
Bar and channel evolution in meandering and
braiding rivers using physics-based modeling

Modellering van de ontwikkeling van zandbanken en geulen

in meanderende en vlechtende rivieren

(met een samenvatting in het Nederlands)

P R O E F S C H R I F T

ter verkrijging van de graad van doctor aan de Universiteit Utrecht

op gezag van de rector magni�cus, prof.dr. G.J. van der Zwaan,

ingevolge het besluit van het college voor promoties in het openbaar te verdedigen

op vrijdag 1 mei 2015 des middags te 2.30 uur

door

Filip Schuurman

geboren op 10 december 1983 te Nieuwegein



Promotores:

Prof. dr. M.G. Kleinhans

Prof. dr. H. Middelkoop



Bar and channel evolution in meandering and braiding rivers
using physics-based modeling



Utrecht Studies in Earth Sciences

ISSN 2211-4335



Utrecht Studies in Earth Sciences 079

Bar and channel evolution in
meandering and braiding rivers
using physics-based modeling
Filip Schuurman

Utrecht 2015

Department Physical Geography
Faculty of Geosciences - Utrecht University



Promotors
Prof. dr. M.G. Kleinhans

Prof. dr. H. Middelkoop

Examination commi�ee
Prof. dr. J.L. Best, University of Illinois

Dr. ir. E. Mosselman, Deltares

Prof. dr. ir. Y. Shimizu, Hokkaido University

Prof. dr. H.E. de Swart, Utrecht University

Dr. S. Temmerman, University of Antwerpen

Prof. dr. ir. W.S.J. Uijttewaal, Delft University of Technology

This work was �nancially supported by the Netherlands Organisation for Scienti�c

Research (NWO), grant ALW-Vidi-864·08·007 to Maarten G. Kleinhans.

ISBN 978-90-6266-391-0

Copyright © F. Schuurman c/o Faculty of Geosciences, Utrecht University, 2015.

Niets uit deze uitgave mag worden vermenigvuldigd en/of openbaar gemaakt door

middel van druk, fotokopie of op welke andere wijze dan ook zonder voorafgaande

schriftelijke toestemming van de uitgevers.

All rights reserved. No part of this publication may be reproduced in any form, by

print or photo print, micro�lm or any other means, without written permission by the

publishers.

Printed in the Netherlands by Gildeprint, Enschede.



Contents

Preface xi

1 General introduction 1
1.1 Aim and general research question . . . . . . . . . . . . . . . . . . . . 3

1.2 Classi�cation of river patterns . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Morphodynamics in meandering rivers . . . . . . . . . . . . . . . . . . 7

1.4 Morphodynamics in braiding rivers . . . . . . . . . . . . . . . . . . . . 9

1.5 Numerical modeling of river morphodynamics . . . . . . . . . . . . . . 11

1.6 Speci�c research questions and thesis outline . . . . . . . . . . . . . . . 12

2 Physics-based modeling of large braided sand-bed rivers: Bar pattern
formation, dynamics, and sensitivity 15
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.1.1 Factors determining bar dimensions and dynamics in braided

rivers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.1.2 Numerical modeling of braided rivers . . . . . . . . . . . . . . . 18

2.1.3 Objectives and approach . . . . . . . . . . . . . . . . . . . . . . 20

2.2 Model description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.2.1 Background of Delft3D . . . . . . . . . . . . . . . . . . . . . . . 21

2.2.2 Hydrodynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.2.3 Sediment transport and morphodynamics . . . . . . . . . . . . 22

2.2.4 Model settings and boundary conditions . . . . . . . . . . . . . 24

2.2.5 Variables for sensitivity analysis . . . . . . . . . . . . . . . . . 26

2.3 Methods of analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.3.1 General approach . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.3.2 Bed level . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.3.3 Braiding Index . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.3.4 Active channel width . . . . . . . . . . . . . . . . . . . . . . . . 29

2.3.5 Bar length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

vii



2.3.6 Bar shape . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.4.1 General development . . . . . . . . . . . . . . . . . . . . . . . . 31

2.4.2 Evolution of braiding intensity, bar, and channel dimensions . . 34

2.4.3 Channel �ow and sediment transport around a mid-channel bar 37

2.4.4 Sensitivity analyses . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.5.1 Implications of nonlinear model results . . . . . . . . . . . . . . 43

2.5.2 Sensitivity of morphological model results . . . . . . . . . . . . 46

2.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3 Morphodynamic modeling of bar dynamics and bifurcation evolution
in a braided sand-bed river 49
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.2 Model descriptions and methods . . . . . . . . . . . . . . . . . . . . . . 52

3.2.1 Nodal point relations . . . . . . . . . . . . . . . . . . . . . . . . 52

3.2.2 Numerical three-dimensional model . . . . . . . . . . . . . . . 55

3.2.3 Model settings and boundary conditions for the three-

dimensional numerical model . . . . . . . . . . . . . . . . . . . 57

3.2.4 Methods for analysis . . . . . . . . . . . . . . . . . . . . . . . . 57

3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.3.1 From �at bed to braided river . . . . . . . . . . . . . . . . . . . 59

3.3.2 Bifurcation evolution mechanisms . . . . . . . . . . . . . . . . 61

3.3.3 Application of nodal point relations . . . . . . . . . . . . . . . . 65

3.3.4 Application of planform-based predictors . . . . . . . . . . . . 68

3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.4.1 Initiation and evolution of mid-channel bars and bifurcations . 69

3.4.2 Prediction methods for short-term bifurcation, bar and channel

evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4 Dynamic meandering in response to upstream perturbations and �ood-
plain formation 77
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.2 Model description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.2.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.2.2 Hydrodynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.2.3 Sediment transport in Delft3D and Nays2D . . . . . . . . . . . 82

4.2.4 Bank erosion and bar-�oodplain conversion . . . . . . . . . . . 84

4.2.5 Model schematization and scenarios . . . . . . . . . . . . . . . 85

4.3 Analysis of model output . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.3.1 Bar and meander lengths . . . . . . . . . . . . . . . . . . . . . . 88

4.3.2 Spatial damping of in�ow perturbation . . . . . . . . . . . . . . 89

4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.4.1 Meandering in Delft3D . . . . . . . . . . . . . . . . . . . . . . . 89

Dynamic in�ow . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

E�ect of in�ow perturbation . . . . . . . . . . . . . . . . . . . . 90

viii



4.4.2 Meandering in Nays2D . . . . . . . . . . . . . . . . . . . . . . . 92

Dynamic in�ow . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

E�ect of in�ow perturbation . . . . . . . . . . . . . . . . . . . . 92

Sensitivity of meander dynamics . . . . . . . . . . . . . . . . . 94

4.4.3 Meandering in the IP-model . . . . . . . . . . . . . . . . . . . . 94

4.4.4 Forced-free bars interactions . . . . . . . . . . . . . . . . . . . 95

4.4.5 Modeling of bank erosion and bar-�oodplain conversion . . . . 97

4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

4.5.1 Meander initiation: free bars, forced bars and bends . . . . . . . 100

4.5.2 Necessity of in�ow perturbation dynamics for sustained mean-

dering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

4.5.3 Necessity of bar-�oodplain conversion for sustained meandering 101

4.5.4 Progress in meander dynamics modeling . . . . . . . . . . . . . 103

4.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5 Network response to internal and external perturbations in large sand-
bed braided rivers 105
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.1.1 Bar and channel dynamics in braided rivers . . . . . . . . . . . 106

5.1.2 Perturbations in braiding rivers . . . . . . . . . . . . . . . . . . 107

5.1.3 Research questions, hypothesis and approach . . . . . . . . . . 109

5.2 Model descriptions and methods . . . . . . . . . . . . . . . . . . . . . . 110

5.2.1 Numerical three-dimensional model . . . . . . . . . . . . . . . 110

5.2.2 Default model settings and boundary conditions . . . . . . . . 111

5.2.3 Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.2.4 Method for analysis . . . . . . . . . . . . . . . . . . . . . . . . 114

5.2.5 Analytical models . . . . . . . . . . . . . . . . . . . . . . . . . . 115

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.3.1 Development of a braided channel pattern . . . . . . . . . . . . 117

5.3.2 Discharge attenuation . . . . . . . . . . . . . . . . . . . . . . . 118

5.3.3 Channel con�nement . . . . . . . . . . . . . . . . . . . . . . . . 119

5.3.4 In�ow asymmetry . . . . . . . . . . . . . . . . . . . . . . . . . 121

5.3.5 Branch closure . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

5.3.6 Bar protection . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.3.7 Structures on bar . . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.3.8 Sand mining . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

6 General conclusions and perspectives 135
6.1 Summary of chapter conclusions . . . . . . . . . . . . . . . . . . . . . . 135

6.1.1 Physics-based modeling of bar dynamics in large braided rivers 135

6.1.2 Interaction between bars, branches and bifurcations in large

braided rivers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

6.1.3 Requirements for sustained meander dynamics . . . . . . . . . 136

6.1.4 Propagation of perturbations in large braided rivers . . . . . . . 137

6.2 Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

ix





Preface

This thesis is the result of my PhD-research at the Utrecht University, Faculty of Geo-

sciences, Department of Physical Geography. In December 2009, I started the research

and accomplished it in the spring of 2015. During the research, and writing of the pa-

pers and this thesis, I received support from many colleagues and friends. Here, I would

like to express my gratitude.

First of all, I would like to thank my enthusiastic promotors Maarten Kleinhans and

Hans Middelkoop. Maarten, our collaboration started with my MSc-research: �eld-

work, �ume experiments and modeling of the meandering tidal channels along the

Western Scheldt. In that period, you made me enthusiastic about the morphodynamics

of rivers. Later, you gave me the opportunity to conduct the PhD-research. During the

last year of my research, you became full professor and one of my promotors. Thank

you for your inspiration, your enormous contribution to this research and your guid-

ance on the way to the accomplishment of this research. Hans, thank you for indis-

pensable advice, your help to de�ne the research objectives and your help to see the

broader scope of my research.

Next, I would like to thank my former colleagues Wout van Dijk and Wietse van de

Lageweg. I enjoyed our discussions about river meandering, and both the interesting

competition between and complentarity of my modeling and your �ume experiments.

I would also like to acknowledge the assistance of Eveline and Jantine, who helped me

with the analyses of the braided river dynamics in Chapter 3 and the analytical models.

And thanks to many colleagues, among others Wouter, Tjalling, Renske, Kim, Mijke

and Wimala, I had a great time at the Utrecht University.

Furthermore, I would also like to express my gratitude to the members of my advi-

sors board: Eric Mosselman, Kees Slo� and Marius Sokolewicz. Their advice, thorough-

going questions and enlightening discussions about the results and implications of the

results helped me a lot to improve it. Beside them, I would like to thank colleagues from

other Dutch universities and institutes, among others Alessandra Crosato and Ralph

Schielen, for the conversations about the always fascinating river morphodynamics.

During my PhD-research, I worked part-time at the consultancy company Royal

HaskoningDHV on a wide range of projects. Some of these projects were related to my

xi



PhD-research, while other projects expanded my experience with new topics. I would

like to thank my colleagues for their support during the research and their patience

in sharing my time with the university. In particular, I would like to thank Marcela

Busnelli, who taught me the tricks of modeling in Delft3D, which was very useful for

my research. Also, I would like to thank Eisse Wijma for gaving me the opportunity to

work on meander dynamics in the smaller Dutch rivers.

In 2012, I visited the laboratory of Yasu Shimizu at Hokkaido University for two

months. It was a great time to work with his group and their meander model that I

used in Chapter 4 of this thesis. Many thanks to Yasu Shimizu, Ichiro Kimura, Toshiki

Iwasaki, Mohamed Nabi, Kazutake Asahi, Kazuyosi Hasegawa and my room mate Gary

Parker for their hospitality in the Land of the Rising Sun and their great help with the

research.

During my research, I also participated in the IMPACT project, a collaboration be-

tween multiple European universities and research institutes. This project gave me

the opportunity to investigate the e�ects of climate change and land use change on

the morphology of small rivers. It also broadened my view to the environmental and

biological aspects of rivers. Jochem Kail, thank you for your leadership and support

during this project!

Furthermore, I would like to acknowledge the input from and discussions with

many foreign colleagues, among others Phill Ashworth, Jim Best and Charlie Bristow

about the fascinating world of large braided rivers; Brad Murray and Andrew Nicholas

about the river modeling aspects; and Thomas Dunne, Stefano Lanzoni and Michele

Bolla Pittaluga about a variety of topics. Also, I’m grateful to Tan Soon Keat of the

Nanyang Technical University in Singapore, to allow me to work on my research at the

Maritime Research Centre for several months in total.

However, I couldn’t accomplish this research and thesis without the support of my

parents, brother, sister and friends: Pim, Elly, Willem Jan, Michel, Anke, Gerben, Rita,

Olaf and many others. Hartelijk bedankt!

And of course I would like to thank my Trang. You always supported me and intro-

duced me to many exotic places in South-East Asia, including the impressive Mekong

River (where we made the photos of Figure 1.1). Also, thank you for the translation of

the Vietnamese summary. Cảm ơn em!

Filip Schuurman

Utrecht, March 2015

xii



CHAPTER 1

General introduction

Rivers are one of the most dynamic earth surface systems, transporting water and sed-

iment from their catchment towards the sea. The water and sediment interact with the

river bed and banks, resulting in a complicated topography with bars, channel bends

and islands. The behavior of rivers and the resulting complex patterns of rivers have

intrigued scientists from ancient history to the present.

The ecological, economic and social values of rivers are enormous. Rivers provide

fresh water for drinking, irrigation and industry, fairways for transportation of goods

and people, and fertile �oodplains and deltas (Figure 1.1). At the same time, society

faces major challenges to both maximize the bene�ts and reduce the negative aspects

of rivers. Increasing population density along rivers and economic growth boost the

demands for river resources and reduction of the risks (Figure 1.2). For example, main-

tenance of river fairways for navigation is a major challenge. In the Mississippi River

(USA) alone, annual costs for maintenance dredging were US$85 million between 2005

and 2010 with annual cargo over the river worth US$115 billion (Big River Coalition,

2014). Another example is severe bank erosion along the braided Brahmaputra River in

Bangladesh, where erosion rates as high as several hundreds of meters per year have

been recorded (Klaassen and Masselink, 1992), and short lifetimes in the range from 1

to 7 years have been recorded for the islands (Khan and Islam, 2003). Furthermore, the

stability of river engineering works such as bridges and hydropower dams remains a

challenge.

