this, have ex-
amined patterns of sediment transport in confluences when the bed is actively evolving.
Such changes will be related to spatial variations in bedload transport capacities along
or across the confluence, and in particular: (i) sediment-flux convergence, or decreasing
transport capacity in the downstream or cross-stream direction, to generate deposition
or (ii) sediment-flux divergence, or increasing transport capacity, to cause erosion. The
dynamic change in bed morphology at the KRCS confluence (Figure 4.4) indicates that
the alternation of high-momentum-ratio and low-momentum-ratio events results in
scour within, and downstream of, the confluence when M, < 1, but deposition within
the confluence and along the downstream junction corner when M, > 1 (Rhoads and
Kenworthy, 1995; Rhoads, 1996; Rhoads, 2006). In other words, sediment-flux conver-
gence characterizes the dynamics of the confluence during the transition from M, < 1
to M, > 1, whereas sediment-flux divergence occurs during the transitions from M, > 1
to M, < 1. The net result of this change is the episodic storage and flushing of sediment
from within the confluence during discrete transport-effective hydrologic events with
different momentum ratios.

Sedimentology

The depositional character of channel confluences has become a subject of great interest
in the past decade, partly due to the fact that the sedimentary fill of confluences may
be expected to be common in many rivers, such as rapidly migrating braided rivers,
and partly due to the fact that confluences may represent some of the points of deepest
incision into the underlying sediments. For instance, Ardies et al. (2002) show that in
the Lower Cretaceous incised valleys of Western Canada, enhanced erosion at tributary
junctions has produced regions, approximately 2—3 km in diameter, where the valley fill
is up to five times thicker and much coarser grained than in the deposits of the adjacent
valleys. This figure matches well with past studies examining the depth of scour within
modern channels (Figure 4,2 and references therein). Ardies et al. (2002) highlight that
these localized scour fills may be excellent targets for hydrocarbon exploration. The
presence/absence of confluence scour and its depth may also be a considerable aid to
deciphering the nature of autocyclic and allocyclic scour and identifying the controls
on fluvial deposition (Salter, 1993; Best and Ashworth, 1997; Fielding, 2007); however,
the scour zones need to migrate spatially through time to produce widespread erosion
surfaces (see Roy and Sinha, 2005, for an account of migration of confluences of the
Ganga—Ramganga—Garra rivers in India).

Based on the current understanding of the morphology of channel confluences, it
can be expected that the sedimentology of these sites will be characterized by: (i) a scour
hole, or erosion surface, that represents the confluence scour and its spatio-temporal



SEDIMENTOLOGY 61

migration, (ii) sets of cross-strata, perhaps at a high angle-of-repose, that represent the
migration of the tributary-mouth bars into the scour and (iii) sediments associated with
other barforms within the junction. These depositional elements are used by Bristow
etal. (1993) to propose a series of schematic facies models for confluence sedimentation
that were based on junction angle and flow stage. The nature of sediment preservation at
channel junctions will be largely a function of the evolution and migration of bars within
the confluence, as is highlighted and discussed by Ashmore (1993) and Siegenthaler and
Huggenberger (1993). Confluence sediments may also possess disparities in grain size,
mineral composition and/or the type and abundance of sedimentary structures (see
Frostick and Reid, 1977) that reflect differences in the sediment characteristics of the
contributing drainage areas. For instance, in a study of sedimentation in an ephemeral
river network, Frostick and Reid (1977) document that the number of planar laminae
which can be found in sediments downstream of each junction increases downbasin
in the main trunk channel. They reason that this phenomenon is due to the main
channel capturing more and more tributary inputs in a downstream direction, with the
asynchronous timing of water and sediment contributions from upstream ephemeral
tributaries producing distinct laminae at each successive confluence. Heavy minerals
may also concentrate along scour surfaces and within the sediments of channel junctions,
and these sites can be areas of significant heavy-mineral accumulations (Mosley and
Schumm, 1977; Best and Brayshaw, 1985; Carling and Breakspear, 2006).

In a historical context, Leeder (1998) presents a fascinating appraisal of the con-
tribution of Charles Lyell to the study of sedimentology and highlights that some of
the first descriptions of cross-stratification were those of Lyell (1830), who examined
deposits at the confluence of the Arve and Rhone rivers in France (Figure 4.6), concern-
ing a stratified sequence he observed in the incised flood deposits of the Arve within
the Rhone. Leeder (1998) contends this is the first illustration and serious explana-
tion of cross-bedding in the geological literature, with the sketch showing ‘tangential
thinning-downward foresets, truncated above by upper-phase plane beds, which are
in turn succeeded by pebbly sand lenses’ (p. 100). Leeder (1998) argues that these de-
scriptions and the location of the outcrop show that Lyell was describing the avalanche-
face cross-strata of a confluence tributary-mouth bar together with the overlying planar
gravel strata. Lyell (1830) states that ‘[t]hese layers must have accumulated one on the
other by lateral apposition, probably when one of the rivers was very gradually in-
creasing or diminishing in velocity, so that the point of greatest retardation caused by
their conflicting currents shifted slowly, allowing the sediment to be thrown down in
successive layers on a sloping bank’ (p. 255).

Siegenthaler and Huggenberger (1993) document pool deposits in the lowest deposi-
tional units of the Pleistocene Rhine gravels, which they argue are formed by sedimen-
tation at channel confluences within a braided river. These pool fills (Figure 4.7(A)) are
characterized by: (i) lateral dimensions of a few meters to more than a hundred meters,
with thicknesses being approximately 0.5-0.6 m, (ii) in sections normal to paleoflow,
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Figure 4.6 A copy of the woodcut version (Lyell, 1830, p. 254, Figure 6) of Lyell’s field sketch of
cross-stratification taken at the confluence of the Rivers Rhéne and Arve, as observed at low river
stage by Charles Lyell in January 1829 (as given in Leeder, 1998; Lyell, 1830).The field of view is
3.66m by 1.52 m, and illustrates cross-stratification from the tributary-mouth bar from the River
Arve (labelled C), produced by the 1828 spring flood, that has been subsequently dissected by the
River Rhone.

the erosional surface can be circular, (iii) the cross-sets that infill the scour are strongly
curved and often tangential to the lower bounding surface and (iv) interfingering sets
that infill the scour may show growth from two opposite directions, with there often
being a textural/compositional variation between these sets. Siegenthaler and Huggen-
berger (1993) argue that this shows the sediments which form these sets were sourced
from different input channels. Siegenthaler and Huggenberger (1993) also detail the
nature of the sets that infill the pools, ranging from gravel dunes that form distinct
gravel couplets formed on angle-of-repose avalanche faces (the faces of the tributary-
mouth bars) through to lower-angle accretion surfaces lateral to the scour. Siegenthaler
and Huggenberger (1993) also discuss how the mode of pool migration will influence
what is preserved (Figure 4.7(B)) together with the orientation of the section within the
deposits.

In describing trough-shaped depositional elements within the Quaternary deposits
of a gravel-bed meandering river in the Neckar Valley, in north-west Germany, Kostic
and Aigner (2007) detail concave-up erosion surfaces that are then filled by cross-sets
that consist mainly of openwork and filled framework gravels (Figure 4.8). These scours
were found to dominate the lowest parts of the channel fills, and are up to 1-m thick with
widths often greater than 5 m and lengths of several tens of meters. The cross-sets that
filled the scours are typically oblique to the lower bounding surface and may become
tangential with the lower erosional surface (Figure 4.8(B)). Kostic and Aigner (2007)
contend that these depositional structures, which represent confluence scour fills, are
preferentially preserved as they constitute the lowest parts of formative braided channels,
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Figure 4.7 (A) Photograph of the preserved ‘pool’ deposits of Siegenthaler and Hugenberger (1993)
that were interpreted as caused by erosion and sedimentation at a channel junction. Note the
concave-upwards, curved erosional base (labelled ‘a”) and infill with cross-stratification that be-
comes tangential to the lower bounding surface (labelled ‘b’). (B) Schematic model of the migration
of a braided river confluence and the nature of junction sedimentation as a function of outcrop
orientation. From Siegenthaler and Huggenberger (1993), Geological Society of London Special Pub-
lication 75: 147-162.
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Figure 4.8 Example of the confluence fills in the Neckar valley gravels as described by of Kostic
and Aigner (2007): (A) trough-shaped fill that is composed mainly of cross-sets of openwork, filled
or massive gravels (see Kostic and Aigner (2007) for facies descriptions and codes); (B) ground-
penetrating radar plot of the Neckar valley gravels illustrating: (i) the scale of the confluence
scours, (ii) their lower, concave-upwards erosional bases and (iii) dipping surfaces (cross-sets from
tributary-mouth bars?) that infill the scours.

supporting the earlier contention of Bristow et al. (1993). The complex heterogeneity of
such fills can be expected to form an extremely complicated hydrogeological suite with
multilateral flowpaths (Kostic and Aigner, 2007; Whittaker and Teutsch, 1999). Heinz
et al. (2003) also found the scours and fills of channel confluences to be dominant in
the Quaternary glaciofluvial gravels of south-west Germany, and that the size, shape,
orientation and migration directions of these scours are significant in controlling the
flow of groundwater.

Similar scours have also been documented by Cowan (1991) in the Jurassic Morrison
Formation of New Mexico as well asby Miall and Jones (2003) in the Triassic Hawkesbury
sandstone of New South Wales, Australia. Miall and Jones (2003) describe their ‘hol-
low” architectural facies elements (Figure 4.9) as being characterized by a scoop-shaped
curved erosional base, lacking a flat floor, and a fill that is often composed of a single set
of low-angle cross-bedding that dips obliquely to the margin of the hollow (Figure 4.9).
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Figure 4.9 Two examples of the ‘hollow’ architectural elements of Miall and Jones (2003) in
the Triassic Hawkesbury Sandstone, New South Wales, Australia. These hollows were interpreted to
represent the fill of channel confluences. Photographs courtesy of Andrew Miall. (A) Confluence scour
and fill that is approximately 30 m wide, with the base of the confluence scour sharply truncating
the cross- stratification in the underlying beds (arrowed); (B) a confluence scour that is 18 m wide,
with faint, low-angle cross-stratification (tributary-mouth bar?; labelled ‘a") dipping to the right.
Again, note the sharply erosional lower contact (arrowed) and the steep right margin of the scour.

The hollows are up to 10 m deep and 60 m wide and in some cases show superimposition,
illustrating the repeated occurrence of scour at the same site. Miall and Jones (2003)
interpret these hollows as due to scour and infill at channel confluences and that they
formed some of the largest scour surfaces within the sedimentary architecture of this
deposit. Wooldridge and Hickin (2005), in a study of sedimentation in a stable ‘wander-
ing’ gravel-bed river, note that confluence scours are not as common as found in earlier
studies of braided rivers and attribute this to the relative stability of the islands, lim-
ited channel migration and hence a reduced probability of confluence migration. Salter
(1993) and Best and Ashworth (1997) highlight the fact that channel confluences are
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sites of some of the deepest scours within braided rivers and that, if they are mobile (see
Siegenthaler and Huggenberger, 1993; Figure 4.7(B), this volume), scours may produce
widespread erosion surfaces. In deciphering the impact of sea-level change (allocyclic
control) versus intrinsic autocyclic channel scour within the ancient sedimentary record,
it thusbecomes important to be able to distinguish the effects of confluence erosion (Best
and Ashworth, 1997; Fielding, 2007). Better recognition of the scale, infill and possible
regional extent of these scour surfaces, and the junction fill, thus becomes important.

In a study of confluence sedimentation in an anastomosing river, Alam et al. (1985)
record bidirectional current indicators on a tributary-mouth bar near the upstream
junction corner of the Castlereagh River—Warrena Creek confluence, New South Wales,
Australia. They record cross-sets of up to 0.40 m thickness and dip angles between 7
and 31° that extend upstream into the tributary Warrena Creek. Alam et al. (1985)
outline three possible hypotheses for such cross-sets within the tributary channel at
river junctions: (a) deposition on the upstream sides of antidunes (although the cross-
stratification at their field site was clearly shown to be due to subcritical dunes and
ripples), (ii) deposition by reverse flow in a separation zone (although the occurrence
of reverse flow indicators across the whole tributary channel mouth, rather than just in
an area near the upstream junction corner, negated this hypothesis) and (iii) deposition
by flow reversal in the tributary channel due to local reversals in water-surface slope
caused by backwater effects. Alam et al. (1985) thus argue that partial diversion of the
mainstream flow was the cause of the bidirectional current indicators they recorded
and that this effect is produced when the main channel flow is dominant. They further
reason that such reversals in flow may be more common in low-gradient rivers where it
may be easier to create favourable backwater conditions for such flows. Such conditions
also may be more likely in catchments where there is a disparity in rainfall timing and
quantity across the different tributary areas (see Frostick and Reid, 1977). Extreme cases
of tributary sedimentation when the main channel is dominant come in the form of
slackwater deposits within the tributary channel (e.g. Baker, 1984; Kochel and Baker,
1988; Leopold et al., 2006): here, sediment is deposited within the stagnant backwater
in the tributary when the main channel dominates the flow at a junction (i.e. very low
Q; values). Studies of such slackwater sites have shown the usefulness of these deposits
for various paleoflood estimates, such as water depth and sediment load (Rudoy and
Baker, 1993; Carling et al., 2002).

Conclusions

The morphology and sediment-transport characteristics of river channel confluences
are highly complex and involve many interactions between flow structure, sediment
transport (as both bed- and suspended load) and the development of bed morphol-
ogy, which will change over differing spatial and temporal scales. Although the bed
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morphology of a range of channel confluences has been found to have a number of
common characteristics, namely a central scour, tributary-mouth bars and bars within
the post-confluence channel, it is apparent that much work remains to be conducted in
relation to a wide range of controlling boundary conditions. For instance, what effect is
exerted on the bed morphology by differing curvature in the upstream confluent chan-
nels, by the presence and extent of bed discordance or by extreme discharge/momentum
ratios?

Several broad areas appear ripe for research. First, most of our knowledge of the
confluence hydrodynamic zone still stems from laboratory modelling and the study of
relatively small field junctions. Although documentation of flow and morphology at
larger junctions is now becoming a reality (see Parsons ef al., this volume, Chapter 5),
it is evident that far more study is required into the nature of a range of differing size
junctions, their controlling processes and the nature of any scale invariance in both
form and process. Second, although progress has been made in quantifying the nature
of sediment transport within channel confluences, much work remains to be done
and we have a comparatively sparse knowledge of how sediments, of differing sizes, are
routed through channel junctions. Field studies and numerical models that incorporate
sediment transport would provide obvious approaches in which to gain key insights
here and address this area, which is perhaps the most acute gap in our understanding
of channel confluences. Thirdly, the role of confluences in relation to downstream
sediment dispersal and bed morphology (for instance at bifurcations) appears an area
for critical analysis and for informing ideas of how inherited flow structure affects large-
scale channel morphology in these sites. Lastly, the depositional character of confluence
sediments is becoming increasingly well known, and progress in our understanding
of sediment routing within channel junctions will better inform depositional models
that can be linked to hydrogeological predictions of the sub-surface behaviour of these
elements of alluvial architecture.
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Introduction

River channel confluences are a fundamental component of fluvial systems and are
ubiquitous within both dendritic drainage networks and most channel planforms. De-
spite the clear importance of fully understanding the processes and dynamics of river
channel confluences, our current understanding is based largely on laboratory exper-
iments (e.g. Mosley, 1976; Best, 1988; Best and Roy, 1991) and on the observations,
measurements and numerical modelling of small-scale natural junctions, which are
often less than tens of metres wide (Rhoads and Kenworthy, 1998; Bradbrook et al.,

River Confluences, Tributaries and the Fluvial Network Edited by Stephen P. Rice, André G. Roy
and Bruce L. Rhoads © 2008 John Wiley & Sons, Ltd



74 CH 5 LARGE RIVER CHANNEL CONFLUENCES

1998; Lane et al., 2000; Rhoads and Sukhodolov, 2004). Although investigations of
channel junctions have become increasingly sophisticated, allowing identification of
some of the key variables that control confluence morphodynamics, this advance has
largely focused on small-scale confluences. Until recently, there have been almost no
detailed studies of flow, sediment transport and bed morphology at larger scales, and
it is reasonable to question whether or not current conceptual models of confluence
dynamics are valid for larger rivers (channels ~>100 m wide). This question is sig-
nificant as the junctions of smaller channels can be expected to differ considerably
from the junctions of channels several orders of magnitude larger. For example, smaller
channels are usually characterized by relatively low channel width—depth ratios, whilst
larger channels are usually wider and shallower. Moreover, the junction of two larger
channels may drain significantly different areas in terms of geology and climate, and
can thus have a greater range of inflow conditions at the confluence as compared to
smaller junctions, which more frequently drain areas with similar catchment charac-
teristics. Understanding the influence of such scale effects on the process dynamics
of large river confluences is vital since they adopt a pivotal role in controlling, and
regulating, the passage of colossal volumes of water and sediment, and determine the
delivery and timing of fluid and sediment discharge to downstream coastal zones and
oceans. Such influences can thus have a wide range of impacts at both the regional and
global scale.

Recent developments in technology, and in particular advances in global positioning
systems and the advent of acoustic Doppler current profiling and multibeam echo
sounding, have begun to facilitate investigations of large river morphodynamics (e.g.
Richardson and Thorne, 2001; McLelland et al., 1999; Ashworth et al., 2000; Parsons
etal.,2004,2005,2007; Szupiany et al.,2005; Lane ef al., in press). These new instruments
enable the rapid and precise mapping of flow fields and bed morphology from such
large channels, and the initial results from these investigations (e.g. McLelland et al.,
1999; Parsons et al., 2007) question whether large-scale secondary flows are present at
large river channel confluences and suggest that boundary-layer effects at higher width—
depth ratios and the impacts of high form roughness might suppress the development
of such flow structures.

This chapter will examine the influence of scale on junction morphodynamics and
highlight the similarities and differences between large and small confluences. The flow
structure present at larger river confluences will be compared with models developed
for smaller junctions, allowing discussion and speculation on the influence of these
processes on the dynamics of fluid mixing at large river channel confluences. This
chapter presents details from relatively new material, as data on large-scale confluences
are only now becoming available, and highlights some of the challenges that such new
information is raising.
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Bed morphology

A detailed review of bed morphology at smaller channel confluences is presented by
Best and Rhoads (this volume, Chapter 4) and only a brief summary of this previous
work is presented herein to provide the context for the present chapter. Confluences
are often dominated by junction scour (Ashmore and Parker, 1983; Best, 1986, 1988;
Bristow et al., 1993; Rhoads and Kenworthy, 1998; Bradbrook ef al., 2000; Rhoads and
Sukhodolov, 2001; Best and Rhoads, this volume, Chapter 4), with scour depth often
being between three and five times the depth of the confluent channels. A range of
small-scale laboratory experiments have shown scour depth to increase at both higher
junction angles and discharge ratios (the ratio of discharges from the two tributary
channels) between the confluent channels (Mosley, 1976; Ashmore and Parker, 1983;
Best, 1988). Bedload transport rates through the confluence are also found to have an
influence on scour depth, with less scour being observed as sediment flux increases
through the junction. Despite some variability in these relationships, significant trends
between junction angle, momentum ratio (the ratio of flow momentum between the
two tributary channels) and scour depth have also been reported from a range of
small-scale field investigations (e.g. Ashmore and Parker, 1983; see Sambrook Smith
et al., 2005; Best and Rhoads, this volume, Chapter 4). The presence of avalanche faces
associated with tributary-mouth bars that dip into the scour has also been identified
as a common morphological feature in numerous confluence studies (e.g. Best, 1986;
Best and Roy, 1991; Bristow et al., 1993; Gaudet and Roy, 1995; McLelland et al., 1996;
De Serres et al., 1999; Biron et al., 2004). Such features can be produced by relatively
deep central scour (McLelland et al., 1996) or by bed discordance (Kennedy, 1984; Biron
et al., 1993), where one tributary channel enters the confluence at a higher elevation
to the other, thus forming a negative step. The presence of such morphological steps
within channel confluences has also been found to significantly alter the flow structure
and hence overall confluence dynamics (Best and Roy, 1991; Gaudet and Roy, 1995;
Biron et al., 1996; DeSerres et al., 1999; Bradbrook et al., 2001), with less deep scours
often found at these sites with a bed discordance.

Downstream of the junction, as the flow recovers and shallows out of the scour hole,
barforms often develop. The scale and location of these bars vary as a function of both
planform geometry and discharge (momentum) ratio (Best, 1986; Bristow et al., 1993).
At symmetrical, roughly equal discharge channels, mid-channel bars often form in the
centre of the post-confluence channel (Ashworth, 1996). However, below the down-
stream junction corner of asymmetrical junctions, bars often develop that are primarily
produced by flow deceleration and flow separation as the tributary channel turns into
the downstream channel alignment (Best and Reid, 1984; Rhoads and Kenworthy, 1995;
Best and Rhoads, this volume, Chapter 4).



76 CH 5 LARGE RIVER CHANNEL CONFLUENCES

The influence of channel scale on these general features of confluence bed morphol-
ogy and their controlling variables is not fully understood. Best and Ashworth (1997)
present morphological data from one of the largest river confluences in the world, that
of the Jamuna and Ganges rivers in Bangladesh (Figure 5.1), which indicate several
features of bed morphology that are similar to smaller junctions: a central scour, the
edges of mouth bars that dip into the scour and an accumulation of sediment below
the downstream junction corner. Best and Ashworth (1997) present data from five
bathymetric surveys taken at different times that show scour depth approaches 30 m
at the junction, which equates to five times the mean depth of the confluent channels.
A plot of scour-depth data from several junctions within the braided Jamuna River
(Figure 5.2) also displays a similar range of relative scour depths (often around three
times channel depth). A comparison of these dimensionless scour depths with data from
smaller confluence sites (< 100 m width) and previous laboratory investigations (see
Sambrook Smith et al., 2005, Best and Rhoads, this volume, Chapter 4) suggests some
scale invariance in junction morphology, with scour depths typically ranging from two
to four times the incoming tributary channel depths. However, despite the large scour
depths, steep (angle-of-repose) avalanche faces were not found in the surveys reported
by Best and Ashworth (1997), and the slopes of the bed dipping into the scour hole at
the junction of the Jamuna—Ganges were typically less than 5° (Figures 5.1 and 5.3).
Indeed, the depositional slopes of these tributary-mouth bars at the Jamuna—Ganges
confluence are often 2-3°, with smaller dunes migrating down their faces (Figure 5.3),
demonstrating the lack of large-scale sediment avalanching on these bar fronts. This
is in marked contrast to data reported for smaller confluences, where avalanche faces
typically approach the angle-of-repose (e.g. Best, 1988; McLelland et al., 1996). Hence,
although the relative scour depths at these larger confluences may be similar to smaller
junctions, the morphology of the avalanche faces is not. This is significant as it points to
the role of the junction flow dynamics, and specifically flow acceleration and shear-layer
dynamics, in generating the scour, rather than flow over a steep morphological step or
tributary-mouth bar front.

Other research (Parsons et al., 2007; Szupiany et al., 2007, submitted) has also iden-
tified similar scours at braid bar confluences on the Rio Parand, Argentina. The relative
scour depths recorded at these relatively low-angle junctions (Figure 5.4) again fall
within the range identified from laboratory investigations and smaller-scale conflu-
ences. In these junctions on the Rio Parana (Figure 5.4; Szupiany et al., 2007), the scour
depth is approximately two to three times the pre-confluence average channel depth,
with scour depth reaching over 22 m at confluence B (Figure 5.4) and extending ap-
proximately 1000 m in length. At confluence A (Figure 5.4), although the central scour
is not as well defined, there is a noteworthy discordance in the bed height between
the confluent channels, with the true left channel being shallower (~ 7 m) than the
true right channel (~ 12 m). However, once again and similar to the Jamuna—Ganges
junction, the slopes dipping into the scours are very low-angle, being less than 6°.
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Figure 5.1 Bed morphology at the confluence of the Jamuna and Ganges rivers, Bangladesh. Plots
show morphology of confluence at various times (a-e) and a difference map of bed elevation (f).
Reproduced from Nature, 387: 275-277 (1997). A colour reproduction of this figure can be seen in
the colour section towards the centre of the book.
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Figure 5.2 Plots of dimensionless confluence scour depth from the braided Jamuna River,
Bangladesh. From Sarker (1996) and Best et al. (2007).

These results thus suggest that steep avalanche faces may be rare features in these larger
river channels, even though appreciable scour depths are not.

The plots of bed morphology presented in Figures 5.1 and 5.4 show that accumu-
lations of sediment exist as bars in the post-confluence channel at all these sites. The
formation of such bars in the downstream channel, and in particular at the downstream
junction corner, mirror similar morphologies found in smaller junctions (see Best and
Rhoads, this volume, Chapter 4) and point to possible similarities in sediment routing
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Figure 5.3 Bed morphology at three cross-sections across the scour at the Jamuna-Ganges con-
fluence (see Figure 5.1), illustrating the low angle of the slopes that dip into the scour and the
superimposition of dunes upon those slopes.

at such sites. Finally, the presence of dune and bar forms in large sand-bed rivers may
have a significant impact on flow and morphodynamics. For example, Figure 5.3 indi-
cates the prevalence of dune forms migrating down the tributary-mouth bar face into
the confluence scour, and these may have some role in modifying the flow structure,
as speculated by Parsons ef al. (2007), who highlight the role of form roughness in
suppressing channel-scale secondary flows.
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Figure 5.4 Bed morphology of two braid bar confluences in the Rio Parana, Argentina (depths
refer to the 0-m level in the Rosario Port gage in Argentina). Survey dates: 13/06/06 (A) and
07/06/06 (B). Reproduced from proceedings of the 5th International Conference on River, Coastal
and Estuarine Morphodynamics, Twente, The Netherlands (2007).

Flow structure at large river channel confluences

Research during the last quarter of the twentieth and the beginning of the twenty-
first century has contributed greatly to our identification and understanding of the
characteristic flow structures commonly found in confluences. Much of this work is
summarized by Biron and Lane (this volume, Chapter 3). Key flow features reported
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from past work include: (1) a region of stagnated, super-elevated flow at the upstream
junction corner, (2) a shear or mixing layer between the two flows, (3) a zone of flow
acceleration as the flows combine within the junction, (4) a region of separated flow
below the downstream junction corner, (5) the possible presence of twin back-to-back
helical flow cells that converge at the water surface over the region of maximum scour
depth and diverge at the bed back towards the channel banks and (6) a region of flow
recovery downstream from the confluence where the flows mix. The distance over which
this mixing takes place in large rivers may appear, at first, to be very long. For instance,
the distance required for complete mixing may be greater than 400 km at the junction
of the Rio Paraguay and Rio Parana, and upwards of 200 km in many other larger river
channels (see Table 1 from Lane et al., in press). Lane et al. (in press) show from semi-
theoretical analysis that such long distances should be expected in the absence of the
significant near-field mixing often observed in smaller junctions, and can be extremely
rapid in cases with bed discordance (e.g. Gaudet and Roy, 1995). Below, we examine
which aspects of this broad fluid dynamic pattern have been detected at the confluences
of large channels and discuss the apparent differences in process dynamics between
small- and large-river confluences.

Flow acceleration

Fluid acceleration, as tributary flows combine at a confluence and pass into the down-
stream channel, is perhaps the most common feature of junction-flow dynamics (e.g.
Roy et al., 1988). Acceleration is produced by the reduction in cross-sectional area that
often occurs (despite the presence of scour) and is linked to both non-linear changes
in downstream hydraulic geometry, where width tends to increase more quickly than
depth, and the local influence of the confluence bed morphology, particularly the de-
velopment of junction bars. Research has identified flow acceleration in the very largest
confluences in the world. Both Parsons et al. (2007) and Szupiany et al. (2007) identify
the acceleration of flow at braid bar confluences on the Rio Parana. Figure 5.5 shows the
post-confluence fluid acceleration from the data of Szupiany et al. (2007) from the Rio
Parand, where accelerations of over 30 per cent are present in the downstream channel.
Flow acceleration is thought to be one of the key drivers in the formation of scour at
junctions and is likely to be of particular importance in large confluences given that
the tributary-mouth bar faces appear to be significantly lower-angle or absent, suggest-
ing that flow separation over these barforms may not be influential or even present.
Although data are still limited, such flow acceleration appears to be a ubiquitous feature
of confluence dynamics. However, Szupiany et al. (2007) do identify a possible signif-
icant difference with channel scale and suggest that, as the width—depth ratio of the
confluent channels increases, then the distribution of the velocity across the tributary
inflow may have a greater potential for variability as compared with smaller channels,
particularly in the presence of larger bar forms. Such cross-sectional spatial variability
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Figure 5.5 Primary and secondary flow velocity fields at sections through a braid bar confluence on
the Rio Parana (Confluence B in Figure 5.4). Reproduced from proceedings of the 5th International
Conference on River, Coastal and Estuarine Morphodynamics, Twente, The Netherlands (2007). A
colour reproduction of this figure can be seen in the colour section towards the centre of the book.

can be expected to alter the local momentum ratios as the channels combine, and thus
influence flow acceleration and resultant scour within the junction. For example, at
the Confluence B site of Szupiany et al. (2007), two areas of distinct flow acceleration
and scour are present in the confluence (Figure 5.5). It can thus be speculated that such
cross-sectional variability could have a significant and increasing control on the dynam-
ics of larger confluences, particularly at lower flow stages where stronger topographic
forcing may result in more variable flow fields through the section. This effect would
significantly alter the dynamics of the combining flows, resulting in the generation of
more complex patterns of flow at the confluence.
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Secondary flow

Flow through channel confluences is characterized not only by a general flow accel-
eration but also, in many cases, by two streamwise, counter-rotating helical flow cells
(Mosley, 1976; Ashmore et al., 1992; Rhoads and Kenworthy, 1995) that are convergent
at the surface, downwell over the centre of the channel (scour region), diverge at the bed
and upwell at the channel boundaries. Such secondary flow cells have been identified
in a number of field cases, particularly where the tributary channels are concordant at
their confluence (e.g. Ashmore et al., 1992; Rhoads and Kenworthy, 1995, 1998; Rhoads
and Sukhodolov, 2001), and have often been found to occupy the entire width of the
channel. Such channel-scale flow features have also been identified in confluences with
significant bed discordance, where the shear generated at the mixing interface occupies
alarge portion of the central channel and generates upwelling within the deeper channel
near the downstream junction corner (e.g. De Serres ef al., 1999).

Although previous investigations of secondary flows in large rivers indicated that they
can occupy large portions of the channel width (Richardson et al., 1996), later research
(Parsons etal., 2007; Szupiany et al.,2007), has questioned the validity of a scale invariant
model for secondary flows at confluences. Indeed, Parsons et al. (2007) report results
from a confluence—diffluence unit on the Rio Parand and found no evidence of the
classic back-to-back helical circulation. Similarly, Parsons et al. (2007) also found no
clear impact of the slight bed discordance (~ 4 m depth differential) at their field site
upon the generation of secondary flows within the confluence. Szupiany et al. (2007),
reporting on two braid bar confluences further downstream on the Rio Parana, did
identify counter-rotating, surface-convergent, helical flow cells in their measurements
(Figure 5.5). However, the spatial extent of these secondary cells was limited to only small
proportions of the total channel width (<25 per cent), compared with cells that often
occupy over 80 per cent of the width in smaller confluences (e.g. Rhoads and Kenworthy;,
1998). This again highlights the potential importance of the spatial non-uniformity of
flow within a cross-section as the scale of the channels increases, and suggests that both
flow acceleration and the presence of helical secondary flow cells at large junctions
might be different from that which has been observed at small confluences.

The absence, or limited spatial extent, of helical circulation cells at large confluences
is interesting. In the cases described above, the confluent channels are curved with flow
convergence through the confluence zone, and it may be expected that the flow direc-
tion at the surface would differ from that at the bed. However, the fact that there is
a near-uniform flow direction throughout the flow depth (Parsons et al., 2007, their
Figure 4) suggests that the steering of flow at the bed is readily transmitted through-
out the entire flow depth, preventing channel-scale differences between near-bed and
near-surface flow directions as found at smaller river confluences. Parsons et al. (2007)
suggest that in the wide, relatively shallow, flows typical of larger river channels (Nezu
and Nakagawa, 1993; Yalin, 1992) form roughness may assist this process, whereby
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near-bed local steering of flow over bedforms is transmitted throughout the flow depth,
thereby negating or lessening the production of channel-scale secondary flows. Szupi-
any et al. (2007) present data showing that cross-sectional variations in the incoming
flows might also play an increased local role in the dynamics of confluences as chan-
nel scale increases, resulting in a localization of coherent secondary flows into smaller
portions of the channel width. Such localization may also be reflected in local levels
of water surface superelevation and pressure gradients across a section at large conflu-
ences, as it is unlikely that superelevation produced by curvature will scale with river
width and be consistent across wider channels, but these variations might exist at the
sub-section scale.