Successful river management requires thorough understanding and prediction

methods of river dynamics (e.g. Ward, 1994), with dynamics of bars, main channel

and secondary channels as important elements. Furthermore, the e�ects of perturba-

tions caused by river engineering works on these dynamics need to be understood. To

gain such understanding and for development of prediction methods, data are crucial,

both for rivers in general and site-speci�c. Unfortunately, investigation of large rivers

by conducting extensive �eld observations has many practical and �nancial disadvan-

1



1. General introduction

a. b.

c. d.

Figure 1.1: Examples of human impact of rivers: living in the rural area along the Mekong
River, Vietnam (a); shipment in the Mekong River, Vietnam (b); water front development along
the Mekong River in Ho Chi Minh City, Vietnam (c); navigation in the Rhine River, The Nether-
lands (d).

Figure 1.2: Example of negative impacts of river dynamics illustrated by a timeseries of aerial
photos of the Irrawaddy River, Myanmar: severe bank erosion removed part of a village (red
circle) and emergence of a kilometer wide bar in front of another village (blue circle). Flow is
from top right corner. Location: 19°05’N, 95°08’E. Source: GoogleEarth.

2



1.1. Aim and general research question

10 km

N

Figure 1.3: Satellite image of the Congo River in Congo, with the braided Congo River on the
right, a high-sinuosity meandering river in the middle and a low-sinuosity meandering river
on the left. Source: GoogleEarth.

tages. For example, it is often not feasible to cover many meander bends or bifurcations

during one �eld campaign. Thus, data with su�cient spatial and temporal resolution

and extent to analyze the morphodynamics and processes involved are scarce (Thorne

and Baghirathan, 1994), particularly for large braided rivers. Satellite data (e.g. Fig-

ure 1.3) provide important supplementary data, but without providing crucial data on

hydrodynamics, sediment transport and underwater bathymetry. And perhaps more

importantly, it is impossible to test scenarios in the �eld to isolate e�ects and compare

scenarios. Furthermore, �eld data is site-speci�c and thus provides limited generic in-

sights. Flume experiments partly solved these shortcomings, but with the drawback of

serious scale issues. Analytical models provide understanding of rivers, but are com-

monly too simpli�ed to be applicable in the setting of ‘real world’ rivers. Numerical

models, despite their limitations and shortcomings, provide a way to �ll the gap of data

lacking, and to explore river morphodynamics beyond the setting of existent rivers

and without risks for society or nature. They are complementary to �eld observations,

satellite data, �ume experiments and analytical models.

1.1 Aim and general research question

The aim of this study is to gain more understanding of the morphodynamic response of

bars and channels to perturbations within a river reach (Figure 1.4), for example river

training works and alterations of �ow patterns, and to perturbations upstream and

along a river reach, for example in�ow alteration. Numerical physics-based models are

used as the main source of information. So, the general research question is:

How do bars and channels in braiding and meandering rivers interact in their response

3



1. General introduction

mm m km 1000 km
minutes

day

year

millennium

grains

ripples

dunes

bars
meanders

deltas
This thesis

Figure 1.4: Typical spatial and temporal scales of morphological units in rivers. In this re-
search, we focus on the scale of bars and meander bends. That is also the typical scale of
engineering works and bottle necks for navigation.

to perturbations, and how can we use physics-based models to understand these responses
and interaction?

In the following sections, a short literature review about the topic is presented and

followed by four speci�c research questions.

1.2 Classification of river pa�erns

Rivers are known to exhibit a wide variety of planforms and dynamics (Figure 1.3).

Based on dominant shape and behavior, a number of classi�cation schemes were pro-

posed. Figure 1.5 shows one of the classi�cation schemes, proposed by Nanson and

Knighton (1996). This scheme distinguishes single-thread and anabranching based

on the number of parallel branches separated by islands. Schumm (1985) speci�ed

anabranching as the division of a river by islands whose widths exceed three times the

water width during average discharge, thus classifying rivers with small mid-channel

bars as single-thread.

Further classi�cation of single-thread rivers without mid-channel bars in the clas-

si�cation scheme of Nanson and Knighton (1996) is based on channel sinuosity, de�ned

as the ratio between channel length and valley length, with meandering rivers having

the highest sinuosity, in agreement with Schumm (1985). Di�erent minimum sinuosi-

ties for meandering were proposed: 1.5 by Leopold and Wolman (1957) and 1.25 by

Schumm (1985), who also proposed a sinuosity of 1.05 to di�erentiate between straight

and sinuous. Schumm and Khan (1972) di�erentiated between sinuosities of the chan-

nel and the thalweg, noting that thalweg sinuosity is commonly higher than channel

sinuosity.

Nanson and Knighton (1996) de�ned braiding rivers as rivers with mid-channel

bars. This de�nition was shared by many others (e.g. Engelund and Skovgaard, 1973;

4



1.2. Classification of river pa�erns

Laterally inactive Laterally active

Figure 1.5: Classi�cation of channel patterns, discriminating on lateral activity, number of
parallel channel, sinuosity, bar presence and island shape. In this study we focus on the single-
thread rivers in this diagram, although for braiding rivers the discrimination between single-
thread and anabranching is vague as bars can stabilize and evolve into islands (Sarma, 2005).
From Nanson and Knighton (1996) and Kleinhans and Van den Berg (2011).

Parker, 1976; Crosato and Mosselman, 2009), although the de�nition of Leopold and

Wolman (1957) di�ers as they de�ned braiding as “those reaches in which there are rel-

atively stable alluvial islands, and hence two or more separate channels”. Furthermore,

Kleinhans and Van den Berg (2011) also de�ned an intermediate class of moderately

braiding and meandering with chute cuto�s. This class thus contained both meander-

ing rivers with temporal mid-channel bars after a chute cuto�, and braided rivers with

a low number of parallel channels. Indeed, a gradual transition between channel pat-

terns was also noted by Leopold and Wolman (1957). In this study we de�ne braiding

as a channel with one or more mid-channel bars, regardless of the height or dimensions

of these bars.

The reason why rivers are meandering or braiding has been subjected to debate,

in particular on the issue of identi�cation of universal and independent determina-

tive conditions. Theory speci�ed that width-depth ratio is a determinative condition,

with mid-channel bars arising in channels with large width-depth ratio (Engelund and

Skovgaard, 1973; Parker, 1976; Fredsoe, 1978; Blondeaux and Seminara, 1985; Tubino

et al., 1999; Crosato and Mosselman, 2009). This was con�rmed by �eld observations

(Schumm and Khan, 1972; Richardson and Thorne, 2001), �ume experiments (Fujita,

1989) and numerical modeling (Crosato and Saleh, 2010). Another condition is �ow in-

tensity, which can be quanti�ed by (speci�c) stream power (Leopold and Wolman, 1957;

Fredsoe, 1978; Nanson and Croke, 1992; Van den Berg, 1995; Alabyan and Chalov, 1998;

Bledsoe and Watson, 2001; Kleinhans and Van den Berg, 2011, Figure 1.6), Shields pa-

rameter (Fredsoe, 1978) or channel gradient (Schumm and Khan, 1972; Bravard, 2010).
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Figure 1.6: Relation between boundary conditions, grain size and channel pattern. FromKlein-
hans and Van den Berg (2011).

Flow intensity and channel width are coupled by bank erosion, as a high �ow intensity

facilitates bank erosion and subsequently, channel widening if the bank erosion is not

balanced by bank accretion. So, braiding occurs if the banks are weak (Murray and

Paola, 1994; Eaton et al., 2010). Riparian vegetation adds strength to the river banks,

in particular along small streams (e.g. Perucca et al., 2007; Eaton and Giles, 2009). Sim-

ilar to bank resistance, the stream power required for braiding increases with larger

in-channel grains (Kleinhans and Van den Berg, 2011, Figure 1.6). The determinative

conditions and thus channel patterns may vary along the river, for example due to tec-

tonics (Harbor et al., 1994; Xu, 1997; Holbrook and Schumm, 1999) or relics of former

river systems.

In this study, we focus on the single-thread part of the classi�cation scheme of Nan-

son and Knighton (1996), because each branch in anabranching rivers is expected to

have similar characteristic morphology and morphodynamics as single-thread rivers.

Furthermore, this study considers sand-bed braided and meandering rivers, both clas-

si�ed as medium-energy river types by Nanson and Croke (1992).
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1.3 Morphodynamics in meandering rivers

Meander bends migrate through bank erosion in the outer bends and deposition in the

inner bends, under in�uence of a curvature induced spiral �ow, as discussed in, among

others, Leopold and Wolman (1957), Ikeda et al. (1981) and Falcón (1984), and shown

in Figures 1.7 and 1.8. Bank erosion occurs by undermining of the river bank by the

�ow (Julian and Torres, 2006), followed by bank failure (Osman and Thorne, 1988). As

a result of the deposition in the inner bend, a point bar is formed. Vertical aggradation

on the point bar shifts the inner bank towards the channel axis, and enables vegetation

encroachment and deposition of cohesive sediment. This is a self-stimulating process,

as the vegetation traps cohesive sediment. Commonly, outer bank erosion keeps more

or less pace with inner-bend lateral accretion.

Meander initiation from a straight channel requires at least an initial perturbation,

for example a bend (Duan and Julien, 2005), a sediment bump (De�na, 2003; Federici

and Seminara, 2003), in�ow asymmetry (Van Dijk et al., 2012) or localized groundwater

seepage (Eekhout et al., 2013). In response to these perturbations, steady alternate

bars arise (Struiksma et al., 1985; Nelson, 1990; Crosato et al., 2011, 2012). Each steady

bar steers the �ow towards the opposite bank, alternating the bank erosion and bar

aggradation. This self-reinforcing process has often been referred to as resonance and

identi�ed as an initiator of meandering (e.g. Olesen, 1983; Seminara and Tubino, 1989;

Bertoldi and Tubino, 2005; Braudrick et al., 2009). Bars forced by a steady perturbation,

such as point bars in meander bends, are called ‘forced bars’. According to theory, bars

with a range of wavelengths form in an initially straight channel, each with a di�erent

aggradation rate of which the fastest growing bars determine the �nal dominant bar

length (e.g. Callander, 1969; Engelund and Skovgaard, 1973; Blondeaux and Seminara,

1985; Seminara and Tubino, 1989). However, although such meander bend initiation has

been demonstrated in �ume experiments and explained by theory, the phenomenon has

rarely been observed in nature (Rhoads and Welford, 1991).

Bars formed without a forcing are called ‘free bars’. Free bars result from intrin-

Deposition

Bank 
erosion

Spiral �ow

Figure 1.7: Typical �ow and channel migration in a meandering river, with bank erosion in
the outer bend (blue), deposition in the inner bend (red) and a spiral �ow transporting sediment
from the outer bend towards the inner bend.
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Figure 1.8: Meander migration in the Allier River (France) by erosion in the outer bends and
deposition in the inner bends (Van Dijk et al., 2012).

sic instability (Seminara and Tubino, 1989), such as turbulence (Parker, 1976) or helical

�ow structure (Einstein and Shen, 1964). These bars commonly migrate in downstream

direction with a relatively high celerity, but are non-migrating under resonance con-

ditions (Blondeaux and Seminara, 1985; Seminara and Tubino, 1989). Migrating free

bars do not initiate meandering for two main reasons: their wavelength is shorter than

meander wavelengths (Olesen, 1983; Blondeaux and Seminara, 1985) and their celerity

is often too high (Crosato et al., 2011). Non-migrating free bars, however, can initiate

localized bank erosion and thus channel curvature that may develop into meandering,

with meander lengths typically about 2-3 times the free bar lengths (Blondeaux and

Seminara, 1985; Seminara and Tubino, 1989; Crosato et al., 2012).

Meander dynamics are discriminated by the direction of meander migration: ex-

pansion in lateral direction, translation in downstream direction while retaining the

bend shape, and rotation (Brice, 1974). Meander bend expansion increases sinuosity.

An increase of sinuosity reduces the channel slope, and consequently the �ow velocity

and capacity to erode the outer banks. At the same time, an increase in bend curvature,

de�ned as the ratio between bend radius and channel width, results in a stronger spiral

�ow and thus a more asymmetrical bed pro�le with deep outer bend and shallow inner

bend. This shallow inner bend pushes the thalweg towards the outer bend, stimulat-

ing meander expansion. This e�ect weakens when a bend is too sharp, as in that case

horizontal circulations occur (Kleinhans et al., 2009) or bends translate (Thorne, 1991).

Thus, it is expected that an optimum for meander curvature exists (Hickin and Nanson,

1984; Hooke, 2007a). As shown by Hooke and Yorke (2010), it is likely that meander bed

expansion would result in new bends within the original bend, forming a compound

bend that has a lower migration rate than the original bend. Such expansion continues
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1.4. Morphodynamics in braiding rivers

until a cuto� occurs or non-erodible bank material is reached.

Two types of meander cuto�s exist: neck-cuto� and chute-cuto� (Lewis and Lewin,

1983). In this study, a neck-cuto� is de�ned as a cuto� when two bends intersect,

and chute-cuto� when the cuto� occurs by means of a short-cut over a bar. These

de�nitions slightly di�er from Lewis and Lewin (1983). Together with the formation of

compound bars, neck-cuto�s transform regular meanders into a complicated planform

(Camporeale et al., 2005; Lanzoni and Seminara, 2006; Camporeale et al., 2008; Hooke

and Yorke, 2010; Xu et al., 2011). In the long-term, neck-cuto�s and meander expansion

are in equilibrium and meander statistics reach equilibrium (Camporeale et al., 2005).

Di�erently, a chute-cuto� forms a (temporal) mid-channel bar, thus strictly speaking

results in braiding (e.g. Sarker and Basumallick, 1968; Brewer and Lewin, 1998; Hooke,

2007a). Chute-cuto�s are common in meandering rivers with conditions leaning to

braiding (Kleinhans and Van den Berg, 2011) and during �ood stage (Ghinassi, 2011). As

observed by Van Dijk et al. (2012, 2013b), cohesive sediment that settles on the point bar

and �lls depressions prevents chute-cuto�s in those rivers. At the same time, riparian

vegetation, cohesive resistant banks and bank toe protection reduce bank erosion rates

and prevent channel widening, thus keeping a river within the lower meandering class

of Figure 1.6.

1.4 Morphodynamics in braiding rivers

Braiding rivers are characterized by a planform with dynamic bars, islands and a net-

work of branches (Figure 1.9). Their morphodynamics is primarily within the channel,

with minor exchange with the �oodplains (Lewin and Ashworth, 2014). The bars mi-

grate in downstream direction by upstream erosion and deposition at their lee. Mean-

while, the bars often transform by erosion of the bar �anks, merging of bars and lateral

expansion (Bristow, 1987; Best et al., 2003). Within a year, the positions of the bars and

branches can shift up to several kilometers as noted in the Brahmaputra River (Ash-

worth and Lewin, 2012). New bars and branches are formed, while others are cleared

away (Coleman, 1969; Cant, 1978). Individual branches may also exhibit a meandering

behavior with lateral migration (Sarma, 2005), as bars redirect the �ow towards the

outer banks, causing bank erosion (Ashworth, 1996).

Flume experiments demonstrated that initiation of mid-channel bars on a �at bed

starts with a small sediment hump in the channel center as the result of a downstream

decline of sediment transport capacity or abundance of sediment supply (Ashmore,

1991b). A decline of sediment transport capacity can be caused by downstream chan-

nel widening (Wu and Yeh, 2005; Wu et al., 2011), whereas an abundance of sediment

supply can result from upstream bed incision, for example at a con�uence, or from ero-

sion further upstream in the river catchment (Goswami et al., 1999). Subsequently, the

�ow is redirected around the bar, which serves as an obstacle, and sediment is deposited

at the downstream end of the bar (Ashworth, 1996). In wider channels, multiple parallel

mid-channel bars form with Braiding Index > 2 (Fujita, 1989), with Braiding Index (BI)

de�ned as the reach-average number of parallel branches. The value of BI was found to

increase not only in wider channels, but also for higher stream power (Ashmore, 1991a;

Egozi and Ashmore, 2009; Bertoldi et al., 2009).

Important characteristic elements of braided rivers are bifurcations formed by mid-
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a. February 2012 b. April 2013 c. April 2014

2 km

Figure 1.9: Channel and bar shifting in the Brahmaputra River, India. Flow is from top right
corner. Location: 25°49’N, 89°54’E.Source: GoogleEarth.

channel bars. These bifurcations determine the distribution of discharge and sediment

transport through the channel network (Klaassen and Masselink, 1992; Kleinhans et al.,

2013). When the discharge and sediment division in a bifurcation become highly asym-

metrical and the recessive branch closes, a braiding river may transform to meandering.

This is common in braided rivers, as bifurcations are often unstable and susceptible to

changes in �ow pattern and sediment transport rates. Also, bar migration may desta-

bilize a bifurcation, as observed in the Brahmaputra River (Klaassen and Masselink,

1992). New bifurcations form when a new branch is created, for example by cross-bar

�ow or chute-cuto� (Wheaton et al., 2013). Simple models for the stability of bifurca-

tions, based on the division of discharge and sediment, were proposed by Wang et al.

(1995), Bolla Pittaluga et al. (2003), Miori et al. (2006) and Kleinhans et al. (2008, 2011).

However, these models are only valid for simple bifurcations without bank erosion and

migration bars, which is di�erent from most bifurcations in braided rivers.

Braided rivers are regarded as complicated and practically unpredictable (e.g.

Klaassen and Masselink, 1992; Ahktar et al., 2011). Despite the use of GIS and satel-

lite data for analyzing braided rivers by, among others, Klaassen and Masselink (1992),

Khan and Islam (2003), Lane et al. (2010) and Wheaton et al. (2013), a model to predict

the migration and reshape of bars, branches and islands in braided rivers is still lack-

ing. This is attributed to the complicated interactions between channel morphology,

discharge and sediment transport, the limited understanding of the dominant processes

and the chaotic behavior of the system (e.g. Klaassen and Masselink, 1992). Hence, a

method to predict the morphological reach-scale e�ects of natural and arti�cial per-

turbations in large braided rivers, for example engineering works or upstream in�ow

variation, needs to be developed yet.
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1.5 Numerical modeling of river morphodynamics

The application of numerical models to understand and predict river morphodynamics

has increased rapidly in the last decades, aided by both the increased computational

power and improvements of the models. River engineers usually use numerical models

with a schematization of the river section of their interest. They apply the models to

determine the hydrodynamic or morphodynamic e�ects of a river measure by running

scenarios with di�erent designs and conditions. These schematizations often require

calibration of bed roughness to produce realistic hydrodynamics and sediment trans-

port rates.

Di�erent types of numerical models have been developed, with physics-based and

cellular automata two of the end-members. Physics-based models use a reductionist

approach by including as many relevant processes as feasible, assuming that if each

process is modeled correctly, their combination is an accurate representative of reality

(e.g. Mosselman, 2004; Crosato and Saleh, 2010; Nicholas, 2013a). The individual pro-

cesses are quanti�ed using di�erential equations of physical laws supplemented with

empirical relations, for example for transverse bed slope e�ect (Figure 1.10). Cellu-

lar automata, a type of reduced complexity model, use a di�erent approach by only

simulating the result of the processes (e.g. Murray and Paola, 1994, 1997; Thomas and

Nicholas, 2002; Coulthard and Van de Wiel, 2006; Murray and Paola, 2003; Murray, 2007;

Davy and Lague, 2009, Figure 1.11). They commonly use simple rules based on bed slope

to calculate the �ow. Among others, Doeschl-Wilson and Ashmore (2005) demonstrated

that the oversimpli�cations in cellular automata models make these models of limited

use.

Physics-based meander migration modeling has a relatively long history, beginning

with the one-dimensional models of Ikeda et al. (1981), Parker and Andrews (1986) and

Crosato (1987). These one-dimensional models simulate the river axis and assume an

axis-symmetrical cross-sectional bed pro�le. As they do not require extensive com-

putation capacity, these models enable meander modeling over periods of centuries to

millenniums. Despite their simpli�cations they are still in use (Xu et al., 2011). Howard

and Knutson (1984), Mosselman (1998), Darby et al. (2002) andDulal et al. (2010) de-

veloped two-dimensional meander migration models, releasing the axis-symmetrical

Figure 1.10: Transverse bed slope e�ect: steering of sediment to downslope by gravity.
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Figure 1.11: Braided channel pattern produced in a Murray and Paola (1994) type reduced
complexity model. Courtesy of Anneleen Geurts.

solution and modeling the bed level, and thus bars, independently from the channel

course.

The application of physics-based models for braiding rivers is less common than for

meandering rivers, but examples are Enggrob and Tjerry (1999), Nicholas (2013a,b) and

Yang et al. (2014). These simulations started with a �at bed, which is also a common

practice in �ume experiments, and the bars and braided channel network developed as

the model ran. In published literature, the model results show many similarities with

�eld observations, although they were not directly compared with �eld observations.

Furthermore, these studies have not employed the models as tools for analyzing and

predicting morphodynamics within braided rivers, to analyze the reach-scale morpho-

dynamics including all interactions between bars and branches, or to explore the e�ects

of human-induced perturbations on the morphodynamics.

1.6 Specific research questions and thesis outline

The literature review revealed that previous studies either focused on the larger scale

river patterns, or examined dynamics and impacts at local scale of individual meanders

or bifurcations. Remarkably little has been reported on at the reach scale, where the

behavior and interactions of local components, such as bends, bars, channels and bifur-

cations cascades in a downstream direction and together form the emergent pattern.

This is the spatial scale at which engineering works and natural perturbations operate,

and which needs to be understood to fully understand the patterns and characteristic

behavior of rivers.

Here, the advantages of numerical models to systematically investigate bar and

channel dynamics and their responses to di�erent types of perturbations was employed.

But before applying a model, it was essential to know the quality and capability of the

model. Therefore, �rst the following research question was addressed (Chapter 2):
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1.6. Specific research questions and thesis outline

1. What is the capability of a widely used physics-based model to produce key char-
acteristics of braided sand-bed rivers and the channel network, and how sensitive
are the resulting morphodynamics to constitutive relations and parameter values
for bed roughness and sediment transport?

Subsequently, The morphodynamics response of bars and channels to natural pertur-

bations, i.e. the intrinsic instability, in braided rivers was examined (Chapter 3). Here,

the main research question was:

2. How do bars, branches and bifurcations interact within the channel network of large
sand-bed braided rivers, and how predictable is the near-future evolution of bifur-
cations in these rivers?

We then investigated the morphodynamic responses of bars and channels to external

perturbations in meandering rivers. The main question that was addressed was:

3. What are the necessary and su�cient conditions for meander initiation and sus-
tained meander migration in sand-bed rivers?

In a �nal series of experiments we evaluated the morphodynamic responses of bars and

branches to external perturbations in large braided rivers (Chapter 5) to answer the last

research question:

4. What are the e�ects of human-induced perturbations on bar and branch morpho-
dynamics within large sand-bed braided rivers, and how do these e�ects propagate
through the braided network?

Finally, in chapter 6, we evaluated the results obtained in the subsequent experiments

and discussed the role of perturbations on the morphodynamics of rivers at the reach-

scale, and described the implications for river engineering projects.
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CHAPTER 2

Physics-based modeling of large braided sand-bed rivers:
Bar pa�ern formation, dynamics, and sensitivity

Based on: Schuurman, F., Kleinhans, M.G., Marra, W.A. (2013), Physics-based mod-

eling of large braided sand-bed rivers: bar pattern formation, dynamics, and sensitivity.

Journal of Geophysical Research 118(4), 2509-2527, DOI: 10.1002/2013JF002896.

Abstract

Braided rivers have complicated and dynamic bar patterns, which are challenging to fully un-

derstand and to predict both qualitatively and quantitatively. Linear theory ignores nonlinear

processes that dominate fully developed bars, whereas natural river patterns are determined by

the combined e�ects of boundary conditions, initial conditions such as planimetric forcing by

�xed banks and the physical processes. Here, we determine the capability of a state-of-the-art

physics-based morphological model to reproduce morphology and dynamics characteristic of

braided rivers, and determine the model sensitivity to generally used constitutive relations for

�ow and sediment transport. We use the 2D depth averaged morphodynamic model Delft3D,

which includes the necessary spiral �ow and bed slope e�ects on morphology. We present ideal-

ized scenarios with the smallest possible number of enforced details in the planform and bound-

ary conditions in order to allow free development of bars driven by the physical processes in

the model. We analyze bar and channel shapes and dynamics quanti�ed by a number of com-

plementary metrics and compare these with imagery, �eld data captured in empirical relations,

�ume experiments and predictions by linear analyses. The results show that the chosen set of

boundary conditions and physics in the numerical model is su�cient to produce many morpho-

logical characteristics and dynamics of a braided river, but insu�cient for long-term modeling.

Initially, braiding intensity with low-amplitude bars is high in agreement with linear analysis. In

a second stage when bars merge, split and increase amplitude up to the water surface, the shape,

size and dynamics of individual bars compare well to those in natural rivers. However, long-term

modeling results in a reduction of bar and channel dynamics and formation of exaggerated bar
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height and length. This suggests that additional processes, such as physics-based bank erosion,

or enforced �uctuations in boundary conditions, such as spatial-temporal discharge variation,

are necessary for the simulation of a dynamic equilibrium river. The most important outcome

is that the modeled pattern of bars and channels is highly sensitive to the constitutive relation

for bed slope e�ects that is used in many morphological models. Regardless of this sensitivity

and present model limitations of many models, this study shows that physics-based modeling

of sand-bed braided improves our understanding of morphological patterns and dynamics in

sand-bed braided rivers.

2.1 Introduction

2.1.1 Factors determining bar dimensions and dynamics in braided
rivers

Braided rivers are fascinating because of their complicated patterns and dynamics.

They are distinguished from other river types by a multi-channel network on a braid-

plain with no or limited �oodplain between the channels (Figure 2.1). Within the group

of braided rivers, there is a large diversity of particle sizes, bar shapes and tenden-

cies to avulse, wander, or form anabranches. Typically, morphological change rates in

braided rivers are relatively high due to an abundance of non-cohesive sediment and

high stream power (Kleinhans and Van den Berg, 2011), while the presence of denser

vegetation reduces the lateral migration rates and sediment exchange with the �ood-

plain (Kleinhans, 2010). In the South Saskatchewan River (Figure 2.1a), channel mor-

phodynamics are limited to the braidplain with relatively stable outer banks (Ashworth

et al., 2011), whereas severe bank erosion along the outer banks of the Brahmaputra oc-

curs (Thorne et al., 1993, Figure 2.1d). Here, we present numerical modeling of morpho-

dynamics within the braidplain of braided rivers with non-vegetated and non-cohesive

braidplains to assess.

Both bar dimensions and braiding intensity are known to depend on the width-

depth ratio of the braidplain, as shown by �eld observations, �ume experiments and

linear analyses of simpli�ed physics-based models. At a high width-depth ratio, mid-

channel bars form spontaneously from minor perturbations in the bed (Fujita, 1989;

Ashmore, 1991b). With fully developed bars, braiding intensity increases by dissec-

tion of mid-channel bars by over-bar �ow (Ashmore, 1991b). At lower width-depth

ratio, weak braiding initiates by chute-cuto�s (Ashmore, 1991b; Federici and Seminara,

2003; Bertoldi et al., 2009; Kleinhans and Van den Berg, 2011). Furthermore, braidplain

widening results in higher braiding intensity (e.g. Ashworth et al., 2000; Rice et al.,

2009).