The influence of bed height discordance on the generation of any helical flow cells
may also tend to diminish with increasing channel scale. As highlighted above, avalanche
faces and morphological steps due to bed discordance are typically very low-angle in
larger channels, preventing the formation of permanent flow separation that is often
found over this morphological step at smaller confluences. Therefore, secondary flows
generated through this mechanism (e.g. Best, 1987, 1988; McLelland et al., 1996), and
the three-dimensional distortion of the shear layer interface often caused by discor-
dance (Best and Roy, 1991), may be significantly less likely to occur in larger channel
confluences.

Shear-layer dynamics

The development of shear at the interface of the combining flows can generate sub-
stantial levels of turbulence and may be a significant influence on confluence scour
(Best, 1987) and mixing rates. Biron ef al. (1993), Sukhodolov and Rhoads (2001)
and Rhoads and Sukhodolov (2004) identify a number of scales of variability in
velocity signals from within confluence shear zones: (i) longer-term fluctuations,
possibly related to backwater effects, flow within the stagnation zone at the upper
junction corner and larger-scale shifts in the shear-layer position, (ii) large-scale Kelvin—
Helmholtz vortices generated by a velocity differential across the shear layer, and (iii)
shorter period events nested within the larger structures. Bed discordance also appears
to influence the form and nature of the shear layer between the two flows. For example,
in the concordant bed junction examined by Rhoads and Sukhodolov (2004), the larger
coherent flow structures they identify are quasi two-dimensional with little vertical
motion. In contrast, Biron et al. (1993) and De Serres et al. (1999) identify significant
vertical upwelling and three-dimensional turbulence generation in a junction with ap-
preciable bed discordance, where flow over the discordant step interacted with the shear
layer to produce large zones of upwelling near the downstream junction corner.

There is currently a paucity of data concerning the dynamics of shear layers at large
confluences. Lane et al. (in press) identify, using at-a-point three-dimensional velocity
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surveys, turbulent shear associated with a near-vertical shear layer at the confluence
of the Rio Parana and Rio Paraguay, Argentina. However, they note that this zone
of turbulent shear was restricted to very close to the junction (<0.3 post-confluence
widths downstream). Lane et al. (in press) discuss how turbulence along the shear layer
at the Parand—Paraguay junction was manifested in the formation of three-dimensional
instabilities that are associated with the intermittent upwelling of turbid Paraguay water
into the clearer Parana water. However, these features were not to be sustained for a great
distance downstream and the flow became largely two-dimensional in less than ~ 0.3
multiples of the post-confluence width downstream (Lane et al., in press, their Figure
3). This resulted in a very rapid reduction in the lateral mixing between the two flows
in only a short distance downstream from the confluence, with a significant reduction
in shear and shear-layer expansion.

Given that large-scale bed discordance and significant morphological steps seem to
be lower in magnitude at higher width—depth ratios (>100), the possible distortion of
the mixing-layer interface often found in small junctions may be less likely to form.
The corollary of this speculation is twofold: first, the junction scour is likely to be
concentrated along the vertical axis of the shear layer and, secondly, mixing rates at
larger junctions are likely be less rapid, as discussed in the following section.

Flow mixing at large river confluences

Research on small channel junctions in the field and in the laboratory has shown that
the three primary flow mechanisms that contribute to mixing at river confluences are:
(i) shear between the confluent flows, (ii) helical motions associated with streamline
curvature and (iii) the influence of bed discordance between the two confluent channels,
which can drive the upwelling of fluid from one channel into the waters of the other
confluent channel. Shear-generated vortices may lead to substantial lateral transfers of
fluid between the two combining flows, although field observations in small channels
suggest that this only results in mixing as long as the shear between the two flows
is maintained (e.g. Sukhodolov and Rhoads, 2001; Rhoads and Sukhodolov, 2001).
Channel-scale secondary circulation results in substantial flow mixing if the circulation
is strong and may transform into a single, channel-scale, helical cell (e.g. Bradbrook et al.,
2000; Rhoads and Sukhodolov, 2001). Finally, the upwelling of water at discordant-bed
junctions has been shown to reduce the downstream distance required for complete
mixing, from approximately 100 multiples of the channel width (W) to as little as 10 to
25 Win small rivers (Gaudet and Roy, 1995).

Field measurements and remotely-sensed data show that the complete mixing of
flows where two large rivers join commonly requires a significant river length (Mackay,
1970; Krouse and Mackay, 1971; Stallard, 1987), which can often extend to tens or
even hundreds of kilometres. Fischer et al. (1979), applying a semi-theoretical analysis,
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suggest that mixing distances should increase significantly in very large rivers because
the rate of transverse diffusion is a function of the square of channel width. Moreover,
as discussed above, channel-scale secondary flows are often absent (Parsons et al., 2007)
or restricted (Szupiany et al., 2007) in larger channels, thus preventing the channel-
scale overturning and mixing of flows. Furthermore, significant morphological steps
or avalanche faces at larger confluences are also absent, and thus mixing driven by
channel-scale shear-layer distortion may also be absent or weak. The absence of these
factors should mean that mixing lengths downstream of confluences should retain a
strong dependence on the square of channel width, and so be expected to be very long
in large rivers.

Lane et al. (in press) present information on mixing processes from the Rio Parana—
Paraguay confluence (Figure 5.6). Semi-theoretical analysis suggested that the mixing
length should be greater than 400 km, and they documented one time period when this
was the case. However, Lane et al. (in press) also obtained measurements on an occasion
when the mixing length was only 8 km. For the slower mixing case, as mentioned above,
three-dimensional flow structures were identified along the mixing interface, resulting
in local mixing close to the upstream junction corner, well within one channel width
downstream. However, after this distance, shear was minimal and the flows mixed very

Figure 5.6 Oblique aerial photograph of the junction of the Rio Parana and Rio Paraguay. Note the
contrast produced by the higher suspended sediment concentrations of the Rio Paraguay and the
vorticity present along the mixing interface. A colour reproduction of this figure can be seen in the
colour section towards the centre of the book.
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slowly. Lane et al. (in press) found no channel-scale secondary flow in the slow mixing
case and suggest that this, combined with reverse topographic forcing on the mainstream
Rio Parana side of the river, effectively prevented substantial mixing at the confluence
zone.

For the case of rapid mixing, Lane ef al. (in press) identified significant channel-
scale flow circulation, which was associated with penetration of the more turbid Rio
Paraguay water further across the channel width at depth, leading to much more rapid
mixing. Research conducted in 1998, performed at the junction of the Negro and
Solimades rivers in Brazil, also identified rapid mixing, complete within 25 km of the
junction (Maurice-Bourgoin et al., 2003), and thus in around six channel widths. The
results presented by Lane et al. (in press) caution against the possibility of turbulence-
driven mixing playing a significant role in very wide channels and instead highlight the
importance of the interaction between the momentum ratio of the confluent channels
and the channel-bed morphology in producing channel-scale circulation. Lane et al. (in
press) suggest that mixing between two large rivers may be critically dependent upon
the time-varying, basin-scale, hydrological response, and highlight that a differential
hydrological response from each tributary is more likely as the scale of the confluent
channels increases due to the different climatic zones each river may capture. Finally,
because large rivers have a greater probability of draining different geological terrains,
the potential for significant differences in suspended sediment concentrations between
confluent channels increases. The influence that such density differences could have
on confluence flow and mixing dynamics is currently unknown, although their role in
enhancing shear-layer distortion may act to increase mixing rates at such sites. Further
research s clearly required in this area of confluence-mixing dynamics in order to explore
the variability of these mechanisms and identify the dominant controls at different
spatio-temporal scales.

Conclusions

Although river channel confluences are key nodes within fluvial systems, our knowledge
and understanding is skewed significantly to investigations based upon small river
channels and laboratory models. These small channels usually have small width—depth
ratios. This is significant as a large number of variables do not scale linearly and in
proportion to the observed processes occurring at these sites, and we therefore currently
have a limited ability to assess the extent to which small-scale studies can be extrapolated
to larger junctions.

This chapter has briefly reviewed the current state of knowledge with respect to the
influence of scale on confluence morphodynamics and has highlighted some significant
similarities and differences between small and large confluences (> 100 m wide). Sig-
nificantly, large channel confluences appear to have a similar overall bed morphology
to junctions several orders of magnitude smaller, with the presence of prominent scour
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holes being the most distinctive feature. However, the morphological step and tributary-
mouth bar face, which creates any bed discordance, have generally a low angle in large
junctions and thus may have a far more limited impact on flow than within smaller junc-
tions. Moreover, recent research has highlighted that channel-scale secondary flows can
be absent or restricted to small spatial areas of channel cross-sections at large river junc-
tions. The absence of such helical flows may be attributable to: (1) the fact that the rate of
increase in channel width is greater than depth as river scale is increased, leading to rela-
tively low depths for the channel widths being considered, (2) the role of form roughness,
which effectively suppresses the development of such channel-scale flow structures, (3)
thelesser importance of secondary flows driven by gradients in water-surface elevation at
larger junctionsand (4) the increased likelihood of spatial differences in bed morphology
(bars and dunes), and thus the topographic forcing of flow fields, within large junctions.
These significant differences have major impacts on confluence morphodynamics.
Despite the progress highlighted above, there remains a significant paucity of data on
large river confluences. However, we are now far better equipped to measure and monitor
large rivers than ever before. Future work clearly calls for quantification of bed mor-
phology, flow and sediment transport at a wider range of confluence morphologies, and
for this to be allied with developments in numerical modelling. Such an approach will
yield a methodology for addressing a range of controls on confluence morphodynamics
and how these vary with channel scale and at what scales such changes are manifest.
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Introduction

Left to nature, confluence morphologies adjust in response to variations of water
flow and sediment transport. Further, for fluvial networks subject to frigid winters,
confluence morphologies must also adjust to ice formation and passage. The com-
bined impact of the adjustments can be substantial and dynamic, and thus may create
difficulties for land use and infrastructure operation in the vicinity of confluences.
Numerous case-study examples document such difficulties. Figure 6.1, for example,
illustrates the substantial difficulties faced in maintaining flow conditions at the conflu-
ence of the Missouri and the Mississippi Rivers, especially during winter when ice adds
complications.

Confluence management, the primary subject of this chapter, entails controlling con-
fluence morphologies so as to mitigate or minimize the difficulties that they may pose for
land use and infrastructure operation. The chapter discusses confluence management
in terms of two issues:

1. sediment transport and channel stability

2. ice passage and channel stability.

The issues sometimes conflate. For fluvial networks in cold regions, sediment and ice
jointly affect confluence morphology. Spatial distributions of sediment deposition and

River Confluences, Tributaries and the Fluvial Network Edited by Stephen P. Rice, André G. Roy
and Bruce L. Rhoads © 2008 John Wiley & Sons, Ltd
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Figure 6.1 Confluence adjustments in response to inflow variations of water, sediment and ice
may hamper infrastructure activities, including navigation, as depicted here for the confluence of
the Missouri and the Mississippi Rivers, January 1978.

scour within a confluence may limit its capacity to pass drifting ice. In turn, spatial
distributions of ice growth and accumulation may alter channel alignment and ham-
per the confluence’s capacity to pass water and sediment. This chapter briefly recaps
elements of the chapter by Best and Rhoads (this volume) regarding confluence mor-
phology, outlines the ways whereby ice may affect confluence morphology and discusses
approaches to managing confluences that seek to mitigate concerns regarding sediment
transport and ice passage.
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Unruly confluences

Channel confluences may not readily lend themselves to the fixed alignments required
for land use and infrastructure purposes. Consequently, confluences can seem un-
ruly places, their morphologies complex, even untidy, frequently unstable and shifting.
Moreover, confluences commonly are sites where drifting material, such as ice or woody
debris, may choke a fluvial network.

Morphological instabilities

Effective confluence management entails understanding the main aspects of confluent
morphologies as well as the possible destabilizing impacts of variations in flow and
sediment transport, and of ice formation and ice passage. As described in the preced-
ing chapters of this book, confluence morphologies vary in accordance with relative
magnitudes of confluent water and sediment flows, channel slopes and sediment char-
acteristics. All manner of alluvial channel instability may occur at confluences. As with
practically any alluvial channel, variations in water and sediment inflows may cause
changes in channel grade, movement of the thalweg, bank erosion and formation or
adjustment of various depositional forms.

Quite radical shifts of confluent channels can occur when a flow thalweg swings
around the alternate sides of the various bar forms occurring in confluences, or when
bank erosion triggers a lateral shift of a channel. Sometimes, the bars include remnants
of adjoining land cut-off by a shift in a channel. Depositional bars typically form where
flow capacity to move bed sediment locally diminishes. In particular, point bars may
form within flow-separation zones that develop when confluent flows merge within
the curved planform of a confluence. Deltaic bars may exist at the mouth of a channel
confluent with a larger and more sluggish channel. As outlined in the ensuing section,
ice formation can amplify the effective size of bars and, thereby, further induce changes
in thalweg alignment.

Ice effects on morphological stability

The annual cycle of ice formation and break-up is a prominent phenomenon of fluvial
networks exposed to frigid winters. The extent to which ice affects channel morphol-
ogy depends on a combination of factors, in addition to water flow rate. Particularly
important are factors determining the amount of ice formed and the ways in which
ice forms and then eventually breaks up. These factors assume great significance at
confluences, where water, sediment and ice merge, and where channel morphology
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becomes complicated. Prowse (2001), Ettema and Zabilansky (2004) and USACE
(2006) summarize the extant knowledge regarding ice effects on channel stability.
Ashton (1986) and Beltaos (1995), among others, are useful books on general aspects of
river ice.

The total amount of ice formed along a channel usually is governed by the cumulative
period of temperature degrees below the freezing temperature of water. Under condi-
tions of unregulated flow, the annual cycle of ice formation is accompanied by a decline
in water runoff and channel flow. Rates of sediment supply and channel transport di-
minish commensurately. Runoff and channel flow subsequently increase during spring
thaws, and it is then that ice-cover effects on channel behaviour can become especially
significant.

Ice may dampen or amplify erosion processes along channels. Additionally, its effects
act over varying scales of time and channel length. Dampening effects include reduced
rates of water runoff from the channel’s watershed (snowfall instead of rain, freezing
of overland flow), cementing of bank material by frozen water and armouring of bars
and shorelines by ice-cover set-down when flow rates reduce as winter progresses. Ice,
though, may amplify erosion and sediment-transport rates locally by concentrating flow
within channels or under ice jams. Freeze-thaw weakening of banks greatly increases
the amount of bank sediment entering a channel. During spring thaws and ice-cover
break-up, the effects of ice coupled with high flows can be especially dramatic. The
surge of water and ice consequent to the dynamic break-up of an ice cover or collapse
of an ice jam can severely erode a channel’s bed and banks.

Over a timescale of several months and length scale of miles of channel, ice alters the
relationships between flow rate, flow depth and sediment-transport rates. As it forms,
an ice cover usually increases and redistributes a channel’s resistance to flow and reduces
the capacity of flow to move water and sediment. In a sense, because the channel’s bed
roughness does not actually increase, ice-cover effect on channel morphology may be
likened to the effect produced by a reduction in energy gradient associated with flow
along the channel. More precisely, it may be likened to a change in thalweg sinuosity
(Ettema and Zabilansky, 2004); the additional flow energy consumed overcoming the
resistance created by the cover offsets a portion of the flow’s energy that the channel
dissipates by thalweg lengthening or bifurcation.

Locally, an ice cover may redistribute flow laterally across a channel reach, altering
coherent flow structures, such as eddies, and accentuating erosion in one place and
deposition in another. Such local changes of the bed may develop during the entire
cycle of ice formation, presence and release. They may develop briefly, lasting slightly
longer than the ice cover to then disappear shortly after the cover breaks up. Or, they may
persist for some time, for example when they precipitate bank erosion. For confluences,
whose morphologies already reflect quite delicate balances imposed by merging sets
of water and sediment inflow, ice increases the complexity and seeming unruliness of
confluence morphologies.
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Ice jams in confluences

The threat of ice jamming is a major concern for confluences in cold regions. Because
confluences concentrate ice and water from upstream reaches, and confluence mor-
phology can be complicated, confluences are prone to ice-jam formation. Ice quantities
entering a confluence may exceed the capacity of the confluence to pass ice. In turn, by
virtue of their influence on flow distribution and scour, jams may affect confluence sta-
bility. Therefore, it is no surprise that ice-jam literature often mentions confluences (e.g.
Michel, 1972; Wuebben and Gagnon, 1995; Andres, 1996; Tuthill and Mamone, 1997;
Ettema et al., 1999; Ettema and Muste, 2001). Accordingly, confluence management
often must include efforts to mitigate the formation and consequences of ice jams.