Two types of bars are here distinguished: unit bars and compound bars (e.g. Rice

et al., 2009). Unit bars are relatively simple, whereas compound bars have more compli-

cated morphology and are built up from multiple bars. A compound bar changes shape

during development in contrast to a unit bar that maintains its shape while migrating.

Furthermore, the upstream part of compound bars commonly is the oldest and highest

part with steep erosive upstream edges bifurcating the river, whereas unit bars com-

monly have a relatively high downstream part with a steep downstream slope. One or

two bar tails commonly form by deposition at the lee-side of compound bars sourced
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Figure 2.1: Aerial photos of sand-bed braided rivers: a) South Saskatchewan River dominated
by lobe-shaped unit bars; b) Compound mid-channel bar in the Ganges with typical bar-tail
limbs; c) Large compound mid-channel bar in the Ganges covering half the channel width; d)
Complicated channel network and large diversity of mid-channel bars in the Brahmaputra.
Note the di�erence in bar shapes and channel network between a and d. Arrows denote the
main �ow direction. Source: GoogleEarth.

partly by erosion of the upstream side of the bar (Bridge, 1993; Best et al., 2003, 2006;

Rice et al., 2009; Ashworth et al., 2011, Figure 2.1b). Although these phenomena are

well-known and often observed there exists no quantitative model for the dimensions

and dynamics of compound bars, whereas incipient unit bar wavelength can perhaps

be predicted by linear analyses.

Many �ume experiments have shown that discharge magnitude variation, such as a

hydrograph, is not necessary for river braiding nor for maintaining dynamics in braided

rivers (e.g. Fujita, 1989; Ashmore, 1991b). This suggests that the key requirements for

development of a braided river are a movable bed and a su�ciently wide braidplain

(e.g. Parker, 1976; Blondeaux and Seminara, 1985; Tubino et al., 1999; Crosato and Mos-

selman, 2009; Kleinhans and Van den Berg, 2011). However, bar initiation in numerical

modeling and linear analyses requires at least a small initial perturbation to induce

non-uniformity in the �ow �eld and thus non-uniformity in sediment transport, some-

thing that is inherently present in experiments. Moreover, some experiments suggest

that lateral dynamics, i.e. variation of the lateral position of in�ow at the upstream

boundary, is essential to maintain dynamics in the river. For example the experiments

of Tal and Paola (2010) had a dynamic alluvial fan at the upstream boundary and the

experiments of Van Dijk et al. (2012) and Van Dijk et al. (2013b) required a laterally mov-
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2. Physics-based modeling of large braided sand-bed rivers

ing in�ow to initiate formation of high sinuosity meanders. Indeed, initiation of bars

requires a sustained dynamic perturbation of the in�ux of water and sediment at the

upstream boundary as shown in linear stability analyses (Federici and Seminara, 2003;

Lanzoni and Seminara, 2006) and numerical modeling (De�na, 2003; Wu et al., 2011;

Crosato et al., 2011). This raises the question how sensitive bar dimensions, braiding

intensity and morphodynamics in numerical models are to magnitude and frequency

of the perturbation.

It is well-known that initial topography imposes a permanent and static pertur-

bation on bar dimensions, braiding intensity and morphodynamics. While free bars

migrate, the location of forced bars is determined by planform curvature and width

variation of the channel or braid plain. Both may initiate from noise on the ini-

tial bathymetry. Linear stability analyses, experiments and numerical modeling have

shown that weak meandering or width variation of the order of the average width is

su�cient to force bars to remain static (e.g. Struiksma et al., 1985; Repetto and Tubino,

2001; Wu et al., 2011). In nature, such planforms are caused by processes and legacy

e�ects of �oodplain formation. This implies that characteristic bar wavelength and

braiding intensity can be the result of either the physical processes or the planimet-

ric forcing or some combination. In this chapter, we will entirely exclude planimetric

forcing in order to study the bars resulting from physical processes.

2.1.2 Numerical modeling of braided rivers

Process-based numerical models involve at least four distinct components: the nu-

merics, the underlying physical laws and constitutive relations for �ow and sediment

transport, the initial conditions including the topographic shape of the computational

domain, and the boundary conditions for the open boundaries (Kleinhans, 2010). An

important consequence of this is that the degree of correspondence between a speci�c

model run and its natural prototype depends on all four components. Since initial and

boundary conditions are imposed based on empirical data, it is possible to optimize

the correspondence. In order to investigate the e�ects of the four model components,

it is, however, important to isolate them. The above review illustrates that boundary

conditions can have a large e�ect on the dynamics, as can initial conditions that pro-

vide a topographic forcing on the bars. Here we keep initial and boundary conditions

as simple as possible to study e�ects of constitutive relations in as much isolation as

possible.

Numerical models that produced self-formed braided rivers can be positioned along

a continuum from reduced complexity models to reductionist physics-based models.

Reduced complexity models include rules that simulate certain behavior in nature on

the spatial and temporal scale of interest and only the e�ects of smaller scales are

included (e.g. Murray, 2007). Reductionist physics-based models on the other hand

include as many small-scale lower-level process descriptions derived from physics as

practically possible and necessary to reproduce macroscopic phenomena. For example,

the reduced-complexity random walk model of Howard et al. (1970) produced some

characteristics of an irregular braided river despite its lack of physics, and the reduced

complexity model of Murray and Paola (1994) produced similar characteristics where

topography steered the spatial distribution of discharge and, implicitly, sediment. De-

spite their major simpli�cations of the �ow and sediment transport processes, these
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models demonstrated for example the necessity of a non-linear relation between dis-

charge and sediment transport rate for the formation of a complicated braided morphol-

ogy (Murray and Paola, 1994, 1997; Thomas et al., 2007). Furthermore they showed that

lateral sediment transport is necessary to retain bar and channel dynamics in a braided

river (Murray and Paola, 1997; Doeschl-Wilson and Ashmore, 2005; Davy and Lague,

2009), as without it channels become deep, narrow and laterally immobile. However,

the reduced complexity may also necessitate rules that have no clear physical basis

yet signi�cantly a�ect the pattern, such as the spatial lag between sediment transport

capacity and sediment transport rate with a length of the order of individual channel

width in Davy and Lague (2009). To investigate such issues the use of models more

based on physics is required.

Reductionist models solve physical relations for water motion of some complexity

that conserve mass and consider momentum. This means for instance that backwa-

ter e�ects emerge automatically in the solution. If �ow is solved in three dimensions

also spiral �ow emerges in the model outcome. However, this requires considerable

computational resources. Enggrob and Tjerry (1999) using the Mike21-code were the

�rst to simulate the development of a braided river. Jang and Shimizu (2005) provided

one of the scarce examples of reproducing a braided �ume channel in a numerical

model. Their model used a boundary-�tted curvilinear grid that allowed grid deforma-

tion by bank erosion. In various later studies Delft3D was used to show that braiding

intensity decreases with increasing wash-load concentration and by riparian vegeta-

tion (Van Maren, 2007; Crosato and Saleh, 2010). Recently Nicholas (2013b) included

simple formulations for bank erosion, �oodplain accretion and vegetation to simulate

large braided rivers.

All these models require discretization of the spatial domain on computational grids

and of the temporal domain in steps to solve the physics-based di�erential equations for

water �ow, sediment transport and mass conservation of water and sediment. Conse-

quently, discretization requires discrimination between numerically solvable processes

and sub-grid processes smaller than one grid cell or one time-step. These include turbu-

lence, which causes di�usion and �ow friction, and sediment transport, which causes

morphodynamics. Both are not entirely solved from the laws of physics and are there-

fore included as semi-empirical constitutive relations and parameterizations, to which

the model results may be very sensitive. For instance, �ow friction due to bed rough-

ness can be parameterized by Manning’s n, Chézy roughness or Nikuradse ks which

have di�erent but hardly explored e�ects on morphology. Furthermore, sediment trans-

port formulations are well-known to be inaccurate. Moreover, the e�ective power of

sediment transport as a function of shear stress di�ers between relations, whilst this

theoretically has a large e�ect on bar dimensions and braiding intensity (Crosato and

Mosselman, 2009; Kleinhans and Van den Berg, 2011).

A crucial but poorly known constitutive relation in morphological models is the

(transverse) bed slope e�ect, which calculates the sediment transport de�ection by the

direct e�ect of gravity on particles on a sloping bed. Linear stability analyses have

shown that the transverse bed slope e�ect leads to a selection of the fastest grow-

ing bar mode and is therefore essential in the prediction of dominant bar wavelength

(Parker, 1976; Blondeaux and Seminara, 1985; Tubino et al., 1999; Crosato and Mos-

selman, 2009; Kleinhans and Van den Berg, 2011). In numerical modeling, nonlinear
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2. Physics-based modeling of large braided sand-bed rivers

processes strongly a�ect bars as they develop, with bar surface approaching the wa-

ter surface and shape being a function of bar merging and splitting processes. In this

situation, transverse bed slopes are much larger than presumed in linear stability anal-

yses of onset of bar growth. Indeed, without the bed slope e�ect there is hardly any

negative feedback on bar growth except from shear stress reduction as the bar top ap-

proaches the water level. The transverse bed slope e�ect is therefore not only included

in all linear stability analyses of bars, but also in all physics-based models (e.g. Mike21,

Telemac, CCHE2D, Nays2D and Delft3D), and is not unique to the model used in this

chapter. However, multiple constitutive relations and parameterizations exist, none of

which is well calibrated (Engelund and Skovgaard, 1973; Struiksma et al., 1985; Nelson,

1990; Sekine and Parker, 1992; Talmon et al., 1995; Parker et al., 2003). All morpho-

logical modeling studies to date use a di�erent selected combination of these relations,

more often based on experience and familiarity, than sensitivity analyses or a thorough

empirical or physical basis.

2.1.3 Objectives and approach

To summarize the literature review, initial and boundary conditions for linear stability

analyses and physics-based numerical models are well-known to strongly a�ect and

determine bar patterns and dynamics, but there is a gap in understanding to what ex-

tent basic choices for constitutive relations determine the modeled pattern in highly

nonlinear regimes of large amalgamated bars that approach the water surface.

The main objectives of this research were (1) to determine the capability of a widely

used physics-based model to produce key characteristics of braided sand-bed rivers

such as bar and channel dimensions, braiding intensity and shape of bars and the chan-

nel network, and (2) to determine the sensitivity of the resulting morphology and dy-

namics to constitutive relations and parameter values for bed roughness and sediment

transport (which are also used in most other physics-based models). As the model

(Delft3D) is essentially similar to many other morphological models, our critical anal-

yses will have wider rami�cations than a mere evaluation of one particular numerical

model.

Here we model an idealized large sand-bed braided river in the sense that all to-

pographic forcing by grid curvature and width variation is avoided. Thus we exclude

forcing in the initial conditions by using a straight, initially �at braidplain in order

to allow bars to form entirely as the result of the physical and constitutive relations.

Likewise, the boundary conditions are kept as simple as possible with constant dis-

charge and only some random time-dependent noise on the transverse distribution of

discharge and sediment in�ow. The idealized river therefore has no prototype in nature

against which the results could be evaluated. Instead, we therefore focus on a quanti-

tative comparison of a set of metrics for various aspects of the pattern. For incipient

bars we compare these to predictions by linear analyses and for larger bars we compare

these to observations from �ume experiments and nature. Then we study the sensitiv-

ity of these results to the most important choices and parameter values of constitutive

relations.

This chapter is set up as follows. Firstly, the numerical model and the methods

for analysis of the results are described. Secondly, the development of a braided river

in the braidplain is described and quanti�ed by a number of metrics that are com-
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pared to empirical relations derived from �eld observations where available. Thirdly,

we qualitatively compare individual bars and bifurcations to imagery and elaborate on

the interaction between mid-channel bars, bifurcations and channels in comparison to

current theory. Finally, we present the sensitivity of the model results to choices of

constitutive relations that bracket the relations used in other models and theories as

found in the literature.

2.2 Model description

2.2.1 Background of Del�3D

In this study, we used the physics-based non-linear morphodynamic model Delft3D.

Delft3D solves the two-dimensional depth averaged �ow equations and computes sed-

iment transport and bed level change. It can also solve three-dimensional �ow but for

the sake of computational e�ciency we use it in the two-dimensional mode with a pa-

rameterization for the e�ect of �ow curvature and spiral �ow on near-bed shear stress

direction. Delft3D has been applied in a wide range of scienti�c projects for river, es-

tuarine and coastal systems (e.g. Roelvink, 2006; Van Maren, 2007; Van der Wegen and

Roelvink, 2008; Crosato and Saleh, 2010; Crosato et al., 2011, 2012). Moreover, the model

has proven to be reliable and accurate in the demanding practice of river engineering.

We used the standard issue of Delft3D (version 3.28.04), so without any optimizations

for simulating braided rivers.

Delft3D has been validated for a large number of well-documented cases, includ-

ing well-documented �ume experiments and on the river Rhine, more extensively than

most, if not all, scienti�c morphodynamic models (Mosselman, 2004). Indeed, Lan-

gendoen (2001) compared a number of models and found that Delft3D, together with

Mike21C, "contains the most rigorous theoretical foundation for modeling sediment

transport and morphological change".

2.2.2 Hydrodynamics

In Delft3D, the hydrodynamics are modeled by applying conservation of momentum

(Equations 2.1, 2.2) and mass (Equation 2.3), assuming hydrostatic pressure:

∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
+ g

∂zw
∂x

+
gu
√
u2 + v2

C2h
− V

(
∂2u

∂x2
+
∂2u

∂y2

)
+ Fx = 0 (2.1)
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∂v
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+ v

∂v

∂y
+ g

∂zw
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+
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√
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C2h
− V

(
∂2v

∂x2
+
∂2v

∂y2

)
+ Fy = 0 (2.2)

∂h

∂t
+

∂

∂x
hu+

∂

∂y
hv = 0 (2.3)

where x is downstream coordinate (m), y is lateral coordinate (m), t is time (s), zw is

the free water surface level (m), u is depth-averaged �ow velocity in x-direction (m/s),

v is depth-averaged �ow velocity in y-direction (m/s), h is water depth (m), C is Chézy

roughness (m
0.5

/s), g is the gravity acceleration constant (m/s
2
), V is horizontal eddy

viscosity (m
2
/s) and Fx,y is the acceleration term due to stream line curvature (m/s

2
).
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2. Physics-based modeling of large braided sand-bed rivers

The di�erential equations are solved by using a structured grid and �nite di�erence

Alternating Direction Implicit method (ADI), which splits each timestep in two parts:

the �rst half to solve implicitly in x-direction and the second half to solve implicitly in

y-direction. The vertical �ow is parameterized in order to include the e�ect of spiral

�ow induced by streamline curvature. Turbulence closure is achieved by applying a

constant uniform horizontal eddy viscosity. A detailed description of the hydrodynam-

ics and numerical scheme of Delft3D is given in Lesser et al. (2004), Van der Wegen and

Roelvink (2008) and Deltares (2009).

2.2.3 Sediment transport and morphodynamics

The morphodynamic module of Delft3D includes sediment transport, bank erosion and

bed level update. The sediment transport rate in each grid cell depends on sediment

transport capacity. At the upstream boundary, the amount of sediment in�ow is equal

to the local sediment transport capacity. This prevents erosion or deposition at the

upstream boundary. For the default scenario, we used the sediment transport predictor

of Engelund and Hansen (1967) (EH):

qtot,EH =
0.05U5

√
gC3∆2D50

(2.4)

where qtot,EH is the total sediment transport per unit width (m
2
/s), U is the depth-

averaged �ow velocity in streamline direction (m/s), ∆ is the relative mass density

of sediment underwater (-) and D50 is the median grain size (m). For some model

scenarios, the transport capacity predictors of Van Rijn (1984) (Van Rijn) and Meyer-

Peter and Mueller (1948) (MPM) were used. The sediment transport rate predicted by

MPM is computed by:

qtot,MPM = 8D50

√
∆gD50 (µθ − θc)3/2 (2.5)

where qtot,MPM is the sediment transport rate (m
2
/s), θc is the critical Shields number

for initiation of sediment transport (-) and µ is a ripple factor (-). Here, the Shields

number is de�ned as:

θ =
τ

(ρs − ρw) gD50
(2.6)

where τ is the bed shear stress (N/m
2
), ρs is the density of the sediment (kg/m

3
), ρw

is the density of water (kg/m
3
). The sediment transport predictor of Van Rijn distin-

guishes between bed-load transport qbed,VR and suspended-load transport qsusp,VR:

qtot,VR = qbed,VR + qsusp,VR (2.7)

The bed-load transport rate qbed,VR is computed by:

qbed,VR =

0.053
√

∆gD3
50D

−0.3
∗

(
µcτ−τc
τc

)2.1
if

(
µcτ−τc
τc

)
< 3.0

0.1
√

∆gD3
50D

−0.3
∗

(
µcτ−τc
τc

)1.5
if

(
µcτ−τc
τc

)
≥ 3.0

(2.8)
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in which the critical shear stress τc (N/m
2
) is based on the critical Shields number, τ is

the bed shear stress (N/m
2
), µc is the ratio between total bed roughness C and grain

related bed roughnessCD90 , computed by µc = (C/CD90)
2

and applyingD90 = 1.5D50,

and the dimensionless particle parameter D∗ is de�ned as:

D∗ = D50

[
∆g

ν2

]1/3
(2.9)

where ν is the kinematic viscosity (m
2
/s). The suspended-load transport qsusp,VR is

computed by:

qsusp,VR = fsUhCa (2.10)

in which Ca is the dimensionless reference concentration at height a = ks, and is com-

puted by:

Ca = 0.015
D50T

1.5

aD0.3
∗

(2.11)

where T is the bed shear stress parameter (-). Variable fs is a shape factor for the

vertical distribution of suspended sediment (Van Rijn, 1984). The bed slope e�ect is

only applied to the bed-load sediment transport and no lag between sediment transport

capacity and suspended sediment concentration is applied.

Sediment transport is de�ected from the depth average �ow direction by spiral �ow

and bed slope e�ect (Talmon et al., 1995). The spiral �ow is driven by curvature and

e�ectively de�ects moving sediment toward the inner bend where it may cause bar

growth such as found in pointbars in a meandering river. In a sensitivity analysis we

will show the e�ect of ignoring spiral �ow. The angle φτ between the sediment trans-

port vector and the downstream direction (x-axis), modi�ed by spiral �ow is

tan(φτ ) =
v

u
−A h

R
(2.12)

where R is the radius of the local streamline curvature (m), and the spiral �ow coe�-

cient A, assuming a logarithmic vertical �ow velocity pro�le, is computed by

A =
2

κ2

[
1−
√
g

κC

]
(2.13)

where κ is the Von Karman constant (0.4). Next, the sediment transport direction de-

viates from the bed shear stress direction due to the bed slope e�ect:

q[tot,bed],x = q[tot,bed]

[
cos(φτ )− f(θ)

∂zb
∂x

]
(2.14)

q[tot,bed],y = q[tot,bed]

[
sin(φτ )− f(θ)

∂zb
∂y

]
(2.15)

where

f(θ) =
1

αθβ
(2.16)
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2. Physics-based modeling of large braided sand-bed rivers

in which θ is the Shields number (-), zb is the bed level (m), and α and β are calibration

parameters. A larger α means a smaller bed slope e�ect and thus a smaller e�ect of

gravity on the grain path. A default value of 0.7 was used based on engineering experi-

ence. In literature, a range of values O(1) was proposed by e.g. Talmon et al. (1995) and

Struiksma et al. (1985) and here we include 0.35 < α < 1.5 in the sensitivity analysis.

In one extreme case (not shown), we used α = 0, an in�nitely large bed slope e�ect, and

found that no bars developed and the longitudinal bed slope declined. Parameter β is

0.5 (e.g. Ikeda et al., 1986; Talmon et al., 1995; Parker et al., 2003).

After each timestep, the bed level is updated using the Exner equation for mass

conservation of sediment:

dzb
dt

= MorFac

[
∂qtot,x
∂x

+
∂qtot,y
∂y

]
(2.17)

in zb is the bed level (m AD) and MorFac is an acceleration factor that reduces compu-

tational time. Application of this factor is valid, as the adaptation time of morphology

is orders larger than the adaptation time of �ow. Consequently, the bed level change

within a hydrodynamic timestep is negligible even with MorFac >> 1 and the �ow

�eld adapts quickly to any change in bed topography (Roelvink, 2006; Crosato et al.,

2011). Here we test 1 < MorFac < 100 in the sensitivity analysis.

A minimum water depth of 0.1 m was used for sediment transport. Grid cells with

smaller water depth were considered to be inactive. Inactive grid cells reactivated when

the water depth was larger than 0.1 m. This could occur due to local water level rise or

due to bank erosion. Bank erosion was included by applying a simple algorithm: a dry

grid cell erodes when incision occurs in a neighboring wet grid cell. In this case, 50%

of the incision in the wet cell was shared with the dry cells, resulting in incision of the

dry cell.

2.2.4 Model se�ings and boundary conditions

In order to minimize forcing of initial topography or boundary conditions, we applied

a uniform braidplain width, constant discharge and uniform sediment. Five di�er-

ent scenarios were simulated (Tables 2.1 and 2.2): three with a constant discharge of

40,000 m
3
/s and two with 20,000 m

3
/s, which is in the range of mega rivers (Latrubesse,

2008). The in�ow was divided over 20 boundary sections at the upstream boundary of

the braidplain in a timeseries to allow speci�cation of noise. A constant downstream

water level was applied such that �ow was uniform in the �rst timestep.

Three initial bathymetries were used: (1) a 3200 m wide braidplain surrounded by

higher-lying, erodible �oodplains; (2) a 3200 m wide braidplain without �oodplains;

and (3) a 6400 m wide braidplain without �oodplains. The reach length was 80 km,

discretized by 200 × 80 m sized grid cells. The choice of grid resolution was a balance

between computational time, scale of the processes and desired level of detail. The grid

cell width was based on the minimum number of grid cells needed to have more than

one grid cell per bar or channel. The 40 grid cells in the 3200 m wide braidplain were

su�cient for 10 parallel channels; the 80 grid cells in the 6400 m wide braidplain were

su�cient for 20 parallel channels. The length of the grid cells was 2.5 times the grid cell

width, in order to keep the aspect ratio about 2. The width of the higher �oodplains was

4300 m on both sides of the braidplain and its elevation was 10 m above the braidplain.
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2.2. Model description

Table 2.1: Model scenarios. Run 3 is used in the sensitivity analysis.

Model run Q (m
3
/s) Initial W (m) Initial h (m) Floodplain

Run 1 20,000 3200 5.7 No

Run 2 20,000 3200 5.7 Yes

Run 3 40,000 3200 8.6 No

Run 4 40,000 3200 8.6 Yes

Run 5 40,000 6400 5.7 No

Table 2.2: Initial conditions and input parameters for all model runs.

Parameter Unit Value

Channel length m 80,000

Bed slope - 9.30×10−5

D50 m 2.00×10−4

Constant ks m 0.15

α (Equation 2.16) - 0.70

β (Equation 2.16) - 0.5

MorFac (Equation 2.17) - 25

Initial Froude number - 0.15
+

/ 0.16*

Initial Shields number - 1.61
+

/ 2.42*

Sediment transport predictor - EH

Perturbation: Max. initial bed level m 0.01

Perturbation: Period of Q days 2.28

Perturbation: StdDev. amplitude of Q % 0.5

Grid cell length × width m 200× 80

Hydrodynamic timestep s 6

Morphodynamic timestep s 150

+
for Run 1, 2 and 5; * for Run 3 and 4

The water level was always lower than the �oodplains, so the �oodplains could only

be activated by the bank erosion algorithm. The braidplains and �oodplains had a

longitudinal slope of 9.3×10−5
and contained uniform �ne sand with D50 = 200 µm,

again typical for mega rivers (Latrubesse, 2008).

A braided river was expected to form for the dimensions, initial conditions and

discharges of the idealized model rivers according to an empirical predictor (Kleinhans

and Van den Berg, 2011) and a linear analysis (Crosato and Mosselman, 2009). The

initial braiding index, which is the number of parallel channels in the braidplain, was

estimated at 8 for Runs 1 and 2, 6 for Runs 3 and 4, and 18 for Run 5 using Crosato and

Mosselman (2009). Here, the braiding index BI is related to bar mode m as BI = [1 +
(m− 1)/2].

Uniform bed roughness was applied in the modeling, following Nicholas (2003),

Kleinhans et al. (2008) and Crosato et al. (2012) with a uniform Nikuradse ks of 0.15 m
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2. Physics-based modeling of large braided sand-bed rivers

Table 2.3: Parameters changed in the sensitivity analysis done on Run 3. The * denotes default
values.

Parameter Low Middle High

α (Equation 2.16) 0.35 0.70* 1.50

MorFac (Equation 2.17) 1, 5, 10 25* 50, 100

Bed roughness ks = 0.15 m* ks = 0.45 m C = 51 m
0.5

/s

Sediment transport predictor MPM EH* Van Rijn

Perturb.: max. init. bed level 0.5 cm 1 cm* 2 cm

Perturb.: period of Q 2.28 days* 22.8 days 228 days

Perturb.: StdDev. of Q 0.5%* 1% 5%

was used as default, but a higher value as well as a constant Chézy value was also used

in the sensitivity analysis.

The simulation time was at least 25 months of morphodynamic time, and 70 months

for Run 3 with the default value of MorFac = 25 (Equation 2.17). A hydrodynamic

timestep was 6 seconds, so that each morphodynamic timestep amounted to 150 sec-

onds as the default. A model run of 70 months thus had 1.2×106 timesteps.

The initial bed topography and upstream discharge partitioning along the in�ow

boundary were perturbed with noise in order to trigger bar development. At default,

initial bed level noise was 1 cm, and upstream discharge partitioning was 200 m
3
/s

(0.5% of the total discharge), changing every 2.28 days. The upstream in�ow perturba-

tion varied over the boundary sections and with time. The e�ects of both magnitude

and period of discharge perturbation, and magnitude of initial bed level perturbation

were determined in the sensitivity analysis. The results showed insensitivity to these

variations.

2.2.5 Variables for sensitivity analysis

For the sensitivity analysis, we used the settings of Run 3 (40,000 m
3
/s, 3200 m, no

�oodplains). Parameter values are given in Table 2.3.

We �rst tested the sensitivity to an important parameter in the numerics of the

model: the acceleration of morphological change. The default acceleration factor

MorFac (Equation 2.17) was 25. Values reported in literature range from 1 (no acceler-

ation) (e.g. Jang and Shimizu, 2005) to 10–25 (Crosato et al., 2011, 2012), 40 (Roelvink,

2006) to 400 (Van der Wegen and Roelvink, 2008) and 500 (Lesser et al., 2004). We tested

acceleration factors of 1 (no acceleration), 5, 10, 25 (default), 50 and 100.

We further determined sensitivity to random perturbations at the initial and bound-

ary conditions. In the default run we assumed that a randomly constructed timeseries

of discharge perturbation lacks any pattern or major outliers that a�ect river morpho-

dynamics. This was tested by using alternative timeseries with the same statistics. We

also determined the e�ects of magnitude and frequency of the perturbations. The de-

fault frequency of change in discharge perturbation (2.28 days) was compared to 22.8

and 228 days. The default magnitude of discharge perturbation (200 m
3
/s, 0.5% of the

total discharge) was compared to 400 m
3
/s (1%) and 2000 m

3
/s (5%). The default initial
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bed level perturbation (1 cm) was compared to 0.5 cm and 2 cm.