Ice moves through, and possibly jams, fluvial networks on two annual occasions. One
is during winter when ice initially forms during frigid weather. Jams of newly formed ice
are called ‘freeze-up jams), and typically comprise accumulations of relatively small ice
pieces. The other occasion is when an ice cover breaks up during warming weather, such
as in spring. These jams are called ‘break-up jams’, and usually are formed of relatively
large ice pieces.

The extents to which ice jams develop in confluences depend on the structure and
orientation (north—south) of the fluvial network, the way ice forms and moves through
the network, the location of the confluence in the network, the local morphologic fea-
tures of the confluence itself and the characteristics of ice and water flow at a confluence.
A general consideration associated with ice jams is the deceleration of the inflow that
occurs once ice movement slows. Slowing and accumulating ice increases flow depth,
and thereby decreases average velocity. Flow drag exerted against the accumulating ice
decreases and ice motion may come to a halt. Increased flow depth, though, increases the
hydrodynamic force of water exerted against the jam. Then, as ice warms and weakens,
the jam eventually may collapse, releasing a surge of water and ice. Jam formation is an
inherently unsteady process.

Field observations (e.g. Andres, 1996; Tuthill and Mamone, 1997) and laboratory ex-
periments (Ettema et al., 1999; Ettema and Muste, 2001) indicate that ice jams can result
from the following sets of processes for confluences of rectangular channels (Figure 6.2):

1. Anice run in one channel is blocked by stationary or slow-moving ice in the outflow
channel (Figure 6.2(a)).

2. A run of relatively large ice pieces (compared with channel width) lodge as an arch
across the confluence (Figure 6.2(b)).

3. Merging ice runs congest the confluence (Figure 6.2(c)).

4. Cross-flow impact of flow from the other channel congests and blocks ice discharging
from the other channel (Figure 6.2(d)).
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Figure 6.2 Ice-jam processes in confluences: (a) drifting ice arrested by a stationary ice cover in
the major channel; (b) lodgment arching of large ice pieces; (c) congestion of merging ice runs; (d)
high cross velocities pressing ice against channel bank. Note: Q and G are water and ice discharges
respectively.
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Non-uniform flow depths and the morphological convolutions of alluvial bars within
alluvial confluences slow ice passage and contribute to jamming. As Figure 6.3 illustrates,
additional jamming mechanisms arise:

1. Congestion of a single ice at a confluence point bar (Figure 6.3(a)). During low
flows, the bar increasingly constricts the surface of the outflow channel. Flow around
the bar produces centrifugal forces compressing drifting ice towards one side of the
outflow channel. Ice congestion adjacent to the confluence bar may occur whether
ice enters the confluence from one inflow channel or from both. Ice passage is made
more difficult by ice growth or accumulation at the point bar (Figure 6.3(b)).

2. Two ice runs congest the narrowed pace adjacent to a point bar (Figure 6.3(c)).

3. Ice accumulation and bridging at deltaic bars or dunes (Figure 6.3(d)). During
relatively shallow flow conditions in both confluent channels, ice from the smaller
channel may ground on exposed alluvial bars and dunes. Grounded ice may cause
other ice to arch between the bars or dunes and thereby initiate a jam.

Jamming implies congestion of ice and water flow. Two ice runs merging in the con-
fluence may cause the ice run in one channel to congest and jam at a location near the
channel’s exit (Figure 6.2(c)), or congestion may form at the narrowed region adjoining
a point bar (Figure 6.3(c)). The former congestion occurs if the upstream component
of the lateral pressure exerted by ice discharging from one channel equals or exceeds the
net force driving the ice in the second channel. This jamming mechanism arises when
an ice run in a smaller channel tries to merge with an ice run in a channel that is larger
or conveys more ice; jamming typically will occur in the smaller river, immediately
upstream of the confluence. Jamming in the vicinity of the point bar arises when ice
flows of about the same order of magnitude from the two channels squeeze past the
separation bar. In short, the following four factors influence the jamming of merging
ice runs:

1. the proximity to incipient jamming in each inflow channel

2. the relative location of the dividing streamline between the merging flows (see Fig-
ure 6.2(c))

3. the relative magnitude of the flow-separation zone (Figure 6.2(c)) or point bar (Fig-
ure 6.3(a) and (b)), which depends on relative magnitudes of the two inflows, and
confluence geometry

4. the magnitude of the backwater effect in each channel that results from ice congestion
in the confluence.
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Figure 6.3 Ice congestion at alluvial bars: (a) one ice run congested at a point bar; (b) one ice
run at a point bar narrowed by border-ice formation; (c) two ice runs at a point bar; (d) one ice run
congested at deltaic bars and islands.
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Ice-jam literature elaborates how ice breaks up, moves and possibly jams in fluvial
networks. Michel (1972), for instance, outlines a process typical of many fluvial net-
works. Ice-cover break-up begins in tributary channels, then progresses downstream to
main-stem channels. He suggests that daytime fluctuations in springtime runoff flows
have a greater destabilizing impact on ice covers in the steeper tributary channels of a
network than on ice covers in the flatter-sloped main-stem channel of a network. In
many networks, therefore, the break-up of tributary ice covers precedes break-up of
the ice cover on a main-stem channel. Broken tributary ice accumulates at ice-covered
reaches downstream, doing so in a sequential staggered manner. Further warming of
weather, weakening of the downstream ice cover and increased runoft flow eventually
cause the ice cover to collapse and the enlarged mass of broken ice to drift down-
stream or to move more dynamically as a surging ice run. In turn, an ice run may
be impeded by the next ice-covered reach downstream, and form an ice jam of still
greater size. With still further warming and flow increase, the ice reach and jam col-
lapse, and another run ensues, possibly resulting in yet another jam downstream. It
may take several runs for a fluvial network to release its ice or for ice to disintegrate
and melt within the network. The manner and sequence of ice break-up, passage and
disintegration along a fluvial network are strongly influenced by weather patterns,
sources of runoff flow throughout the network, the north—south direction of flow and
local channel morphology. Accordingly, jam configurations and channel impacts can
vary widely.

Field observations indicate that the processes sketched in Figures 6.2(a—d) and 6.3(a—
d) are common. Many illustrative case studies of ice-jam formation in confluences are
documented. For example, USACE (1962, 1977), Wuebben and Gagnon (1995) and
Tuthill and Mamone (1997) describe confluence jams in the United States. It is well
known that problematic ice jams often use to form at the confluence of the Mississippi
and Missouri Rivers (Figure 6.1). The jams blocked navigation through the confluence
and would damage and disrupt towboat-fleeting activities in the vicinity of the conflu-
ence. Also, they would damage shoreline structures and threaten to laterally shift the
confluence. The problem of ice-jam formation in the confluence of the Mississippi and
Missouri Rivers was extensively investigated by USACE (1962, 1977), Stevens (1978),
Ettema et al. (1999) and Ettema and Muste (2001). The two USACE studies document
field conditions attendant to jam events. A review of ice-jam events shows that the jams
typically are freeze-up jams that occur during a period of low flow in the Missouri
and Mississippi Rivers and frigid weather conditions. For these flows, the confluence
bar greatly constricts flow through the confluence. Additionally, during frigid weather,
border ice growth and the accumulation of grounded ice amplify the constrictive effect
of the bar. As described below, management methods were able to mitigate the problem,
at least for typical winter conditions. Ettema et al. (1999) and Ettema and Muste (2001)
describe laboratory studies aimed at confirming the efficacy of confluence-management
methods to mitigate jamming.
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The occurrence of confluence jams increases with latitude. Andres (1996, 1997, 1998)
describes three situations in western Canada where jams result in recurrent flooding
problems for towns located near confluences. Each case involved an ice run in the
tributary channel blocked by a stationary ice-cover break-up on the main-stem channel.
One case occurs at the confluence of the Smoky River and the Peace River, which is larger
and has a more northern watershed (Andres, 1996). The ice cover on the Smoky River
breaks up first during spring, but is blocked by the intact cover on the Peace River in
British Columbia. If break-up flows are sufficiently large in the Smoky River, ice jammed
at the confluence may thrust through ice on the Peace River and produce a subsequent
jam a short distance downstream in the Peace River. Ice on the McLeod River typically
breaks up before ice on the Athabasca River does, and it jams in the confluence of the
two rivers (Andres, 1998). In some years, the jam develops in the Athabasca River at a
short distance downstream of the confluence. A freeze-up ice jam commonly occurs at
the confluence of the Nechako and Fraser Rivers in British Columbia (Andres, 1997).
The Fraser River, the larger river, and of flatter slope, typically freezes over first.

Prowse (1986) presents the findings of an extensive investigation of ice jams formed
in the Liard River at the confluence of the Liard and Mackenzie Rivers in the Northwest
Territories, Canada. His study, conducted over a six-year period, 1978 through 1984,
indicates that two factors led to jam formation in the Liard River at its confluence with
the Mackenzie River. One factor was the presence of an ice cover in the Mackenzie
River. Ice cannot pass out of the Liard River when the Mackenzie is ice-covered at the
confluence. The other factor is the confluence morphology of the Liard and Mackenzie
Rivers. The mouth of the Liard River opens relatively widely at the confluence and is
marked by the presence of deltaic sand bars and islands, the latter having formed from
the vegetated, more permanent, bars. Large ice pieces have difficulty moving through
the mouth of the Liard River without arching or grounding. Arching of ice pieces at the
mouth of the Liard may cause ice to jam in the Liard when openwater conditions
exist in the Mackenzie River. In general terms, the confluent sub-channels of braided-
meandering channels and sinuous-braided channels are potential sites within a channel
where localized jams may form.

A comparatively unusual case associated with shallow flows in braided channels is
worth mentioning. It concerns an ice jam formed at the confluence of the Porcupine
River and its tributary the Bluefish River in the Yukon Territory (Jasek, 1997). The case
is unusual because the jam was attributable to the formation of aufeis at the confluence.
Aufeis is ice that forms in very shallow flows, extends up from the channel bed and thick-
ens as shallow flow oozes and freezes over the aufeis (Schohl and Ettema, 1986). Aufeis
formed in the Bluestone River encroached over and enveloped the ice cover formed
over the Porcupine River. The aufeis thickened substantially and virtually dammed the
Porcupine River, blocking the downstream passage of drifting ice.

For many large networks, the joint probability of ice discharging simultaneously
from two channels into a confluence depends on the similarity of the two watersheds
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Figure 6.4 Ice jamming, and consequent flooding, at the confluence of the Iowa and Cedar Rivers.
The shear zones and lines form as an ice layer that pushes past stationary boundaries.

drained. The frequency of confluence jamming is less for rivers draining watersheds in
significantly different hydrologic regions, though early break-up in one watershed and
late break-up in the other can result in ice running from one watershed being blocked
by an intact ice cover at the confluence (as sketched in Figure 6.2(a)). Rivers draining
adjoining hydrologic regions are more likely to experience ice runs at about the same
time. The confluence illustrated in Figure 6.4 frequently experiences ice jams, because
an ice break-up occurs practically simultaneously for the watersheds of the merging,
Midwest rivers.

Management approaches

Two general conceptual approaches have been used to manage confluences in order to
mitigate concerns about channel instability, and thus facilitate sediment transport and
ice passage through confluences:

1. Zoning: limit land use and infrastructure development within a buffer region cir-
cumscribed around a confluence. This approach leaves a confluence more or less free
to adjust its morphology, within the bounds of the buffer region. It is feasible when
the land around a confluence is not entirely developed.



104 CH 6 MANAGEMENT OF CONFLUENCES

2. Channel control: employ channel-control methods to constrain confluence channels
along, more or less, fixed alignments and channel widths, and protect channel banks.
This approach is commonly used in locations where land and river use are well
developed and it is necessary to intervene with channel-control methods.

Each approach entails the application of scientific and engineering principles, even if
at times each also had a certain metaphysical or religious overtone. In ancient times,
confluences were commonly viewed as sacred places best left alone whose management
was tacitly accomplished by paying homage to the resident river deity or god. Celtic
peoples, for instance, had a god devoted to confluence management: Condatis, a god of
water and its perceived magical properties (Ross, 1967). During more recent times, when
population centres began growing along rivers in Europe (often near their confluences),
fluvial channel behaviour was customarily regarded in biblical terms. River channels that
shifted, eroded, flooded or turned land into swamp did not conform to biblical ideals
of how a river should look and behave. To hard-working, devout people struggling to
make land fruitful, such deviant behaviour was practically sinful and needed correction.
Unruly channels also did not sit well with the land-use notions of ‘manifest destiny’, a
belief strongly held in nineteenth-century North America.

A prominent early river engineer, or ‘river Korrector’ (as then called), Johan Tulla, set
the tone in 1815 with his dictum: ‘As a rule, no stream or river needs more than one bed’
(Cioc, 2002, p. 3). His dictum practically became a law in the minds of engineers, whose
education during the 1800s and 1900s emphasized orderliness and the application
of the principles of engineering mechanics. Since Tulla’s early work along the Rhine
and its tributaries, numerous channel confluences in developed locations throughout
Europe and other places have been channelized. This work is mentioned in several books
(e.g. Freeman, 1929; Schoklitsch, 1937). River-engineering literature, though, contains
no general design guidelines, overall summary of experience or hindsight review of
channel control at confluences. Much of the experience resides in reports on hydraulic
laboratory studies of confluence control at specific sites (e.g. Franco and McKellar, 1973;
McVan, 1997).

Starting in the later decades of the twentieth century and motivated substantially by
environmental concerns, there has been a definite trend to lessen the use of channel-
control methods for fluvial channels, including confluences, and where possible to rely
more on the zoning approach. However, when certain infrastructure facilities must be
protected, the zoning approach is not always feasible.

Managing confluences for sediment transport

Confluences formed of stable channels having the capacity to convey water and trans-
port sediment are required for many circumstances where channels flow through ar-
eas of developed land and infrastructure. Concerns about confluence stability and
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sediment-transport often arise for the following infrastructure situations: protection of
land, maintenance of river navigation, operation of water intakes and outfall structures,
and the safety and performance of bridges and drainage structures.

The protection of land adjoining confluence channels is common to all of these
situations, as it entails fixing the overall boundaries of the channels at a confluence.

Protection of land

Confluence management for land protection entails the use of several channel-control
methods, and sometimes bank-protection methods. Where originally the mouth of the
tributary channel could shift from one to another main outlet (Figure 6.5(a)), channel
control constrains the tributary channel to a constant width and alignment smoothly
faired into the confluence (Figure 6.5(b)). The other channel also would be faired into the
confluence in a manner whereby the inner banks of the confluence converge to an acute
point. The inner banks forming the confluence point are protected by means of riprap
stone, rock-filled gabions or sometimes sheet-piling. It is usual for the left bank (looking
downstream) of the main channel to form a smoothly faired curve similarly protected.

—~ | B & 3 3 (B)

Figure 6.5 Channel and bank control for land protection at a confluence: (a) natural condition;
(b) channelized condition. The structural methods shown (riprap banks, spur dikes) are widely used,
though they may vary in combination.
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Information from laboratory experiments on flow behaviour at confluences is often
used in checking that the channel-control concepts will not result in adverse scour or
deposition conditions (e.g. Taylor, 1944; Fujita and Komura, 1986, 1989; Ramamurthy
et al., 1988; Hager, 1989; Gurram et al., 1997; Hsu et al., 1998).

The alignment of the right bank (looking downstream) of the lesser channel is typ-
ically maintained by means of a set of spur dikes, which sometimes may extend along
the entire right bank of the confluence. The spur dikes fend flow away from the bank
and delineate the channel’s edge. Often, the flow-separation region developed within
a confluence may cause sediment to deposit as a separation bar (see Best and Rhoads,
this volume, Chapter 4) so that this portion of the right bank may not need protection.
However, as discussed in River navigation below, it is sometimes necessary to limit the
extent to which the bar encroaches into a confluence.

Figure 6.6 illustrates the confluence-management methods applied to protect land
adjoining two scales of confluence. Figure 6.6(a) shows the riprap-protected inner
banks of the confluence point between the Missouri and Mississippi Rivers. Figure
6.6(b) illustrates the same management method for the confluence of two much smaller
rivers.