More importantly, we tested the sensitivity of the model results to choices of con-

stitutive relations. The α (Equation 2.16) of the bed slope e�ect had a default value of

0.7 and was changed to 0.35 and 1.5, which is well within the range reported in liter-

ature (Engelund and Skovgaard, 1973; Struiksma et al., 1985; Sekine and Parker, 1992;

Talmon et al., 1995; Parker et al., 2003).

Furthermore we tested sensitivity to bed roughness. Bed roughness is often used

as calibration parameter, tuned to �t a measured water slope. Di�erent bed roughness

methods may result in the same water slopes with di�erent �ow velocity distributions

with depth. Based on engineering experience we chose a default Nikuradse ks of 0.15

m and determined the sensitivity to bed roughness value by comparing to Nikuradse

ks = 0.45 m. Furthermore, we compared the river morphology of both Nikuradse ks
with a constant Chézy roughness C = 51 m

0.5
/s, where the relation between C and

Nikuradse ks is

C = 18 log

(
12h

ks

)
(2.18)

This relation is used in the momentum equation of Delft3D. Hence, for a uniform Niku-

radse ks the e�ective Chézy bed roughness varies between shallow and deep parts of

the braidplain with relatively smooth channels and relatively rough bar surfaces. The

result is a relatively high �ow velocity in the channels and low �ow velocity on top of

bars compared to uniform C .

We tested the sensitivity to the choice of the sediment transport rate predictor. Pre-

dictions of sediment transport rate are highly empirical and predicted sediment trans-

port rates show large deviations. As default, we used the total transport predictor of

EH (Equation 2.4). In the sensitivity analysis, we compared it with the predictors of

MPM and Van Rijn. In contrast to EH, the predictors of Van Rijn and MPM use a

threshold for sediment mobility. This threshold a�ects the sediment transport rates

in locations of low sediment mobility, for example on top of bars. Another di�erence is

the degree of nonlinearity between sediment transport rate and �ow velocity, de�ned

as b = U
qtot

dqtot
dU . EH has a constant b, independent of sediment mobility, while Van Rijn

and MPM have variable b depending on sediment mobility, which directly a�ects bar

length in linear analyses (Kleinhans and Van den Berg, 2011; Crosato and Mosselman,

2009). Furthermore, Van Rijn makes a distinction between bed-load and suspended-

load sediment. According to Van Maren (2007) and Tubino et al. (1999), inclusion of

suspended-load sediment transport results in lower braiding intensity, longer bars and

a steeper transverse slope in bends. The latter is caused by spiral �ow, which steers

�ow near the river bed, where sediment concentration is high, toward the inner bend.

So, extra deposition occurs in the inner bend due to the combination of spiral �ow and

suspended sediment. However, a detailed analysis of the e�ects of suspension is out of

the scope of this study.
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2. Physics-based modeling of large braided sand-bed rivers

2.3 Methods of analysis

2.3.1 General approach

We �rst analyzed the reach-scale initiation and evolution of the braided morphology,

using timeseries of bed level maps and a set of metrics to quantify bar dimensions

and development. We calculated bar length, bar height, Braiding Index, active channel

width, frequency distribution of bed level, bar aspect ratio (width-length ratio) and the

ratio between bar surface area and bar perimeter as a measure for its shape. In these

analyses the upstream and downstream 20 km of the in total 80 km long reach were

not taken into account to eliminate boundary e�ects and allow for bar growth over the

�rst 10-20 km.

Next, we focused on the scale of individual bars. We qualitatively illustrated and

analyzed the �ow pattern and sediment transport directions around a mid-channel bar

and at a bifurcation in order to understand the morphodynamic cycle from �ow through

sediment transport to morphological change. We compared bar morphology in case

spiral �ow steering on sediment transport was excluded. We compared the modeled

bar shapes with individual examples found in nature and we compared the modeled

initiation mechanisms of channel braiding with �ume experiments (Ashmore, 1991b;

Fujita, 1989). This was hampered by the fact that the majority of �ume experiments

refers to gravel-bed rivers and are a�ected by some scale problems.

2.3.2 Bed level

The development of the river was �rstly described by a frequency distribution of the

bed level detrended by the initial longitudinal slope. As the river developed, bar grew

and channel incised, it was expected that the width of the distribution increased with

time. When the river reached an equilibrium state, the width of the distribution re-

mained constant. To further reduce this data, we de�ned bar height as the di�erence

between the highest 5% of the bed level (top of the bars) and the lowest 5% of the bed

level (channel bed). Although somewhat arbitrary, this method allows for an objective

and quantitative comparison between model runs.

2.3.3 Braiding Index

Braiding intensity can be quanti�ed in multiple ways (Bridge, 1993; Egozi and Ash-

more, 2008), such as by total channel or bar length relative to reach length or by the

number of parallel channels in a cross section. We counted the number of parallel chan-

nels (total braiding index TBI) in all cross-sections and averaged over each timestep.

The cross-sectional average bed elevation value was used as threshold to discriminate

between bars and channels, and was updated each timestep. The motivation of using

a cross-section speci�c threshold was to eliminate longitudinal trends and variation,

for example longitudinal bed slope adjustments. Tests showed that using the average

resulted in the highest TBI compared to a higher or lower bed elevation.

We compared the TBI of the modeled river with a BI predicted by linear analysis

(Crosato and Mosselman, 2009), and used the BI to compare between model runs. As
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linear analysis is strictly speaking only valid for in�nitely low amplitude bars, we only

compared it with the early stage of the modeled river.

The active braiding index (ABI) (Bertoldi et al., 2009) only includes active channels

with signi�cant sediment transport, herein de�ned as higher than the cross-sectional

average value, whereas the TBI includes both active and inactive channels. According

to Bertoldi et al. (2009), the ABI provides a better description of the state of a braided

river than the TBI. Both braiding indices were used in this study. We used a constant

discharge, so the e�ect of discharge variation on the ABI as found in nature was irrel-

evant.

2.3.4 Active channel width

In relation to the ABI and to study the growth of mid-channel bars, we analyzed the

active channel width. The active channel width Factive was de�ned as the percentage

of the channel width in which signi�cant sediment transport occurred (Bertoldi et al.,

2009; Ashmore et al., 2011), here de�ned as:

Factive =
ΣWactive

W
× 100 (2.19)

withFactive (%) the active channel width,W the total channel width (3200 m or 6400 m)

and ΣWactive the sum of widths of active channels in each cross-section (m). In analogy

to the TBI calculation, the cross-sectional average sediment transport rate was used as

threshold between channel and bar, and a reach-averaged Factive was recorded for

the analysis. The exact threshold value had no signi�cant e�ect on the active channel

width, which makes this parameter a robust measure.

2.3.5 Bar length

The bar length was determined by two methods: (1) by wavelet analysis of bed eleva-

tion pro�les along the river and (2) by identi�cation of bars as individual objects and

measuring their longest axis. The second method is described in the next section and

used for analysis of bar shapes. In the �rst method, a bar length density distribution

was determined by using a derivative of a Gaussian base function in the wavelet analy-

sis (Torrence and Compo, 1998). For each grid line in x-direction, a wave length density

distribution was determined, in which the bar length was parallel to the x-axis. Next,

for each timestep an average distribution and bar length with highest density were

determined. The highest density was taken to represent the dominant bar length and

used in the analyses.

The dominant bar lengths were compared with an empirical relation based on the

Brahmaputra (Ashmore, 2001) and prediction from linear analyses. The empirical rela-

tion is:

L1 = 52.5Q0.45
(2.20)

where L is the bar length (m). According to linear analysis (Struiksma et al., 1985), the
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bar length of steady (forced) bars is

L2 = 4πλw

[
(b+ 1)

λw
λs
−
(
λw
λs

)2

− (b− 3)
2

4

]−1/2

(2.21)

with adaptation lengths for �ow λw and bed λs:

λw =
hC2

2g
, λs =

1[
2(BI − 1

2 )π
]2h(Wh

)2
1

f(θ)
(2.22)

The bar length for migrating (free) bars (Schielen et al., 1993) is

L3 =
W

(BI − 1
2 )
√
X

(2.23)

where X is iteratively determined from

ε =
−X(X + 1)3δ

δ(X + 1)(X + 2)2 −X(2X + 1)
(2.24)

and ε and δ are calculated with

ε =

[
g(W/h)

2
(
BI − 1

2

)
C2π

]2
, δ =

g

C2(b− 1)
(2.25)

As bar length in the linear analyses depends on the BI, it was calculated for a range

of BI.

2.3.6 Bar shape

Two ratios were used to describe bar shape: length-width ratio (aspect ratio) and

perimeter-area ratio (Kelly, 2006; Meshkova and Carling, 2013). For bar shape, we iden-

ti�ed each individual bar. This was based on bed elevation thresholded by initial bed

level to discriminate between bars and channels. For each bar, the longest axis length,

the axis length normal to the longest axis, the perimeter and the surface area were de-

termined. The longest axis (major axis) can be compared to the bar length determined

by wavelet analysis of the bed topography (previous section), although bar lengths in

the wavelet analysis are always in x-direction which may deviate slightly from the

direction of bars as individual objects.

Per model run, one timestep was used in the bar shape analysis. This timestep

di�ered between the model runs, in order to capture more or less the same evolution

stage, as the morphodynamic rate for Q = 20,000 m/s was lower than for Q = 40,000

m/s. The timesteps used for the analysis varied between 12 months and 18 months, but

the result was found insensitive to the exact timestep.

Some remarks need to be made to the use of a threshold for di�erentiation between

bar and channel. Overall, the identi�cation of the bars was not sensitive to the exact

threshold value, but in some cases the use of a uniform threshold bed level was ques-

tionable. For example, when two bars were connected by a long bar-tail limb, they
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were identi�ed as one single bar. The opposite occurred when a bar was segmented by

a cross-bar channel that was slightly deeper than the threshold bed level, but clearly

less deep than the main channels. Nevertheless, the use of a threshold excluded inter-

pretation and provided a robust way to compare the di�erent model runs.

The bar shape ratios were compared with empirical relations (Kelly, 2006) based on

a data set of 1323 measurements in 22 braided rivers, ranging from �ume experiments

to mega rivers like the Ganges and the Brahmaputra:

Lmajor = 4.9517× Lminor0.9676 (2.26)

Perimeter = 5.6881×Area0.5 (2.27)

where Lmajor (m) and Lminor (m) are the major and minor axes, respectively.

2.4 Results

2.4.1 General development

Braided rivers developed from the initially plane beds (Figure 2.2), evolving from a low

amplitude, regular braided topography with high BI into an irregular topography with

large mid-channel bars, deep channels and low BI. Three stages can be distinguished

(Figure 2.3): (1) Low bars, declining braiding intensity (months 1–6); (2) Bar ampli�ca-

tion and channelization (months 7–20); and (3) static stage (months 20+). The timing

of transitions di�ers between the model runs, but all �ve runs show the same three

stages.

Two mechanisms of bar initiation can be distinguished: bar initiation in response

to initial bed level perturbations and bar initiation at the upstream boundary in re-

sponse to in�ow perturbations. The main di�erence is that the upstream formed bars

are slightly larger than the bars formed by bed level perturbation. In the �rst 8 months,

the bars migrated in downstream direction with a celerity of about 5 m/day, although

locally rates up to 20 m/day were observed in Run 3 and 4 due to the higher speci�c

discharge. The lower bar-tail limbs downstream of the bars migrated faster than the

higher bar center, resulting in expansion of the bars. The bars grew at more or less

uniform rate and reached their �nal height after about 15 to 20 months (Figure 2.3).

The timing of bar merging and vertical bar growth di�ered. The highest rates of

change of the ABI and dominant bar length occurred in the �rst 5 months, whereas

the highest rates of change for the bar height and active channel width occurred after

about 10 months (Figure 2.3).

After about 20 months, the overall pattern became static: bars were immobile and

surrounded by deep channels, and bar tops reached the water surface, minimizing sed-

iment transport over the bars. Channel incision declined and, consequently, so did the

bank erosion of (nearly) emerged bars in the model, as bank erosion is a function of

neighboring grid cell incision. Due to the lack of bank erosion, new channels were

formed scarcely. Especially in Runs 3 and 4, bifurcations closed and bars merged, re-

sulting in long bars with lengths exceeding 10 km.

Inactive (nearly) dry cells had a large in�uence on the bar pattern and the stability

of the bars. This was caused by the imposed threshold for drying and wetting, the lack
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2. Physics-based modeling of large braided sand-bed rivers

Figure 2.2: Time series of the bed level in a) Run 2 and b) Run 3 (see Table 2.1). Flow is from left
to right. Initially, small bars formed in a regular rhomboid pattern. The bar height gradually
increased to the water level whilst channels deepened. After about 20 months, bars merged and
became static.

of �oods and the primitive bank erosion algorithm. In nature, during a peak discharge

when the dry inactive bars become submerged and reactivated, the river morphology

and bar pattern are changed and a new equilibrium will be found during the lower dis-

charge. In the simulation, however, a constant discharge was used where dry inactive

bars were only reactivated by bank erosion if neighboring cells eroded, and by local

water level rise due to downstream impoundments.

The amount of sediment transport through the modeled river was about 1,500-2,000

kg/s for Runs 1, 2 and 5 and 4,000-7,000 kg/s for Runs 3 and 4, clearly smaller than that
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in the Brahmaputra, which is reported to be about 23,600 kg/s (Thorne et al., 1993)

with bank migration rates of 1 km/year. The di�erence is not alone due to bank migra-

tion rates: the bank migration rate in Run 2 was about 0.4 m/month, which provided

about 418 kg/s of bank material to the river, and in Run 4 about 2.6 m/month, adding

2500 kg/s of bank material to the river. In all �ve runs, the sediment out�ow at the

downstream boundary exceeded sediment in�ow at the upstream boundary plus bank

erosion, thus overall incision occurred. This was caused by the self-amplifying process

of �ow concentration in channels: deepening channels have decreasing �ow resistance

and thus increasing �ow velocities, sediment transport capacity and further deepening

until equilibrium is reached with sediment input from upstream and from the channel

boundaries due to the transverse bed slope e�ect. Since these e�ective deep channels

were absent at the upstream boundary the total upstream sediment in�ow remained

constant and lower than the increasing sediment transport capacity.