Maintenance of river navigation

Maintenance of commercial navigation through a river confluence may require the use
of additional methods of channel control besides those used for land protection. The
navigation (sailing) path through a confluence usually coincides with the thalweg of
the main channel, and sometimes the thalwegs of both channels. However, the sailing
path may deviate from a thalweg at certain instances, such as the approach to a lock or
a mooring area. Typically, the confluence is managed so that minimum flow depth and
curvature of the sailing path meet the requirements for the commercial vessels passing
through the confluence.

The additional channel-control methods comprise channel-control structures and,
frequently, dredging. These methods seek to keep the alignment and depth of the sail-
ing path steady so that river navigation vessels (towboats in rivers like the Mississippi
River) can proceed safely along well-marked paths and can approach locks or moor-
ing areas. The protection of land flanking the sailing path helps prevent any major
lateral shifting of the channel. Also, channel-control structures may narrow the conflu-
ence channel and increase flow velocities, but only to within limits associated with the
channel conditions needed for navigation. Sediment conveyed into a confluence may
accumulate as bars or large dunes along the channel, causing the thalweg and sailing
path to shift and possibly shoal. Dredging is conducted to remove sediment deposits
along the sailing path and thereby maintain a minimum navigation depth through the
confluence.
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Figure 6.6 Examples of channel control at confluences: (a) Missouri and Mississippi Rivers; (b)
two small streams. Confluence boundaries lined with riprap or rock gabions, with spur dikes also
used for outer banks
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The scouring action of low-profile structures like bendway weirs (submerged, low,
spur dikes, Davinroy, 1994), which can fit beneath over-passing vessels, further help
to delineate thalweg and sailing path alignments, and thereby reduce the need for
dredging. The flow of water and transport of sediment from the Missouri River show
that bendway weirs deployed in the confluence of the Missouri and Mississippi Rivers
force the thalweg to a reasonably central alignment in the confluence, while also enabling
vessels to approach a lock at one side of the confluence. Figure 6.7(a) and (b) shows the
deployment of bendway weirs, and bank armouring, at the confluence of the Mississippi
and Missouri Rivers. The bendway weirs the weirs push the thalweg and sailing path to
a more central alignment through the confluence.

(A)

Figure 6.7 Water and sediment flow from the Missouri River into the Mississippi River, 1998 (a);
and (b) detail of bathymetry showing use of bendway weirs, riprap-armoured banks, and dredging
to maintain the sailing path through the confluence
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Sailing
Path

(B)
Figure 6.7 (Continued)

Operation of water intakes and outfall structures

The function of concentrating water draining from two watersheds makes the channel
immediately downstream of a confluence attractive for locating water intakes and
wastewater outlets. However, thalweg shifting and sediment deposition, as well as scour,
in the confluence along with channel shifting can cause problems for intakes. The main
management concern is to ensure that adequate flow gets to the intake. An intake
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sited near a point bar may encounter excessive sediment deposition and even become
partially enveloped by the bar, while an intake sited on the bank opposite a point
bar will have a scour concern if this bank erodes. Additional structures, such as spur
dikes and vanes, placed within a confluence can be used to guide adequate flow to
an intake.

The safety and performance of bridges and drainage structures

The channel instabilities associated with many confluences pose problems for bridges
at or near confluences and for culverts collecting water from confluent channels. The
main problem for bridges concerns the possible shifting of a channel as it approaches
the bridge to an orientation that causes a severe scour problem. This problem usually is
addressed by means of guide banks extending upstream of the bridge so as to direct the
flow suitably through the bridge waterway. It is a problem that also arises for culverts
near the confluences of small streams and drainage channels.

A further confluence concern for bridges and culverts is getting the flow through their
entrance opening. The capacity of a bridge or a culvert to pass flow may be reduced if
the approach flows merge at their entrance, because the merged flow would not be well
aligned with the opening. If the confluent approach flows convey sediment, they may
deposit it at the entrance of a bridge or culvert, thereby partially blocking the entrance;
this is a particularly severe problem for multibarrel culverts draining agricultural land
subject to substantial soil erosion. Effective confluence management for bridges and
culverts requires that confluent flows merge well upstream of the bridge or culvert,
and the merged flow then be acceptably aligned towards the bridge or culvert. A pair of
guide banks is commonly used for this purpose.

Finally, an interesting situation arises where a spill-through bridge abutment forces
flow over the floodplain such that it subsequently merges with the flow in the main
channel downstream. This is analogous to conditions at a confluence with discordant
channel beds where particular patterns of flow and scour can develop (e.g. Biron et al.,
1996). In this compound-channel case, the angle between the two channels (now the
main channel and the floodplain) is essentially zero degrees. The bathymetry of the scour
hole formed near the abutment is then very similar to that for scour at a discordant bed
confluence. In this case, the angle between the two channels (now the main channel and
the floodplain) is essentially zero degrees. The bathymetry of the scour hole formed near
the abutment is very similar to that for scour at a discordant-bed confluence. Indeed,
the same formulation may be followed in estimating the scour depth. Any management
of this confluence condition primarily entails ensuring that the approach flow can pass
through the bridge waterway without causing unacceptable scour. This can be achieved
by suitably armouring the sides of the abutment and the main channel in similar ways
to armouring the banks of a confluence.
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Managing confluences for ice passage

Stabilizing confluence channels with regard to the consequences of ice formation and
transport entails essentially the same activities as described above for land protection and
navigation at a confluence. The overall aim of confluence management is to encourage
water and ice to pass smoothly through a confluence while maintaining channel stability.
The channel-control works illustrated in Figures 6.5 through 6.7 for the confluence of
the Mississippi and Missouri Rivers have proven effective in reducing the incidence
of ice jams as well as enhancing navigation through the confluence. Otherwise, not
much work has been done regarding the enhancement of ice passage at confluences.
The extant fieldwork is summarized by Tuthill and Mamone (1987), and laboratory
work by Ettema et al. (1999) and Ettema and Muste (2001).

Ice effects on channel control

Several ice-related considerations should be kept in mind regarding the selection and
performance of channel-control structures in channels subject to frigid winters:

1. Thelength of such structures should not exceed the normal width of border ice at the
bank they are required to protect. Compared to openwater conditions, shorter and
closer-spaced structures are preferable for use in ice-covered flow. Structures longer
than the normal width of border ice attached to a bank move the ice crack along the
shoreline outwards into the channel, thereby widening border ice and increasing the
ice load exerted on a bank. Border ice between and near groins or spur dikes form
significantly wider than along an unprotected bank. When the river is ice covered,
border ice forms a floating membrane attached to the groins and the bank. However,
when the ice breaks up and flow stage subsides, large slabs of border ice collapse,
possibly damaging the banks and vegetation along them.

2. Ice formation may alter the flow field around long groins, spur dikes and bendway
weirs so as to negate their intended action. Ice formation may locally concentrate
flow towards the bank rather than away from the bank.

3. Riprap stone must be sized, and riprap slope configured, for border-ice conditions.
At some locations along the protected bank, riprap stones might be plucked from the
bank by collapsed bank ice. The upper elevation of riprap stone placement should
take into account the probable elevation of the ice cover.

Experience with control structures placed along the Missouri River, and several other
rivers in the greater basin of the Mississippi River, substantiate these considerations
(Zabilansky et al., 2002).
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As with confluence management for sediment transport, management for ice passage
entails estimating ice-passage capacity and identifying locations where ice may accu-
mulate. In this regard, it is useful to categorize the general conditions of ice passage
through confluences and to identify useful non-dimensional parameters for describing
them. The two conditions are:

1. adrifting individual ice pieces whose velocity is about that of the water surface; this
condition may result in ice stoppage for channels of relatively mild slope conveying
ice pieces that are relatively large compared to channel width

2. a moving layer of accumulated ice pieces extending approximately the full width of
the channel and moving with a velocity significantly less than the bulk velocity of
water flow in the channel. This condition may occur for larger channels of steeper
slope, as larger forces normally are needed to convey a complete layer of ice pieces.

Figures 6.2 and 6.3 are simplified illustrations of variations of these two conditions and
show where the congestion and jamming occur.

Differences occur in the way ice passes through confluences in these two conditions.
For example, any significant shoving and thickening of the confluent accumulations
would accompany the merging of two moving particulate layers. Shoving and thicken-
ing are much less likely to accompany the merging of free-drifting ice pieces. Instead,
the aerial packing of pieces may be a characteristic feature. The forces propelling the ice
into the confluence commensurately differ between the two conditions, and therefore
differences arise between the sets of parameters needed to describe the two categories.
Whereas flow drag and impact forces on individual ice pieces, and the inertia of indi-
vidual ice pieces, drive free-drifting ice pieces into a confluence, boundary shear stress
along the underside of an extensive accumulation of ice, together with a streamwise
component of accumulation weight, drives a moving accumulation of ice. For the free
drift of ice, the size of individual ice pieces is important. It is less important in describing
the behaviour of an accumulation of ice, for which accumulation thickness and width
are more important.

Ice passage through confluences is conveniently described in terms of non-
dimensional parameters, though a potentially large number of parameters could be
identified. A useful simplification is to consider the confluence as the intersection of
two prismatic (rectangular) channels whose width greatly exceeds their depth. The in-
fluences of confluence morphology (bars, islands, large dunes, rock outcrops etc.) are
not considered here. Also not considered are the influences of engineered features, such
as bridges and channel-control structures. Additionally, hydrologic influences, such as
air temperature, snow fall and wind, are neglected. While these physical, structural and
hydrologic factors are important, arguably they do not play key roles in ice movement
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through the confluence of prismatic channels, which is considered in the ensuing dimen-
sional analysis. The approximations reduce the number of non-dimensional parameters
needed to estimate the ice-passage capacity of a confluence.

Passage of drifting ice pieces

Figure 2(b) indicates, in simplified format, the variables associated with ice pieces drift-
ing through a confluence of two, fixed-bed channels of rectangular cross-section. The
same size of ice piece is taken to be moving through both channels. The confluent
inflow channels are designated with subscripts 1 and 2. The confluence outflow chan-
nel is designated with subscript 3. The confluence location of primary concern for
ice passage is the constricted section where the flow-separation zone has maximum
width. The variables associated with this section depend on the variables associated
with confluence-channel elements 1, 2 and 3.

The discharge, Q, or a representative bulk velocity, V, of flow in one of the channels
shown in Figure 6.2(b) can be described using the variables Y, k, S and b, for example
by means of the Darcy—Weisbach equation for flow resistance. The present analysis uses
Q, as the relative magnitudes of confluent channels usually are described in terms of
flow discharge. The fluid properties of concern are kinematic viscosity, v, density, p,
and surface-tension strength, o. The ice pieces, are taken here to be of uniform size and
are describable using a characteristic plan dimension, D, thickness, h, density, p;, and
friction coefficient for contact among ice pieces and with the channel banks, . The
flow is driven by specific weight: y = pg, with ¢ = gravity acceleration. The discharge
of free-drifting ice pieces moving at nearly the surface water velocity in a single channel
can be described in terms of aerial concentration, C. Ice discharge can then be calculated
as G ~ C(hb)(Q/bY) = C(W/Y)Q.

A total of 13 variables are needed to describe the discharge of free-drifting ice in a
channel: Qi, Y3, by, ki, v, p, o, D, h, pi, i, g and C,. To describe ice discharge in
two channels that differ only in geometry and discharges of water and ice the number
of variables increases to 20; added for the second channel are Q,,Y>,b,,k,,C,,D, and
h,. The material properties of water and ice are taken to be the same for all chan-
nels. To describe the merging of ice flow from two channels confluent into a single
outflow channel, additional variables are needed to describe the orientation of the
outflow channel relative to the confluent channels, « and 6, and the hydraulic char-
acteristics of the outflow channel (b3,Y; and k;). The total number of variables is
now 25.

The present brief analysis considers incipient ice jamming at a confluence of rivers
and at a river discharging into a reservoir or lake. Under the assumption that ice-piece
dimensions, D and h, are the same for all channels, and that the channels have about
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the same hydraulic roughness, k, the number of variables reduces to 21 (25 —4). For ice
drifting in actual rivers, it can be assumed further that the influences of water viscosity, v,
and surface tension, o, are negligible (not so for most laboratory experiments, though).
The number of variables finally reduces to 19 (21 - 2).

If the ice pieces move through the confluence as a single layer of ice pieces of a given
size, the following functional relationship may be written for the congesting aerial
concentration of ice discharge at the narrowest cross-section of flow in the confluence
outflow channel, Cs, as the dependent variable of interest:

C3 == fd (Qh QZ» bl? b2a b37 Ylv YZ» Y37 kv D7 h7 Clv C27 o, 9; M» 107 /01'9 g) (61)

The 19 variables in Equation 6.1 reduce to 16 non-dimensional parameters, given the
three basic dimensions (length, mass and time) involved in the volumetric discharge of
ice through a confluence. If a dimensional analysis is carried out using h, Q,, and p as the
repeating variables (expressing length, time and mass units), the following functional
relationship emerges for the limiting condition of a single layer of free-drifting ice
discharging through a confluence:

C—fpd(Ql Q> DotQCCblbzb3kY1Y2Y3p )

3= 2\~ PR R I B R e e e e e R

Q2 hby/(p — pi) gh/p by bs h - h h h h pi
(6.2)

These parameters are useful for describing how the basic confluence flow condi-
tions illustrated in Figure 6.2(b) influence ice movement and jamming in a simple
confluence of rectangular channels. Note that the second independent parameter essen-
tially expresses a densimetric Froude number, which, together with D/h, characterizes
criteria for the possible submergence of a drifting ice piece resting against a station-
ary ice cover and then the under-ice transport of ice pieces beneath a stationary ice
cover (Beltaos, 1995): Q,/hb =~ U,, the bulk flow velocity in channel 2. The param-
eters in Equation 6.2 delineate conditions of thickened jamming in any channel of a
confluence.

Ettema er al. (1999) report series of laboratory experiments to illuminate the influ-
ences on Cs (i.e. jam initiation at the flow-separation region within channel 3) of the
first eight parameters in Equation 6.2. In their experiments, b3 = b,. The experiments
showed that jamming would occur for a narrow range of values for the concentrations
C; and C, (i.e. both values need to be close to the critical value of ice concentration
for the flow in each inflow channel). The lateral pressure exerted by ice in one channel
provides the additional resistance force needed to cause jamming in the other channel.
A merging ice run exerts a force component upstream along the axis of the ice run
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with which it merges. Values of ice-piece size relative to channel width, D/bs, need to
be sufficiently large such that the arching of ice pieces occurs in a confluence. Usually,
D/bs > 1/7 in order for arching to occur.

Passage of moving ice layers

Water flow may convey moving layers of accumulated ice pieces, as sketched in Figures
6.2(c)and (d) and 6.3, and illustrated in Figure 6.4. This condition is common for steeper
channels that mobilize a larger hydrodynamic force for given flow depth relative to ice-
piece thickness. A simplified analysis, similar to that leading to Equation 6.2, provides a
functional relationship for ice-layer thickness in channel 3, H;. This is appropriate for
layers merging in confluent rectangular channels and is especially appropriate in the
vicinity of the point bar,

Hy o Q (Qy/ Hoby)? ky ki p H H p 6.0
~ 2 ) s T o7 s Pl P2y 7 7175~ _» @ s Uy, Uy
Ys Q (1 — Pi/p) ¢ H, tan ¢ b, by b, H p
bp b, H, V1 Y3 (6.3)
b, ’ b3 ’ Y, ’ Y, ’ Y, '

in which the material behaviour of each inflow layer can be defined using its thickness,
H, angle of internal resistance, ¢, layer porosity, p, and friction between ice and banks,
w. The volumetric rate of ice-layer discharge (a contiguous layer of accumulated ice
pieces extending across the full width of the channel and moving at a speed less than the
surface water speed in a single channel), G, can be written approximately as a volumetric
proportion, 1, of the water discharge, that is G= nQ(1-p)~'. The hydraulic roughness
of ice underside and channel bed are k; and k; respectively The second parameter in
Equation 6.3 expresses the relative magnitudes of the driving drag force and resisting
internal strength of an ice layer.

Observations of model-ice movement and jamming in the confluences simulated
with hydraulic models (Ettema et al., 1999) reveal that an important factor associated
with ice jams at confluences, and ice jams generally, is the deceleration of the inflow that
occurs once ice movement slows. As an ice layer congests and thickens in a confluence,
it retards the inflow, creating a backwater condition. As inflow depths increase and flow
velocity decreases, flow drag force against the ice decreases and ice motion is more readily
halted. Channel-control methods aimed at mitigating jamming, such as the deployment
of bendway weirs shown in Figure 6.7, accelerate ice movement through a confluence.
Figure 6.8 illustrates this effect in model of ice movement through a hydraulic model
of the confluence of the Missouri and Mississippi Rivers.
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ice passage hastened
though confluence

Figure 6.8 A hydraulic model shows how the use of bendway weirs for channel control (as in
Figure 6.7) hastens the passage of Missouri River ice through the Mississippi-Missouri confluence.