2.4.2 Evolution of braiding intensity, bar, and channel dimensions

A higher width-depth ratio resulted in a higher braiding intensity (Figure 2.3). The

ABI in the �rst months was equal to the braiding intensity predicted by Crosato and

Mosselman (2009) for incipient bars: 8 for Runs 1 and 2; 6 for Runs 3 and 4; 16 for

Run 5. After about 5 months the ABI had decreased by about a factor of two in agree-

ment with �ume experiments of Fujita (1989) and numerical modeling of Enggrob and

Tjerry (1999). The decrease was caused by non-linear processes, such as incision of

the main channels and instability of bifurcations, resulting in �lling of minor channels

and merging of bars. Also, some of the channels were abandoned due to closure of

the entrance by bars migrating or expanding into the entrance as in �eld observations

of Ashworth et al. (2011). These channels could still be observed in the bathymetry

though sediment transport was limited, so that they were included in the TBI but not

in the ABI (Figure 2.4).

Run 3 reached a TBI of 3 and an ABI of 2 after 20 months (Figure 2.4). This ratio
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between the ABI and TBI was smaller than observed by Bertoldi et al. (2009) for gravel-

bed simulations, at low sediment mobility, but was in agreement with their observation

that the ratio goes toward unity for higher sediment mobility.

In contrast to the braiding intensity, the bar height, bar length and active channel

width showed a dependency only on the speci�c discharge. In Runs 1, 2 and 5, the

values di�ered approximately a factor of 2 from Runs 3 and 4. On the other hand,

the aspect ratio of the bars and the ratio between the perimeter and surface area were

comparable for all �ve runs and clustered around the empirical relation found by Kelly

(2006) with considerable scatter of approximately a factor of 5 (Figure 2.5). The relation

between perimeter and bar area was stronger, indicating a measure of self-similarity of

the modeled bars. The shape of the simulated bars with their tails was more irregular

than the empirical relation predicts, which is due to the regular diamond shaped bars
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Figure 2.8: Flow and morphodynamics patterns in a bifurcating channel and around a bar in
Run 3 after 12 months.

found by Kelly (2006) and possibly the resolution at which that data was digitized.

Within the �rst year, the dominant wavelength in Run 3 increased from 2 to 5 km

(Figure 2.3). This was caused by channelization, abandonment of small channels and

merging of small bars (Figure 2.6). The empirically predicted bar length is 6.2 km which

is similar to the dominant bar length of 4 to 5 km. After about 14 months the density

distribution of the wavelength became more asymmetrical as the number of bars with

lengths between 10 and 30 km increased, resulting ultimately in an almost double-peak

distribution after 70 months. Dominant bar length was relatively small compared to

the empirical relation of Ashmore (2001) and linear analyses (Struiksma et al., 1985;

Schielen et al., 1993, Figure 2.6). However, bar length depends on TBI (through its

dependence on the selected bar mode), and was, for the �nal TBI of about 3 to 4, about

16 to 28 km, which corresponds to the large bars in the model.

The distribution of the bed level became strongly asymmetrical after about 12

months (Figure 2.7), when bars reached their �nal height near the water surface, whilst

deep channels formed, with water depths of 20 to 30 m and scour holes of 40 to 50 m.

The active channel width in Run 3, based on sediment transport, was initially about

half of the entire channel width (Figure 2.3) and after about 8 months started decreasing

to a more or less constant 20 to 30% after about 20 months (Figure 2.4). The sum of the

channel widths based on bed level was 30 to 40% of the 3200 m, while the sum of the

active channel widths based on sediment transport was about 20%, indicating that half

of the channel width is morphologically inactive. The average bar width in Run 3,

estimated from active channel width based on bed level and the TBI, was about 480 m.
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Figure 2.9: Bed level after 12 months in Run 3 scenarios without bed slope e�ect (a), with
default settings (b) and without spiral �ow (c). Flow is from left to right.

2.4.3 Channel flow and sediment transport around a mid-channel bar

To understand nonlinear bar formation, we qualitatively analyzed �ow and sediment

transport patterns around a mid-channel bar (Figure 2.8). Sediment transport concen-

trated in the main channel, as opposed to over the bar, due to the non-linear relation

between �ow velocity and sediment transport rate. So, where Figure 2.8c shows a rel-

atively wide channel (wider than Figure 2.8a), sediment transport was concentrated

in the center of the main channel. Upstream bar edges were steepened by curvature-

induced secondary �ow around the bars that transported sediment laterally from the

main channel onto the bar (Figure 2.8d,e at km 38 and km 40). Here, steering by sec-

ondary �ow thus exceeded steering in the opposite direction due to the bed slope e�ect.

Indeed, without spiral �ow (neglecting Equation 2.12) the overall bar ampli�cation and

channel deepening occurred slower than with spiral �ow so that bars and channels

were generally shallower (Figure 2.9) until �nal bar statistics were almost equal (Fig-

ure 2.7).

In the second, nonlinear stage of braided river evolution, the bar morphology and

bar dynamics were generally comparable to �eld observations. For example, the shape

of compound bars with their characteristic one or two scroll-type bar-tail limbs (Fig-

ure 2.10), comparable with compound bars described by Cant (1978), Bridge (1993),

Ashworth et al. (2000) and Ashworth et al. (2011). Bar-tail limbs were the result of

deposition at the lee-side of the bar. Bar-tail limbs often expanded in downstream di-
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2. Physics-based modeling of large braided sand-bed rivers

Figure 2.10: Bar-tail limbs on mid-channel bars in Run 3 after 10 months (a) and in the
Brahmaputra (b). The di�erence in length between the left and right bar-tails is caused by a
di�erence in spatial sediment transport gradient between the left and right channel branch. Also
note the sharp downstream edge of bar 2 in the simulation, which is the result of downstream
migration caused by over-bar �ow. Flow is from left to right. Source: GoogleEarth.

rection until they reached a con�uence scour hole or a downstream located bar, causing

closure of the channel between the two bars. Diamond-shaped bars were also present

(bars 4 and 5 in Figure 2.10), comparable to those in Krigstrom (1962) and Kelly (2006).

Near the banks, bank-attached compound bars developed, with one side attached to

the bank and the other side behaving as one half of a mid-channel bar including the

bar-tail limb (Rice et al., 2009).

Di�erent mechanisms of bar initiation occurred in the simulation as observed in

nature. One was dissection of transverse bars due to channelization of over-bar �ow

(Figures 2.11 and 2.12). Another was the merging of relatively small bars of the initial

stage into larger compound bars (Figure 2.13). At this stage, bars started to interact as

well. For example, the instability of the bifurcation upstream of bar 7 due to migration

and expansion of bar 6 resulted in closure of the channel between bars 6 and 7. Also,

the asymmetrical expansion of bar 1 is interesting: the bar-tail limb at the south side

of the bar grew clearly faster than at the north side, caused by a larger discharge and

sediment transport rate in the southern channel. So, the asymmetry of bar-tail limb

length revealed the asymmetry of discharge and sediment transport division at the

bifurcation (Koomen, 1992; Ashworth et al., 2000).

After about 18 months, bars approached the water surface and straight cross-bar

channels appeared on top of submerged bars. These channels, in most of the cases one

grid cell wide, were perpendicular to the main �ow and were caused by a head di�er-
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Figure 2.11: Dissection of a large transverse unit bar in Run 3 by over-bar �ow, resulting in
three separate mid-channel bars evolving into compound bars (bars 1-3). Note that the trans-
verse bar had a downstream slip face, whereas bars 1-3 have bar-tail limbs after dissection.
Flow is from left to right.

Figure 2.12: Bar expansion followed by splitting of a mid-channel bar in Run 5. Flow is from
left to right.

ence between both sides of the bar driving over-bar �ow. In case of su�cient incision,

bars were dissected by the cross-bar channels. The eroded sediment was deposited at

the mouth of the cross-bar channel, where the mouth bar narrowed the main channel

as also described in Bridge (1993) and Bristow et al. (1993), and in some cases closed

the main channel entirely. The small cross-bar channels were straight and exactly per-

pendicular to the main �ow due to the coarse grid, and looked somewhat unnatural

and unrealistic (Figure 2.14), but similar channels are found in nature and a �ner grid

would have allowed more natural orientations.

The presence of erodible banks at the outer channel boundaries a�ected the third
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2. Physics-based modeling of large braided sand-bed rivers

Figure 2.13: Bar dynamics in Run 4. Di�erences in migration rate resulted in merging of bars:
for example bars 3a and 4, bars 3b and 5, and bars 6 and 7. The bank-attached bars 3a and
3b at 8 months were transformed into a compound mid-channel bar due to channel incision in
downstream direction. Flow is from left to right.

stage, which commenced after about 25 months. The main channels in the runs with-

out �oodplains attached to the braidplain-banks, forming two channels along both

braidplain-banks and one large bar in the middle. As large part of this bar was above

the water level, cross-bar channels were hardly formed. The shape of the large bars

and straight channels looked unnatural. The runs with �oodplain, however, developed

a more natural channel network but bars and channels still became rather static and ex-

aggerated in height and depth, respectively. The reasons for this are not entirely clear

but may be due to the lack of a proper bank erosion algorithm including the direct ef-

fect of gravity on sediment below the threshold for motion at horizontal bed, and the

lack of dynamics imposed on the upstream boundary in agreement with the dynamics

found in the hypothetical upstream river reach.

2.4.4 Sensitivity analyses

The river morphology showed marginal sensitivity to morphological acceleration, ini-

tial and boundary conditions. Here we focus on the other results of the sensitivity

analyses.

The di�erent method and values of bed roughness had a signi�cant e�ect on the

morphology (Figure 2.15). A higher bed roughness height Nikuradse ks resulted in a

larger di�erence between channel and bar surface elevation, a larger braiding intensity

and a larger active channel width, but this was partly due to the 1 m higher downstream

water level required for initial �ow uniformity for Nikuradse ks = 0.45 m. The method,

however, had a much larger e�ect on bar height and active channel width (Figure 2.15).
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Figure 2.14: Channel morphology and �ow conditions in Run 3 after 70 months. Straight
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in (b) are emerged or nearly emerged bars.

A uniform Chézy roughness implies larger Nikuradse ks roughness height in deeper

channels, which resulted in shallower channels, lower and smoother bars, and less

apparent �ow concentration in channels (Figure 2.16).

Morphology was even more sensitive to the choice of sediment transport predictor

(Figure 2.15). Because Van Rijn and MPM predict much lower sediment transport rates

than for EH (Figure 2.17), rates of morphological change were also much lower. More-

over, MPM and Van Rijn resulted in active channel widths of about 30%, whereas for

EH this was only 20%. This can be explained by the relatively large exponent n = 5 in

qs ∝ Un in the predictor of EH.

As expected, the bed slope e�ect had the largest e�ects on the morphology (Fig-

ures 2.9, 2.15, 2.16 and 2.18). The morphology is quite sensitive to the value of α (Equa-
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Figure 2.15: Braided pattern metrics in Run 3 using di�erent settings for bed slope e�ect (a),
bed roughness (b) and sediment transport predictor (c). Note that in column c., the italic x-axis
is for Van Rijn and MPM.

tion 2.16), which was only modi�ed within a range found in literature. A large bed

slope e�ect (small α) decreased aggradation rates of the bars, and thus rates of mor-

phodynamics in the �rst 15 months (Figure 2.15). After initial development of bars and

channels, a large bed slope e�ect resulted in relatively wide and smooth bars and rel-

atively wide and shallow channels. Furthermore, a large bed slope e�ect suppressed

formation of narrow cross-bar channels that were allowed by a small bed slope e�ect.

So, bar dissection by cross-bar channels was scarce in case of strong bed slope e�ect.

After 25 months, the di�erence in channel depth between α = 0.35 and α = 1.5 exceeded

10 m (Figure 2.18), and the di�erence in active channel width exceeded 10%. The bed

slope e�ect also in�uenced the braiding intensity, as individual channels and bars were

wider in case of strong bed slope e�ect (Figure 2.15): after 25 months, ABI was 3.5 for

α = 1.5, and 2.4 for α = 0.35.

2.5 Discussion

In this study, the initiation and evolution of idealized braided sand-bed rivers were sim-

ulated with the widely applied, fully non-linear, physics-based morphodynamic model

Delft3D. The model was used ‘as it is’ and was not optimized for modeling braided

rivers. As topographical and temporal forcing were negligible, the produced bar and

channel pattern and dynamics are solely the result of the incorporated physics. Mod-
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2.5. Discussion

Figure 2.16: Braid bar pattern in Run 3 after 15 months for various combinations of two
di�erent bed roughness parameterisations and bed slope e�ect magnitudes: constant Nikuradse
ks = 0.15 m. (a, c and d), constant C = 51 m0.5/s (b), α = 0.7 (a and b), α = 0.35 (c) and α = 1.5
(d). Note the di�erence in channel depth, size of the bars and steepness of the bar edges. Flow
is from left to right.

eling with �ner and coarser grids demonstrated grid-independence for the dimensions

and shapes of larger bars and channels although grid resolution obviously a�ected the

smallest possible morphological features that could be resolved (results not shown, also

see Lesser et al. (2004); Kleinhans et al. (2008) and Schuurman and Kleinhans (2011)).

Thus, we isolated the e�ects of constitutive relations from e�ects of initial topography

and boundary conditions. We �rst discuss the implications of the default results com-

pared to theory and �eld observations and then discuss the �ndings of the sensitivity

analyses.

2.5.1 Implications of nonlinear model results

Three distinct stages characterize the development of the modeled braided rivers. In the

�rst stage low-amplitude bars form in a nearly regular pattern that are well comparable

to the theoretical predictions of linear stability analyses. In the second stage high-

amplitude bars develop that are dominated by highly nonlinear processes including

very low water depths above bars and bar merging and splitting processes. These are

closely comparable to observations in nature. In the third stage, bars and channels

stabilized in a rather unnatural looking pattern. Below we discuss possible causes.