Summary

The main purpose of this chapter is to outline methods used for managing alluvial-
channel confluences with respect to channel stability and concerns regarding sediment
and ice passage. As explained herein, difficulties associated with sediment and ice pas-
sage create concerns for human infrastructure activities in the vicinity of confluences.
The concerns often are linked, insofar as sediment and ice processes may affect one
another. For example, sediment bars hamper ice passage and often trigger ice jams. In
turn, ice growth, ice passage and jams may alter flow distribution and modify channel
morphology. The management methods essentially seek to facilitate unimpeded sedi-
ment and ice passage through confluences. Nature being what it is, though, the methods
require constant monitoring.
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Unconfined confluences
in braided rivers

P. Ashmore and J.T. Gardner
Department of Geography, University of Western Ontario, Canada

Introduction

Confluences are basic building blocks of dendritic stream networks and also of
anabranching or braided rivers with successive bifurcations and confluences of two
or more channels. Simple confluences in these multichannel systems may have local
morphology and flow structure similar to confluences at tributary junctions in den-
dritic stream networks, but they also differ from stream network confluences in some
important respects. Tributary junctions in branching networks are confined in position,
morphology and influence by local valley topography and network geometry, topol-
ogy and size (Benda et al., 2004). These network confluences experience essentially
constant average discharge and sediment delivery regimes to which confluence mor-
phology is adjusted, and the confluences themselves have little, even local, effect on
downstream channel morphology, except in some steep basins (Benda et al., 2004).

In contrast, confluences in multichannel rivers are unconfined in the sense that they
migrate laterally and longitudinally, and come and go, as the river morphology changes
and the local distribution of flow and sediment-transport shift, unconstrained by the
basin-scale topography. Confluences in multichannel rivers are an integral part of the
entire channel morphology, channel-pattern dynamics, sediment-transport rate and
routing, and formation of alluvial deposits. Their influence is at the scale of the channel
planform morphology rather than the stream network structure and they develop and

River Confluences, Tributaries and the Fluvial Network Edited by Stephen P. Rice, André G. Roy
and Bruce L. Rhoads © 2008 John Wiley & Sons, Ltd
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change at the spatial and temporal scales of channel-reach morphology. These attributes
make confluences in multichannel rivers a key element of river morphodynamics in a
way that tributary confluences in branching networks typically are not. However, the
fact that both network confluences and unconfined confluences in multichannel rivers
share similar local morphology and flow structure, at least in well-defined, two-channel
confluences, means that the rapid adjustment between flow structure, sediment trans-
port and confluence morphology in unconfined braided-river confluences provides an
opportunity to observe these interactions over short timescales and to gain insights into
some of the dynamics and morphology of more-stable river network confluences. There
are exceptions to this distinction between dendritic stream network (confined) and mul-
tichannel anabranch (unconfined) confluences that blur the boundaries. An obvious
example is confluences of large, alluvial, floodplain rivers (Best and Ashworth, 1997;
Roy and Sinha, 2005), which look much like unconfined confluences in an anabranch-
ing or braided river, migrate in response to upstream channel migration and variation
in discharge and sediment delivery and affect downstream patterns of sedimentation
and channel development.

Multichannel rivers cover a wide spectrum of morphological types, including truly
braided rivers and a wide range of anabranching (Nanson and Knighton, 1996; Makaske,
2001; Amsler et al., 2005) morphologies. By definition, anabranching channels have veg-
etated, stable alluvial islands (Nanson and Knighton, 1996) in contrast to braided rivers,
in which the vegetation of bars is limited, channels are very unstable and confluence—
bifurcation dynamics are a dominant component of the channel morphology (Makaske,
2001; Ashmore, 2003). Studies of the morphology, dynamics and sedimentation pro-
cesses in anabranching systems have not generally emphasized the role of channel con-
fluences, but a recent example is work on the morphology and flow characteristics at
a relatively stable confluence-bifurcation formed around islands in the anabranching
Rio Parand (Parsons et al, 2007). In many cases, multichannel formation and main-
tenance is dominated by other processes (e.g. ridge and channel systems; Nanson and
Knighton, 1996) or by fine-sediment transport and deposition, and avulsion, in which
case confluence dynamics may be less important to channel morphology. In channels
with significant sand or gravel bedload and vegetated banks and islands (e.g. ‘wander-
ing’ rivers), lateral migration may be restricted by cohesive and/or vegetated banks.
These channels may have some of the characteristics of confluence-bifurcation dynam-
ics found in braided rivers but morphological change is slower and channel-pattern
change is dominated by avulsion (Burge, 2005; Burge and Lapointe, 2005). The effect of
vegetation in slowing lateral migration and changing channel complexity has now been
demonstrated for braided rivers using field observations, physical experiments and nu-
merical models (Gran and Paola, 2001; Murray and Paola, 2003; Tal ef al., 2003). Thus,
while confluences may be significant in the morphology and dynamics of a number
of multiple-channel river types with a range of channel stability, it is in braided rivers
that the morphodynamics and function of unconfined confluences is best exemplified.
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Much of the research on confluence dynamics and braided-river morphology has been
done in gravel-bed rivers, and it is on this river type that this chapter focuses. The
overall goal is to review, and add new observations and ideas to, current understanding
of confluence morphodynamics and sedimentology primarily in gravel braided rivers
and thus (indirectly) to illustrate ways in which unconfined confluences in this setting
may differ in characteristics and function from those at tributary junctions in river
networks.

General characteristics and significance of confluences in
braided channels

Active confluences are significant elements of braided-river morphology because they
are funnels for bedload transfer along the river and affect rates of transport, the down-
stream distribution and redeposition of transported sediment and, therefore, channel
morphology and dynamics. They are zones of distinctive flow structure and dynam-
ics, leading to local bed scour and fill as well as significant bar deposition and spatial
sorting of grain sizes in gravel-bed rivers. The local scour associated with confluences,
and the related flow structure, have drawn much of the attention of researchers (Best
and Rhoads, this volume, Chapter 4; Biron and Lane, this volume, Chapter 3), but
the influence of confluence zones extends beyond this immediately obvious feature,
affecting downstream patterns of channel migration, bifurcation and avulsion and the
channel-pattern dynamics in general (Smith, 1973; Mosley, 1976; Hein and Walker,
1977; Ashmore, 1982, 1991; Southard et al., 1984; Davoren and Mosley, 1986; Ferguson
etal., 1992).

Many researchers have identified confluences and their associated bed scour and
bar deposition as a building block of braided-river morphology with distinctive ‘unit
processes’ (Ferguson, 1993). The confluence-bar-bifurcation unit is seen as a basic mor-
phological component of braided channels (especially in gravel), which is equivalent to
the pool-riffle or pool-bar unit of single-channel streams. However, not all anabranch
confluences have distinctive and well-developed flow structure, bed scour and associated
deposition. Figure 7.1(a) shows a reach of a gravel braided river with several confluences,
illustrating the variety and complexity of confluence planform (and hence topography
and dynamics) in a typical braided river. There are few confluences with two well-defined
channels of similar size, and many have multiple confluent channels that converge pro-
gressively over some distance. Pronounced bed scour is a feature of many confluences
(Figure 7.1(b)), although the size and depth of scour also varies, depending on conflu-
ence planform geometry and other factors (see below). Single anabranches of braided
rivers also contain simple pool-riffle units, with significant local scour and deposition
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Figure 7.1 Examples of confluence zones in braided rivers: (a) ortho-photo of a reach of the
Sunwapta River, Canada, highlighting complex planform morphology of most confluences. Flow is
from left to right; (b) DEM of a physical model (approximately 1:30 scale) of a gravel-bed braided
river in a laboratory flume. The image covers an area in the model approximately 12 m x 3 m. Darker
shades indicate lower elevation. Note deep scour associated with confluences (ovals) and bend
scours (rectangles) in several locations. Flow was left to right; (c) aerial photograph of the sand-
bed, braided South Saskatchewan River, Canada. Flow is left to right and darker areas in the channels
are areas of deeper flow (scour).

that are also important in braided-river morphology, and some of these features can be
seen in the digital elevation model (DEM) in Figure 7.1(b).

There are few measurements of flow structure in braided-river confluences, but the
main elements of the structure, at least in symmetrical, Y-shaped confluences, are similar
to those found in confined confluences with similar planform configuration and channel
geometry (Ashmore et al., 1992; McLelland et al., 1996). There is a strong shear layer
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in the centre of the confluence, and secondary flow is dominated by a double-helical
circulation with a downward component in the shear zone and flow obliquely outward
at the bed (Biron and Lane, this volume, Chapter 3). This structure will inevitably be
different in less-symmetrical confluences with more-complex morphology (Ashmore
et al., 1992), but this has never been documented.

While anabranch confluences do occur in sand-bed braided rivers (Klaassen and
Vermeer, 1988; Bristow et al., 1993; Best and Ashworth, 1997; Sambrook Smith, et al.,
2005), their characteristics have not often been analysed beyond simple descriptions
of morphology and/or sediments, and descriptions of sandy braided-river morphol-
ogy focus much more on the bars, dunes and other bedforms (e.g. Collinson, 1970;
Smith, 1971; Cant and Walker, 1978; Sambrook Smith et al., 2005, 2006). Scour
in sand-bed braided rivers occurs at confluences (Figure 7.1(c)) and also as local
deep troughs alongside individual bars that evolve rapidly in shape in response to
the evolution of bar morphology. In general, channels in sandy rivers are also less
well defined than in gravel-bed channels, resulting in an impression that conflu-
ences and confluence scour are similarly much less well defined in sand-bed rivers,
except when forced around, for example, vegetated islands. The major distinction
presumably arises from differences in bed-material mobility and dominant channel-
scale bedforms between the two cases, as well as the effects of sand dunes that
affect local flow and bedload transport patterns in larger sand-bed rivers (Parsons
et al., 2007).

Bed morphology at well-defined, two-channel, symmetrical confluences is character-
istically a spoon (at high confluence angles) or trough (at low angles) shape (Figure 7.2)
(see Best and Rhoads, this volume, Chapter 4, for more detail on confluence mor-
phology). The upstream entrance to the confluence may have high-angle avalanche
faces, although this varies with the depth of the scour relative to confluent-channel
depth and bed-material grain size. These features are more pronounced in higher-angle
confluences (where scour depth is greater) and when the confluent channels are of a
similar size. When confluent channels are of unequal size, an avalanche-face bar may
prograde into the confluence from the larger channel (Figure 7.2(b)) (Best, 1986, 1988;
Ashmore, 1993) or may be entirely absent (Figure 7.2(e)). In high-angle confluences,
it is common to find submerged ‘wings’ of finer sediment deposited on either side of
the downstream part of the scour pool, apparently related to bed-flow vectors diverging
strongly at the centre of the confluence and pushing sediment out towards the chan-
nel margin (Figure 7.2(a—c)). Typically, there is bar deposition along the margins of the
confluence and often in the centre of the channel downstream of the confluence (Smith,
1973; Ashmore, 1982, 1993; Davoren and Mosley, 1986; Best, 1986), although this may
be restricted to confluences at higher angles (Mosley, 1976) (Figures 7.1 and 7.2(a) and
(c)). Lateral deposition is more pronounced when the confluent channels are unequal
and the confluence migrates towards the smaller confluent channel. In these cases, the
overall morphology becomes very similar to that of bend scour and deposition in a
single, low-sinuosity channel.
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d.

Fine-grained
avalanche-face bar

Figure 7.2 Examples of confluence-zone morphology in a small-scale physical model of a gravel-
bed braided river with the water drained: (a) oblique view looking downstream of a symmetrical
confluence showing avalanche faces, scour hole, downstream divergence and bar formation, and
lateral sorting of particle size; (b) side view (flow was right to left) of scour hole and avalanche
faces at a confluence; (c) ortho-photo of an area of the river showing both symmetrical (lower box)
and asymmetrical (upper box) confluences and associated features and sorting patterns. Image area
is approximately 3m x 3 m and flow is left to right; (d) oblique, close-up view of symmetrical scour
hole looking upstream and illustrating the low relief ‘wings’ of fine deposition on either side of the
scour hole with area of coarse particles in between; (e) oblique, upstream view of an asymmetrical
confluence with minimal scour and sediment sorting.
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Confluence scour depth

Analyses of scour depth at confluences have been approached either by controlled ex-
periments on small-scale, single confluences using fixed (or partially constrained) mor-
phology (Mosley, 1976; Best, 1988) or by measurements of freely developed confluences
in braided rivers or physical models (Ashmore and Parker, 1983). While the experiments
onssingle confluences can be used to isolate the effects of particular variables, they do not
allow the full range of adjustment of natural, unconfined confluences. Mosley (1976)
supposes that his single-confluence measurements represent unconfined confluences
in a braided river, but presents only informal descriptions from the field as supporting
evidence. Measurements in natural confluences may identify the range of variability in
morphology but, even so, measurements tend to focus on simple morphologies similar
to the controlled, single-confluence experiments. There has been no systematic study
of the morphological variation or range and frequency of scour depth within a reach of
a braided river in relation to the range of confluence morphology.

The data from single, fixed-configuration confluences (e.g. Mosley, 1976; Best, 1988)
show that maximum (absolute) scour depth, or scour depth relative to the depth of in-
coming channels, increases with increasing confluence angle (up to about 90°) (Mosley,
1976; Best, 1986, 1988) and with increasing equality in the flow characteristics (discharge
or momentum) of the confluent channels for a given total discharge. Confluence depth
is typically two to four times the mean depth of the confluent channels (Mosley, 1976;
Best 1986) but is lower in more-cohesive material (Mosley, 1976). There is no significant
increase in depth at the confluence when confluence angle is less than about 15° (Best,
1986). There is also a significant effect (reduction in depth) due to increased sediment
delivery to the confluence (Mosley, 1976).

These effects of angle, discharge ratio and sediment delivery are also observed in
natural anabranch confluences and in physical models of braided rivers, confirming
that the fixed-geometry laboratory confluences represent some of the major features
of simple configurations in unconfined confluences (Ashmore and Parker, 1983) and
showing that these relationships are consistent over a wide range of physical scales (see
Best and Rhoads, this volume, Chapter 4, Figure 4.2 and Sambrook Smith ef al., 2005,
Figure 2). Typical maximum flow depth at well-defined natural confluences is three to
five times the mean confluent-channel depth for confluence angles from 30° to 100°
(Ashmore and Parker, 1983; Klaassen and Vermeer, 1988) in both sand- and gravel-bed
rivers. In the sand-bed Jamuna River, Klaassen and Vermeer (1988) observed lower
relative scour depths, for given discharge ratio and confluence angle, than in gravel-
bed rivers (Ashmore and Parker, 1983) and speculate that this is related to the large
suspended sand load of the Jamuna River at high flow, but there may also be an effect
due to channel size alone.

Relationships between scour depth and confluence angle and discharge ratio have
greater scatter in natural confluences than in fixed-geometry laboratory experiments
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(Ashmore and Parker, 1983; Ashmore, 1985). There may also be an effect on scour
depth due to bed-material size, sorting or mobility (Ashmore and Parker, 1983), but
this has not been clearly established. The greater scatter in relationships between scour
depth and confluence geometry in natural confluences is presumably the consequence
of greater variation in morphology (seldom are they the neat, Y-shaped planform of
fixed-geometry experiments), temporary effects of flow or bedload variation at the
time of measurement and the possibility (especially in the field) that measurements
are made under non-equilibrium or evolving flow field, morphology and confluence
geometry. Flow stage may also affect scour depth directly and the relative flow depth in
the confluent channels and confluence. Observations of gravel-bed rivers indicate that
confluences do not fill with sediment during the falling stage except for some reworking
of steep, avalanche faces in some cases. Further details on these aspects of confluence
morphology are in Best and Rhoads (this volume, Chapter 4).

Much of the focus of the analysis of confluence scour depth has been on maximum
confluence depth relative to the mean depth of the confluent channels. Data show
self-similarity in relative flow depth over a range of confluence scales and in partic-
ular show the effect of confluence geometry and discharge ratio on confluence depth
in a gravel-bed river. While the focus has been on relative depth, little attention has
been paid to absolute depth at confluences, which has been shown to have a clear re-
lationship with total discharge at confluences in gravel braided rivers (Mosley, 1981;
Ashmore, 1985). Further analysis of data from the Sunwapta River and from physical
model experiments (Ashmore, 1985) suggests that maximum confluence flow depth
follows a relationship much like the mean- or maximum-depth relationships in stan-
dard hydraulic-geometry equations for stable gravel channels. Figure 7.3 illustrates
this using maximum flow depth at confluences compared with mean and maximum
depths of anabranches immediately upstream of confluences in the Sunwapta River
and in physical models of a braided river. The depth—discharge relationships and ratio
of maximum to mean depth (1.3-1.5) for the anabranch confluences are very sim-
ilar to those for stable, single, gravel-bed channels (Hey and Thorne, 1986), which
confirms the reliability of the data. Presumably, the exact discharge—depth scaling re-
lationship will vary with confluence geometry, but existing data are insufficient to
confirm this.

For a given total discharge, typical scour depth at confluences is greater than the
maximum and mean depth of the confluent anabranches by a factor of about two for
maximum depth and a factor of three for mean anabranch depth. This is consistent
with the relative depth data discussed above. Maximum anabranch depth (rather than
mean) is used here because confluence depth is also a maximum, not a cross-section,
mean. Note also that the increase in discharge alone at a confluence is expected to
cause an increase in mean depth by a factor of 1.2-1.3 in symmetrical confluences. In
asymmetrical confluences, the increase in confluence discharge is smaller relative to the
discharge of the larger confluent channel, and this may partially account for the lower
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Figure 7.3  Flow depth versus discharge in confluences and upstream anabranches (single channels)
for confluences on Sunwapta and Ohau Rivers (from Mosley, 1981) and unconfined confluences in a
physical model of a braided river (data from Ashmore, 1985) showing almost identical depth scaling
with discharge for confluences and single channels.

relative scour depth at asymmetrical confluences. The analysis also demonstrates that
maximum confluence depth follows a hydraulic geometry relation with an exponent
almostidentical to those for mean and maximum anabranch depth (all three regressions
yield exponents of 0.38—0.39) and very similar to those typically found for the mean
and maximum depth of gravel-bed channels (Hey and Thorne, 1986). The differences
in absolute scour depth are expected to be smaller at lower confluence angles and in
asymmetrical confluences, but it is likely that the overall discharge scaling relationship
is preserved.

The analysis of confluence morphology in terms of scour depth and easily measured
variables, such as confluence angle and relative discharge of the confluent channels,
is clearly a simplification of the physics and morphology of the confluence. These
may be viewed as surrogates for more direct physical controls (Roy and Lane, 2003)
but also miss important complexities and differences in confluence geometry. Mea-
surement and computational flow modelling of flow structure at confluences has led
to considerable insight into the effects of specific aspects of morphology on flow
structure, but little progress on the feedback of between flow and spatio-temporal
variation in bed-material transport at the timescale of the significant morphological
development of confluences (Ashmore, 1993; Roy and Lane, 2003). Although there
are descriptions of key features of unconfined and developing confluences, there has
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been no analysis of the complete three-dimensional geometry of confluence scour that
takes our understanding beyond the prediction of maximum scour depth. There are
very few data on even simple aspects of confluence shape and limited descriptions of
major morphological features of confluences. In the case of unconfined confluences,
such as those in braided rivers, this is clearly an important area for future research
that may be led by new developments in computational flow modelling and also by
advances in the measurement of complex geometry and sediment-sorting patterns
discussed below.

Confluence kinetics and bar formation

It is apparent from the earliest experiments that confluence geometry adjusts to changes
in the confluent flow and sediment supply (see Best and Rhoads, this volume, Chapter 4).
Mosley (1976) argues that the geometry of the upstream channels could be regarded
as independent of the confluence geometry and that the confluence responded largely
to conditions upstream. For example, the orientation of the confluence channel tends
to rotate to reflect the balance of flow and sediment input from the confluent channels
(Mosley, 1976; Ashmore, 1982, 1993; Best 1988). Mosley (1976) developed a simple
total-momentum relationship for the confluent channels that predicts the orientation
of the channel exiting the confluence relative to the confluent-channel angles. This
appears to be different from the predictions developed for branching networks (Horton,
1945; Howard, 1971) in which the slope ratio is the primary predictor of exit angle,
although Howard’s (1971) modified equation based on discharge ratio gives a reliable
prediction of exit angle in some cases (Mosley, 1976). A modification of Howard’s
(1971) optimization approach (Roy, 1985), based on analogy with locational analysis
using stream power or total flow resistance, predicts that junction-angle asymmetry
is controlled by the relative discharges of the confluent channels and by the downstream
hydraulic geometry with respect to average flow velocity. The importance of discharge
asymmetry is consistent with other models and with observations in braided rivers and
laboratory experiments, but the model has not been tested on unconfined confluences
in braided rivers.

When the confluence is formed by two channels of equal momentum (or dis-
charge), the longitudinal axis of the confluence tends to bisect the confluence an-
gle. When the confluent channels have unequal discharge, the confluence axis rotates
to align more closely with the larger channel and the scour shifts laterally within
the confluence towards the smaller of the confluent channels. This is often associ-
ated with the progradation of a sediment lobe or bar into the confluence from the
larger channel (Ashmore, 1982; Best 1986). These shifts of confluence position have
also been observed in large sand-bed rivers (Klaassen and Vermeer, 1988; Best and
Ashworth, 1997).
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Bar deposition and the development of new bifurcations is common downstream of
pronounced confluences. In some cases, this can be seen to originate with the passage
of a pulse of bedload through the confluence from upstream, re-forming downstream
of the confluence as a prograding sediment lobe (Ashmore, 1993). This lobe, accom-
panied by channel widening, then forms the core of a new lateral or mid-channel bar
and subsequent bifurcation or cut-off leading to renewed braiding. The deposit at the
bifurcation is often built subsequently by gravel sheets migrating through, and directed
by, the upstream confluence. It is possible that in some cases the material scoured at
the confluence initiates the downstream bar formation but this has never been directly
tested. Observations in single channel pool-bar sequences (e.g. Pyrce and Ashmore,
2005) indicate that most of the particles eroded from the pool are deposited on the
next bar downstream and it is likely that the same is true in the case of confluences.
Recent radio-tracing observations (Obermoser, 2004) have shown that grains intro-
duced upstream of the confluence pass through the confluence and are deposited in the
downstream bifurcation, as are particles introduced directly into the confluence. This
is consistent with earlier suppositions (Carson and Griffiths, 1987) that the confluence
operates mainly as a transfer zone between upstream lateral-erosion sites and down-
stream bar deposition, and that particle transfer occurs in short steps commensurate
with the bar-pool-bar spacing.

Confluences may also cause bar incision and erosion if expansion (associated with
an increased flow in the confluent channels), reorientation or downstream migra-
tion (caused by migration of the confluent channels) brings the confluence closer to
the downstream bar or changes the geometry of the channel network downstream
(Ashmore, 1993). Lateral migration of a confluence, away from the larger of the conflu-
ent channels, can produce extensive bar deposits similar to point bars in low-sinuosity,
single-channel rivers (Bluck, 1971, 1974; Ashmore, 1982, 1993). Distinctive lateral ac-
cretion deposits of overlapping gravel sheets can be seen alongside laterally migrating
confluences. The adjustability and response of confluences to the number and geom-
etry of confluent channels and to changes in the balance of discharge and sediment
supply cause a wide range of responses. Confluences can migrate laterally or down-
stream, expand or contract in extent, and rotate into new orientations. The long-term
development of single, long-lasting confluences can therefore affect the pattern of sed-
imentation and braiding morphology for much of the river width and can propagate
downstream through successive confluences (Ashmore, 1993). Ultimately, all conflu-
ences have a defined lifespan, at the end of which they are abandoned, become single
channels or are filled by migration of the nearby channels (Ashmore, 1993). However,
there has been no analysis of the life history of confluences from which the length and
direction of typical migration pathways, along with variation in dimensions, might be
developed. The processes of migration, the way in which they are abandoned and filled,
and their morphology, may all be a significant influence on the geometry of braided
river deposits (see below).
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Confluence spacing and the length-scale
of braided morphology

The confluence and bifurcation of anabranches are defining features of braided river
morphology. The downstream spacing of these features is controlled by channel pro-
cesses locally within the river channel and by the overall size of the river. Thus, indirectly,
drainage basin properties may influence confluence spacing but not in the direct way
in which tributary-junction nodes in a branching channel network are controlled by
basin-scale processes and structure.

The spacing of confluences and bifurcations arises because they are part of the basic
pool-bar morphological unit apparent in many coarse-bed channels (Ferguson, 1987,
1993). While in single-channel streams the pool-bar unit is fundamental to the geo-
morphological functioning of the river and the length scale of the morphology (bend
wavelength), in braided channels the equivalent morphological unit is the confluence—
diffluence. This can be seen directly by observing that braiding in laboratory models
often develops by the chute cut-off of alternating bars in an initial sinuous, single chan-
nel, or multiple-row bars in a wide channel (Fujita, 1989), and that the downstream
spacing of the resulting confluences or diffluences is similar to the wavelength of the ini-
tial bars (Ashmore, 1985). The initial cut-off produces two channels, both with bends,
that diverge upstream of the bend apexes and converge downstream. The converging
segments merge close to the apex of the second bend in the initial single channel. In
this way, the downstream spacing of confluences is controlled by the wavelength of the
initial single channels and by the wavelength of the individual anabranches, both of
which are related to the fundamental bar-pool spacing (Bertoldi, 2005). Presumably,
as with pool-bar length in single channels, confluence—diffluence spacing in braided
rivers is controlled by the size (width or discharge) of the confluence channel: larger
confluences would have greater distances to the downstream bifurcation.

This effect of channel size or discharge on morphological length scale can be seen
in relation to the total discharge of the river (Ashmore, 2001, Figure 1) in which the
average spacing of nodes (confluences or bifurcations) in the braided network increases
approximately as the square root of total river discharge. This may be expected on the
basis that the total discharge of the stream is likely to be a strong control on the width
of individual channels within the braided system. A larger total discharge will result in
larger average anabranch widths, given that the proportional allocation of flow between
channelsissimilar in streams of different discharge (Mosley, 1983, Figure 23). The overall
trend parallels that of the well-known meander wavelength—discharge relationship but
the braid wavelength is shorter for a given discharge, presumably because the braided-
river discharge is divided among several channels. Dividing the flow into more than one
channel reduces the characteristic wavelength for each channel and therefore for the
river as a whole. One implication of this is that, for a given discharge, rivers with higher
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Figure 7.4 A possible relationship between meander wavelength and braid wavelength (confluence
spacing) of a simple braided channel for identical total channel-forming discharge.

braiding intensity will have a smaller average anabranch width and therefore shorter
confluence-bifurcation spacing.

Braid wavelength, as defined in the previous paragraph, is shorter than meander wave-
length for a given total discharge by a factor of about 0.88, based on data in Ashmore
(2001) and standard relationships for meander wavelength. Assuming the simplest sce-
nario of a flow combining and dividing equally in a single confluence-bar sequence, and
based on the square-root relationship between discharge and wavelength, it is possible
to see how this relationship might arise (Figure 7.4). The combined flow downstream
of the confluence would have a wavelength equivalent to the pool-bar spacing (half the
wavelength) in a single channel with the same discharge. The channels downstream of
the bifurcation tend to form pool and bar topography at a scale commensurate with
their discharge, which is half of the total discharge. This produces a pool-bar spacing
0.7 times shorter than in the channel upstream of the bifurcation, in other words 0.35
times the pool-bar spacing of a single channel with the same discharge. This results
in spacing between successive confluences (or bifurcations) 0.85 times the meander
wavelength of the equivalent single channel. This is clearly a simplified scenario but it
may provide the basis for a theoretical analysis of the distribution of length scales of
braided-river confluence-bar sequences and for the river morphology as a whole.
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Sediment transport and sediment budgets

The overall flow structure and pattern of flow velocity, shear stress and bedload asso-
ciated with confluence zones is important in understanding confluence development
and downstream effects on the stream network. Experimental and theoretical studies
of the stability and morphology of bifurcations in braided rivers have emphasized the
potential effect of migrating bars and transverse flow on the evolution of bifurcations
(Bolla Pittaluga et al., 2003). The few synoptic studies of the rate and patterns of bedload
transport in confluences (e.g. Thompson, 1985; Davoren and Mosley, 1986; Ferguson
et al., 1992; Goff and Ashmore, 1994; Luce, 1994; Varkaris, 1999) show that the conflu-
ence is a zone of generally higher bedload transport rate that peaks near the downstream
end of the scour pool at the transition into the downstream depositional area. An over-
all decrease in average shear stress then accompanies downstream deposition, but this
depends on the details of the morphology in particular cases. This fits with Carson
and Griffiths’ (1987) concept of the confluence as bedload conduit between upstream
bar erosion and downstream deposition and implies that, in a developed confluence,
vertical scour contributes little to the total transport.

The pattern of flow, bedload and morphological change varies as the confluence
zone develops and the confluence fluctuates between erosional and depositional states
(Ferguson et al., 1992; Luce, 1994; Varkaris, 1999). For example, repeated mapping
of the morphology of a developing confluence and downstream bar in the Sunwapta
River (Luce, 1994) revealed daily changes in the spatial pattern of morphological change
and erosion, deposition and bed-material transport within the confluence zone as the
confluence morphology evolved. Often, the confluence zone did not have the expected
pattern of erosion in the centre of the confluence and sedimentation downstream but
was either largely erosional or depositional over its length before becoming abandoned,
and partially filled, as a consequence of channel migration. The downstream pattern
of inferred bedload-transport rates varied accordingly. Because the confluence was
eventually abandoned and partially filled, the whole confluence zone showed net depo-
sition during the observation period, and deposition volumes were greatest in the scour
zone.

A similar analysis of sediment budgets from an evolving confluence zone in a physical
model of a braided river (Varkaris, 1999) showed that, during development and periods
of morphological stability, the cross-section averaged transport rate (back-calculated
from DEMs of topographic change) generally increased through the confluence, peaking
at the scour hole or at the downstream end of the confluence, and migrating with the
scour hole (Figure 7.5). Often, the peak in transport rate was related to the lateral
erosion and migration of the confluence, rather than scour enlargement. However, as
the confluence became less active, the locus of maximum transport rate became less tied
to confluence morphology and shifted upstream of the confluence during net deposition
at the confluence or the onset of local scour in the upstream anabranches.
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Figure 7.5 Maps of a sequence (a-g) of changes in the downstream pattern of bedload transport
rate in two confluent anabranches and the downstream confluence in a physical model of a braided
river over a period of approximately one hour. The plots are approximately 10 minutes apart in
time. Colour transition from blue to red indicates increasing transport rate and the location and bed
elevation in the scour hole is shown in grey tones superimposed on the transport pattern. Cross-
section average transport rates were calculated by morphological methods (Ashmore and Church,
1998) at a series of closely spaced cross-sections based on high-resolution, photogrammetric DEMs
(Stojic et al., 1998). Flow is left to right. A colour reproduction of this figure can be seen in the
colour section towards the centre of the book.

Particular modes of confluence adjustment and change are therefore expected to have
associated patterns of erosion/deposition and therefore distinctive downstream trends
in bedload transport through a confluence zone, tied to the particular morphological
changes (Ashmore, 1993; Luce, 1994; Varkaris, 1999). The confluence itself is by no
means always, or even mainly, a zone of erosion and maximum bedload-transport
rate. Thus, confluences have a life history during which the flow structure, spatial
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pattern of bed-material transport and associated morphological change (sediment-flux
convergence or divergence) undergo constant change along the time line from initial
development and scour, through phases of development and migration to abandonment
or infilling, during which the confluence is a net source, a transfer zone or a net sink for
bed material. In this respect, confluence-zone dynamics is an important element of the
spatial and temporal variation of the bedload-transport rate in braided rivers, driven
by the inherent instability of braided-river morphology.

There is a very clear link between confluence-zone morphodynamics and the spatial
and temporal pattern of bedload flux locally along the river. It is well known from phys-
ical model studies that the bedload-transport rate, integrated across the river, fluctuates
over a range of frequency and amplitude even at constant river discharge (Ashmore,
1988; Young and Davies, 1991; Hoey and Sutherland, 1991; Hoey et al., 2001; Bertoldi
et al., 2006). One approach to explaining these fluctuations is to envisage a spatial
pattern of variation in shear stress along the braided network associated with major
morphological features of braided morphology, such as confluences, that cause down-
stream changes in the transport rate related to the changes in shear stress (Davoren and
Mosley, 1986; Hoey et al., 2001). An alternative is to view this variation in transport rate
as being related to the processes of morphological change, such as bar migration, avul-
sions, cut-offs and the formation/filling of scour holes (Ashmore, 2001). These may not
be explicitly predictable and tied to channel hydraulics in a system that is intrinsically
unstable and typically in disequilibrium (Ashmore, 2001; Paola, 2001).

Confluence formation is one of a set of processes that may generate pulses and
fluctuations in the bedload transport rate as they pass through cycles of formation,
migration, stability and abandonment. However, they represent one of several sets of
such processes, which include scour in other locations such as bar margins or bends in
single anabranches. Analyses of physical model data on braiding and sediment transport
(Ashmore, 1988; Hoey and Sutherland, 1991; Bertoldi et al., 2006) suggest that a variety
of scales of morphological processes can be associated with bedload fluctuations. The
longer-period fluctuations (one to eight hours in a typical model) can be related to the
temporal development of confluences and bifurcations and to the period of overall shift
or avulsion of the channel network that induces a phase of increased transport rate as
the network adjusts to the new configuration (Bertoldi et al., 2006). In all cases, the
development and morphodynamics at nodes in the network are implicated, directly or
indirectly, in the fluctuations of transport rate. The spatial patterns of bedload associated
with confluences, along with their length scale and rate of migration, may be a significant
control on the amplitude and frequency of bedload variation along a braided river
and over time at a given cross-section. Direct measurements of these patterns using,
for example, inverse methods based on mapping volumes of erosion and deposition
(Ashmore and Church, 1998) are needed to provide the direct connection between
confluence morphodynamics and the characteristics of the bedload time series and
spatial patterns of variation of bedload in braided rivers. This will also help to address
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the possibility (Carson and Griffiths, 1987) that the funnelling of bedload through active
confluence zones may facilitate bedload transport in braided rivers to the extent that
they do so more efficiently than single-thread channels.

Sediment sorting and alluvial deposits

Much of the channel migration, bar deposition and development of bed topography in
braided rivers can be related in some way to confluences and associated features and
dynamics. One implication of this is that confluences may be a significant component of
braided-river deposits. While this has been recognized by a number of sedimentologists
(e.g. Bridge, 1993; Siegenthaler and Huggenberger, 1993, and see Best and Rhoads, this
volume, Chapter 4), the evidence remains poor, the criteria for recognizing confluence
deposits are unclear and there is no conceptual or quantitative model of the way in
which confluence processes and features are preserved in sandy or gravely braided-river
deposits.

The combining flows, abrupt changes in bed elevation and rapid erosion and sedi-
mentation at confluences create the potential for distinct patterns of particle size sorting,
especially in a gravel-bed river. Two primary effects are the oblique and diverging flows
at the bed in the downstream parts of the confluence zone and steep avalanche faces
at the upstream end of the confluence. In symmetrical, high-angle confluences, these
sorting patterns may be very distinct and have pronounced, bilateral fining outwards
from the thalweg in the scour pool (Figure 7.2(a—c)) driven by obliquely outward flow
at the bed (Ashworth et al., 1992; Bridge, 1993; Powell, 1998). This often evolves down-
stream into distinct coarse-grained deposits in the centre of the channel and on the
downstream bar head (Figure 7.2(a)). At the same time, there may be vertical sorting
by avalanching at the entrance to the scour pool, which tends to cause larger particles to
fall to the base of the avalanche face, near the centre of the scour pool (Ashmore, 1982).
In symmetrical confluences, this bilateral fining tends to dominate but is not ubiqui-
tous (Jackson, 1994). In asymmetrical confluences, in which the outward-directed (at
the bed) flow structure is less developed and in which the scour hole is smaller and
occupies less of the channel width, sorting patterns are more variable and many have
unilateral fining (fining towards the larger channel) as well as bilateral fining (Jackson,
1994) (Figure 7.2(c) and (e)). In more complicated confluences, the sorting patterns
may be completely disrupted. Observations (Ashmore, 1985; Jackson, 1994) also show
that sorting patterns are disrupted by gravel sheets and bedload pulses passing through
the confluence. Under these conditions, sorting may be dominated by the internal sort-
ing in sediment lobes emerging from the confluence, and by the normal flow structure
in the confluence being disrupted. The overall consequence is that sorting patterns in
many confluences constantly adjust to the prevailing geometry and sediment supply
and are very sensitive to changes in any of these conditions.
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Whether, and which, sorting patterns are preserved in the deposits depends on
the manner in which the filling occurs and the development of the confluence itself.
Examples of confluence deposits to date have tended to focus on static, symmetrical
confluences with little analysis of if, and how, the sorting patterns evolve or are preserved
during migration, morphological development and infilling. Focusing on symmetrical
confluence morphology ignores the fact that most confluences in braided rivers have
complex morphology and are seldom symmetrical. In terms of the preservation of as-
sociated deposits, it seems more likely that asymmetrical confluences, which migrate
and infill much like low-sinuosity meanders, are more likely to have extensive preserved
deposits (Bridge, 1993).

Within both sand and gravel braided rivers, confluences have the potential to mi-
grate across a braid-plain and to erode to the greatest depth (Ashmore and Parker,
1983; Klaassen and Vermeer, 1988; Best and Ashworth, 1997; Sambrook Smith et al.,
2005), resulting in a significant preservation potential (Bridge, 1993; Siegenthaler and
Huggenberger, 1993). Confluences must therefore have a significant influence on over-
all and maximum bed thickness. In the context of braided-river alluvium, confluence
scour zones may constitute a large proportion of the preserved sediments (Cowan,
1991). If so, then the structure of braided-river alluvium may be largely explained by
the migration and filling of confluences. However, there are relatively few examples of
confluence scour deposits in the literature, and a number of these are essentially snap-
shots of a single scour feature (Williams and Rust, 1969; Cowan, 1991; Siegenthaler and
Huggenberger, 1993; Heinz et al., 2003). There is an apparent paradox that confluence
zones are morphologically and sedimentologically significant but yet seldom feature in
analyses and models of braided-river alluvium. Indeed, Miall and Jones (2003) wonder
why more examples of confluence deposits were not found in the Hawksbury formation
(an analogue for the Brahmaputra River’s deposits). The answer may be that there is in-
sufficient understanding of the geometry and internal structure of confluence deposits
and that existing ideas of the likely characteristics of confluence deposits are incomplete.
To date, there has been no systematic, process-based analysis of the morphological and
sedimentological development of confluence zones to encourage the development of
diagnostic features of confluence deposits.

While there are examples in the literature identified as preserved confluence deposits
(Williams and Rust, 1969; Cowan, 1991; Siegenthaler and Huggenberger, 1993; Heinz
etal.,2003), it is apparent that deposits of static and migrating confluences will differ in
sorting and geometry. An asymmetrical, migrating confluence may move across a braid-
plain maintaining approximately the same geometry and flow structure as it migrates.
In this way, the confluence erodes older adjacent deposits and is filled in, leaving an
erosion surface at its base distinguished by a coarse, open-framework, layer. A possible
example of this was provided by Heinz et al. (2003), who interpreted large sections of
the ancient Rhine deposits to be confluence fills. An analysis of their data shows the
aspect ratios of these confluence fills are similar to documented cases of gravel-bed
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sheets (aspect ratio = ~ 154) rather than scours (aspect ratio = ~ 5) (e.g. Sheets
et al., 2002). The migration of the confluences may explain these larger aspect ratios
and thus the wide fills. This contrasts with the ‘onion’ structure of confluence deposits,
identified by Siegenthaler and Huggenberger (1993), that may be indicative of a more
stable confluence scour migrating only a small (less than the confluence dimensions)
distance laterally and downstream. An intermediate example may be that of Wooldridge
and Hickin (2005, Figure 12, p. 855), who document a possible example of a stalled and
reactivated confluence scour zone. The depositional form resulting from confluence
migration may therefore be a thick horizontal bed of massive or graded material — the
type of geometry usually associated with bar deposits in previous studies.

Sedimentological analysis of braided and wandering rivers is becoming more quanti-
tative and based on complete three-dimensional data and histories of deposit develop-
ment in contemporary rivers from direct observation and shallow geophysical methods
(e.g. Lunt et al.,, 2004; Wooldridge and Hickin, 2005). The possibility of acquiring
quantitative data on a wide range of morphological and sedimentological processes
and characteristics now exists. These might include the length scale of bars and scours
associated with confluences, the frequency distribution of scour depth, amplitude and
spatial pattern of topography and topographic change and the typical distance and
pathways of scour-zone migration. Quantitative analysis of relationships such as the
distribution of bed thickness based on the amplitude of scour-bar topography, simi-
lar to that proposed for dune deposits (Paola and Borgman, 1991), are now possible.
The technology for achieving this in the field has developed rapidly in the past decade
(e.g. Chandler et al., 2002; Westaway et al., 2003), although turbid water still presents
a problem for remote sensing and laser-based measurement of topography. In labo-
ratory models, with reduced timescale, high-resolution DEMs may be acquired from
laser scanning or photogrammetry (e.g. Stojic et al., 1998, and see Figures 7.1(b) and
7.6(b), this chapter) at high frequency and over timescales commensurate with a com-
plete reworking of the river bed and for channel length covering several confluence
zones. At the same time, automated image analysis (e.g. Carbonneau et al., 2005) can
provide complete high-resolution mapping of grain size. The differencing of successive
DEMs enables the measurement of the shapes of erosion and deposition volumes (e.g.
Ashmore, 2001; Westaway et al., 2003) that can be related to channel morphology and
sedimentary processes. These data will also provide a source of verification information
for numerical models (Doeschl and Ashmore, 2005).

As an example of the development and utility of this new type of data, Figure 7.6 shows
a vertical image, derived DEM and grain-size map of a confluence zone in a physical
model of a gravel braided river. DEMs (Figure 7.6(b)), with a resolution and precision
of about 1 mm, were generated using Leica Photogrammetry Suite, and the images used
in the photogrammetry were also used to produce calibrated grain-size maps based on
textural analysis (Figure 7.6(c)) (Carbonneau et al., 2005). The three images combined
can be used to see morphological detail, measure topography and elevation distribution
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Cross Section
Transect

Figure 7.6 Confluence scour zone in a braided-river model: (a) ortho-photo mosaic of the river bed
at the confluence (drained of water) with approximate channel boundary outlined. Flow direction
was left to right. The positions of the cross-sections in Figure 7.7(b) and (c) are shown, along with
the position of the bounding boxes in those diagrams; (b) DEM of river bed at confluence. Darker
areas represent lower elevations, lighter areas are higher elevations; (c) grain-size map of the river
bed showing sorting patterns at the confluence. Lighter areas are fine-grained pixels and darker
areas are coarse-grained pixels.
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and correlate these with spatial and topographic grain-sorting patterns. For example,
local areas of fine and coarse grains are readily seen in the area of the confluence scour.
A sequence of such data through time enables the analysis of the changes in topography,
elevation and grain-size distribution within a developing confluence zone and could be
used to develop high-resolution, three-dimensional information on deposit geometry
and grain size.

Figure 7.7 shows the overall pattern of elevation and grain size change within the
confluence over a period of 15 hours. After initial scour and coarsening (Figure 7.7(a)
(165-169 hr), there are further phases of filling and grain-size change before a final
fill with coarse sediment from the true left confluence anabranch (179 hr). Further
detail of sorting patterns can be obtained from single transects across the river in any
orientation and a time series of transects can be used to visualize changes in these
patterns. Transverse and longitudinal profiles (Figure 7.7(b) and (c)) show a complex
relationship between grain size and bed elevation in general but also clear lateral sorting
(fines input from left anabranch, coarser near the centre and at right anabranch) in the
confluence scour hole and a coarsening at lower elevations, that may represent a basal
scour layer, along the longitudinal profile. Temporal sequences such as these can be used
to develop relationships between elevation and grain size and between elevation change
and vertical fining or coarsening. These can then be used to construct a quantitative
model of the braided-river deposit geometry in association with particular features and
events and to evaluate the nature of the contribution from confluence morphology,
kinetics and size sorting.

Prospect

Thereis enormous scope and a need for analyses that build on the existing descriptions of
the morphodynamics of unconfined confluences in braided rivers (see also conclusions
of Best and Rhoads, this volume, Chapter 4). This will contribute insight into the
comparative significance of confluences in the functioning of a range of multichannel
river types, differences between sand-bed and gravel-bed rivers and the role of lateral
(in)stability (e.g. through bank-vegetation effects) on confluence and river dynamics.
In addition, there is the potential to increase our understanding of the morphology and
dynamics of alluvial junctions in branching networks and their influence on sediment
transport and river morphology.

A variety of new techniques make it possible to develop a more sophisticated and
quantitative understanding of confluence behaviour in relation to a variety of prob-
lems. Locally at confluences there has been little analysis of the mutual interaction
of flow, sediment transport, morphology and sediment-size sorting. Developments
in numerical modelling (e.g. Bradbrook et al., 2000; Biron and Lane, this volume,
Chapter 3) hold great promise in this respect but at the same time techniques for synoptic
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Figure 7.7 Changes in topography, elevation and grain size within a developing confluence zone:
(a) frequency distributions of bed elevation and grain sizes in the confluence through 15 hours of
experiment time; (continued)
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Figure 7.7 (b) cross-section across the braided river bed showing variable bed elevation and grain
size. The confluence zone is outlined. Lateral sorting is evident because finer material enters the
confluence from the left anabranch, and secondary flow at the bed sorts the finer material to the
margin of the scour hole. The scour hole is relatively coarse-grained but fine-grained ‘wings’ are
prominent; (c) a long profile bisecting the confluence scour hole shows a steep avalanche face with
normal fining trend down into the scour. The scour is lined with a coarse lag deposit, and coarse
material is prominent along the length of the confluence zone.
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flow, morphology and sediment-transport measurement are available for both field and
physical model studies.

Beyond the traditional focus of work on confluences, there are almost no data on
transport paths and the distribution of path lengths of particles in braided rivers and
how these relate to the length scale of the confluence—diffluence units and to the flow
structure in the confluence zone. There is scope here for active tracer studies in the
field, direct observations in physical models and numerical tracer experiments on path
lengths and storage times. Similarly, confluence migration and kinetics are understood
conceptually but there has been no analysis of the physical processes by which these
adjustments occur beyond the prediction of exit angles in stable confluences. This
is important in understanding confluences as distributors of bed material and fine
sediment. There is scope for further theoretical development based on work in the
1970s and 1980s, along with new physical experiments.

Spatial and temporal patterns of bedload through confluences and their role in
observed fluctuations in bedload-transport rates over time and along the river are a
significant aspect of the dynamics of confluences in this setting. Bedload transport rates
can, and have, been inferred from measured topographic change in the field and in
physical models, but more work is needed based on either direct flux measurements
or inferred rates from topographic change (DEMs). Reduced-complexity, exploratory
models of braiding exhibit this unstable behaviour in sediment output and there is
scope for further theoretical developments using such models to understand the origin
and characteristics of these fluctuations.

Finally, high-resolution data from DEMs and image analysis can also provide in-
formation on confluence dimensions, persistence and migration distances from which
to develop models of confluence stability and controlling conditions and processes.
When combined with grain-size mapping, there is the prospect of complete three-
dimensional models of braided river sedimentology based on the quantification of river
morphodynamics and grain-sorting patterns in physical models and in the field, where
sedimentary structure can also be quantified from GPR (ground-penetrating radar)
and other geophysical techniques. All of these components of confluence morphology
and sedimentology can be seen to connect to one another, and this reflects the signif-
icance of unconfined confluences as elements of, and essential to understanding, the
morphodynamics of braided rivers.
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Introduction

When viewed at the largest scales, many rivers exhibit incremental downstream changes
in key physical characteristics (e.g. discharge, bank strength, bed slope and bed-material
grain size) that are associated with downstream changes in channel shape (e.g. Leopold
and Maddock, 1953) and planform style (e.g. Church, 1992), with hydraulic properties
such as channel roughness (e.g. Bathurst, 1993), with the organization of stream biota
(e.g. Vannote et al., 1980) and with the sedimentary architecture of alluvial basin fills.
However, these general trends are revealed to be more complex at smaller scales where
additional spatial structure is apparent (e.g. Mosley and Schumm, 2001). Variations in
lithology, climate, tectonic history and land use may be important sources of structure
along some, but the supply of water, sediment and organic materia