Stage 1: the incipient bars of stage 1 can be interpreted as low-amplitude unit bars

that adhere to most assumptions of linear bar stability analyses. Indeed, the dimen-

sions agreed well with theoretical predictions and braiding intensity strongly depends
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Note that in graph c the italic x-axis is for Van Rijn and MPM.

on the width-depth ratio. At the same time, some linear stability analyses showed that

a W/h ratio above the resonance W/h may result in upstream migration of bed level

perturbations (e.g. Lanzoni and Seminara, 2006; Zolezzi and Seminara, 2001). The cur-

rent numerical modeling did not show such upstream e�ect of bed level perturbations,

but it showed that a su�ciently highW/h results in a braided bar pattern. Possibly the

lack of upstream e�ects is caused by the model, in particular the downwind elements

in the numerical scheme, but the emergence of a braided pattern is in good agreement

with other linear theory and with empirical work (e.g. Kleinhans and Van den Berg,

2011).

Stage 2: complex bars and many other aspects of braided rivers were produced by

the model. As the development of a braided river in a simplistic straight braidplain

44



2.5. Discussion

0 10 20

−30

−20

−10

0

10

Time (months)

B
ed

 le
ve

l (
m

)

0 0.02 0.04 0.06 0.08
Relative frequency

α = 0.35
α = 0.70
α = 1.50

Bed level distribution
after 15 months

95%

5%

50%

30

a. b. 

Figure 2.18: Distribution of bed level in Run 3 for di�erent values of the bed slope parameter
α in Equation 2.16. The bed level is corrected for the initial longitudinal bed slope.

was never recorded in nature, the bar initiation in the modeling cannot be validated by

�eld data. However, the processes of bar and channel initiation in the early stage of

the simulation have great resemblance to those observed in �ume experiments. This

includes the evolution from an initially high braiding intensity into a lower braiding

intensity as incipient bars merge (Fujita, 1989), and the braid bar initiation processes

described by e.g. Ashmore (1991b): transverse bar conversion and chute-cuto�s. Also

typical bar-tail limbs of mid-channel bars and bank-attached bars were observed as in

nature (Cant, 1978; Bridge, 1993; Ashworth et al., 2000, 2011). We conclude that Delft3D

reproduces river braiding in the sense that it predicts not only basic characteristics of

incipient bars, as linear stability theory, but also produces many morphological phe-

nomena related to the highly nonlinear processes of high-amplitude bars.

Stage 3: after the second stage the bars ceased migrating and hardly changed, re-

gardless of the presence of an erodible �oodplain. Bars had grown up to the water

surface and unnaturally straight cross-bar channels developed, indicating that the bar

con�guration strongly a�ected the �ow by blocking and friction in small water depths.

The slow deepening of channels and growing of bars in stage 3 never ceased entirely,

which was also observed in other model studies where modeling was continued for

a long time after apparent near-equilibrium (Van der Wegen and Roelvink, 2008; Ed-

monds and Slingerland, 2010). Two possible causes for this long-term run-away behav-

ior include the simplistic bank erosion algorithm and the lack of realistic dynamics on

the upstream boundary.

Bank erosion is simplistically implemented in the model. In the �rst place, it only

occurs when the bed erodes in neighboring wet cells, and it is limited to wet-dry bound-

aries. Furthermore the large grid size renders the bank slopes rather low and subgrid

processes of steep bank failure due to undercutting and ground water seepage are not

implemented. Consequently, the decline of channel incision after about 10 months

(Figure 2.7) results in low rates of bank erosion and barely submerged bars do not have

bank erosion at all. A second consequence is that upstream erosion of bars and lateral

channel migration, which are important sources for sediment pulses that drive local
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2. Physics-based modeling of large braided sand-bed rivers

bar formation and modi�cation, hardly occurred in the third stage.

The lack of realistic dynamics on the upstream boundary relates to the reduction

in sediment pulses. Theoretically, a temporary perturbation at the upstream boundary

migrates downstream and out of the model domain. If no new perturbations occur the

model should become static (Lanzoni and Seminara, 2006) and this was indeed observed

in pilot runs and in other models (e.g. Van der Wegen and Roelvink, 2008; Wu et al.,

2011). Within the model something similar happened: the reduction of sediment pulses

due to reduction of upstream channel and bar erosion led to a reduction in local dy-

namics. This e�ect is not merely found in models but was recently also demonstrated

in experiments with and without lateral in�ow perturbations (Van Dijk et al., 2012,

2013b). Interestingly, it did not matter whether discharge was kept constant or varied

according to some hydrograph. We did additional model runs with a hydrograph, us-

ing di�erent magnitudes and periods of high and low discharges. Indeed, these showed

that variable discharge to some extent reactivates the bars and channels during high

discharge, but the bars simply increase height up to the �ood water surface after which

the entire pattern becomes static again. Thus there is converging evidence that some

sustained form of lateral and dynamic forcing is required on the upstream boundary

with the same temporal scale as the bar and channel dynamics, mimicking the presence

of a dynamically braiding reach upstream of the modeled reach.

2.5.2 Sensitivity of morphological model results

The results demonstrate that braid bars and channels in the nonlinear stage of inter-

ference with the water surface and interactions between bars are highly sensitive to

the forms and parameter values of the constitutive relations for hydraulic roughness,

bed slope e�ect and sediment transport capacity. Furthermore, all three relations have

similar e�ects on channel depth and width and bar height and width, so that unraveling

their individual e�ects from data will be di�cult.

On the other hand, the small random perturbations in the initial bed level and on

the upstream boundary have no signi�cant in�uence on the general bar pattern and its

statistics. In hindsight, one reason for this is that the perturbations do not have a simi-

lar spatial or temporal scale as the migrating braid bars. However, in the long-term the

pattern ceased to be dynamic at the scale of bars despite the random noise on the trans-

verse discharge distribution on the upstream boundary. This suggests that the braiding

processes at the bar scale do not lead to sustained dynamics of the pattern as is some-

times suggested to be intrinsic to braided rivers (Ashmore, 1991b). Dynamic forcing

can perhaps a�ect the pattern and clearly a�ects the dynamics of the morphology but

this remains to be investigated systematically.

Perhaps the most important �nding is that braiding intensity, channel dimensions

and bar amplitude in stage 2 are so strongly a�ected by the constitutive relation for bed

slope e�ect. This result is valid regardless of the issues that caused the lack of dynam-

ics in the last stage. The bed slope e�ect is a crucial component in all morphological

modeling and directly determines morphological properties important in navigation,

engineering and potentially stacking patterns in compound bar deposits (Kleinhans,

2010). Indeed, bed slope e�ects are implemented in all physics-based morphological

models and even in reduced-complexity meander simulation and braided river models.

For engineering purposes, the parameters for the bed slope e�ect could be calibrated
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when a measured bathymetry is available, but even then depends on the choices made

for the other constitutive relations because these have similar e�ects. The implication

is that most, if not all, morphological model results published until now are subject

to much greater uncertainty or bias than hitherto supposed. Furthermore, this argues

strongly for the inclusion of these relations in sensitivity analyses.

Thus, a physics-based relation for bed slope e�ects is lacking. Ideally, this would be

integrated with the constitutive relations for sediment transport and �ow resistance,

and include e�ects of bedforms. For example, a promising but largely untested vecto-

rial transport relation for uniform bed load transport on arbitrary slopes (Parker et al.,

2003) does not incorporate the e�ect of subaqueous dunes but was also developed for

rolling particles, whilst the more likely mode of bed load transport over duned sand

beds is saltation. A major problem for all available slope concepts is that dunes modify

both near-bed �ow �eld and local bed slope. Individual dunes are usually not rep-

resented in morphological models; a spatially averaged parameterization of sediment

transport is assumed. But the local bed slope over dunes di�ers considerably from the

reach-average bed slope: in fact, dunes slope upward in downstream direction whilst

shear stress increases along the crest. Furthermore, dunes deform when migrating

through bends, which a�ects the above processes and strongly modi�es the near-bed

�ow direction, potentially with near-bed �ow parallel to the dune troughs (Dietrich and

Smith, 1984a; Kisling-Moller, 1993). In such cases dunes enhance helical �ow, increas-

ing transport capacity toward the inner bend (Sieben and Talmon, 2011), but also add

local upward slopes to the bed, reducing transport capacity toward the inner bend. The

balance of these two de�ections remains poorly understood and is at present implicitly

calibrated as a subgrid process. Clearly more work needs to be done to have a reliable,

robust and physics-based method to quantify bed slope e�ects.

2.6 Conclusions

We studied formation and dynamics of idealized braided sand-bed rivers in a physics-

based non-linear 2D numerical model and assessed model sensitivity to choices of ini-

tial and boundary conditions and constitutive relations for �ow resistance and sediment

transport on sloping beds. To exclude forcing on bar patterns by initial and boundary

conditions we kept these as simple as possible.

The study showed that morphological model results are sensitive to the constitutive

relation for bed slope e�ects and also to the type and parameter values of the consti-

tutive relations for �ow resistance and sediment transport. This �nding generalizes to

most, if not all, physics-based morphological models and to reduced-complexity models

for meandering and braiding, which must therefore be re-evaluated. Furthermore, this

result strongly argues for fundamental research on integrated constitutive relations for

sediment transport on sloping beds, including e�ects of spatial grain size-sorting and

bedforms.

Regardless of the sensitivity, the model reproduces important characteristics of

braided rivers. For example, the quasi-regular pattern of low-amplitude bars showed

a wavelength that is in good agreement with predictions by linear stability theories.

Furthermore the model is able to produce the characteristic morphology of compound

bars and channels showing a great variety of morphological features found in natu-
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ral braided rivers, including bar-tail limbs, cross-bar channels and scour holes. Also,

multiple mechanisms for bifurcation initiation, bifurcation closure, bar migration and

bar growth occurring in the model are comparable to observations in nature and �ume

experiments.

The study also showed that modeling beyond the near-equilibrium stage of com-

pound bars results in unrealistic and nearly static morphology. This lack of dynamics

is observed in other model studies as well, but a complete explanation is wanting. Pos-

sible causes include a simplistic formulation for bank and bar margin erosion, and the

lack of sustained spatial-temporal dynamics on the upstream boundary. This suggests

that small-scale noise on the transverse distribution of discharge over the boundary and

the braiding processes at the scale of bars are not su�cient to maintain the dynamics

that are characteristic of natural braiding.
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CHAPTER 3

Morphodynamic modeling of bar dynamics and bifurcation
evolution in a braided sand-bed river

Based on: Schuurman, F., Kleinhans, M.G. (2015), Morphodynamic modeling of bar

dynamics and bifurcation evolution in a braided sand-bed river. Earth Surface Processes

and Landforms, Early View, DOI: 10.1002/esp.3722.

Abstract

Morphodynamics in sand-bed braided rivers are associated to simultaneous evolution of mid-

channel bars and channels on the braidplain. Bifurcations around mid-channel bars are key ele-

ments that divide discharge and sediment. This, in turn, may control the evolution of connected

branches, with e�ects propagating to both upstream and downstream bifurcations. Recent works

on bifurcation stability and development hypothesize major roles of secondary �ow and gradient

advantage. However, this has not been tested for channel networks within a fully developed dy-

namic braided river. A reason for this is a lack of detailed measurements with su�cient temporal

and spatial length, covering multiple bifurcations. Therefore we used a physics-based numeri-

cal model to generate a ‘dataset’ of bathymetry, �ow and sediment transport of an 80-km river

reach with self-formed braid bars and bifurcations. The study shows that bar dissection due to

local transverse water surface gradients is the dominant bifurcation initiation mechanism, al-

though conversion of unit bars into compound bars dominates in the initial stage of a braided

river. Several bifurcation closure mechanisms are equally important. Furthermore, the study

showed that nodal point relations for bifurcations are unable to predict short-term bifurcation

evolution in a braided river. This is explained by occurrence of non-linear processes and non-

uniformity within the branches, in particular migrating bars and larger-scale backwater-e�ects,

which are not included in the nodal point relations. Planform morphology, on the other hand, has

predictive capacity: bifurcation angle asymmetry and bar-tail limb shape are indicators for near-

future bifurcation evolution. Remote sensing data has predictive value, for which we developed

a conceptual model for interactions between bars, bifurcations and channels in the network. We
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3. Morphodynamic modeling of bar dynamics and bifurcation evolution

conducted a preliminary test of the conceptual model on satellite images of the Brahmaputra.

3.1 Introduction

Braided rivers consist of a network of channels, or branches, and alluvial mid-channel

bars (e.g. Leopold and Wolman, 1957). Each well-developed mid-channel bar forms a

bifurcation, dividing discharge and sediment over the downstream branches. Bifurca-

tions determine sediment availability and sediment transport capacity in the branches

and thus have a major in�uence on the morphodynamics in braided rivers, including

migration and deformation of mid-channel bars and branches. The interaction between

bifurcations, branch dynamics and mid-channel bar dynamics is a challenge for river

managers to deal with and for modelers to simulate but has large relevance for soci-

eties living on �uvial plains. Meanwhile, collection of detailed �eld data of large braided

systems over long periods of time to unravel the dominant processes remains techni-

cally and �nancially challenging. Here we study the interaction between bifurcation

evolution and bar dynamics using data of a large braided river generated in a detailed

physics-based numerical model.

At least two types of bars can be distinguished in braided rivers (e.g. Rice et al.,

2009, Figure 3.1). Unit bars (Figure 3.1c) are the simplest type of bars, characterized by

a lobed planform, relatively high downstream part with a steep downstream slip-face,

and submerged during average discharge. They maintain their general shape during

migration. Compound bars are larger, more complicated bars formed by merging of

unit bars (Figure 3.1a, b). Typically, compound bars form bifurcations and con�uences,

whereas unit bars are too low for this. Upstream erosion of compound bars, commonly

accompanied with an increase of bifurcation angle, provides sediment that is (partly)

deposited at the downstream end of the bar, forming shallow bar-tail limbs (Figure 3.1b,

Leopold and Wolman, 1957; Bridge, 1993; Best et al., 2006; Ashworth et al., 2000). Ag-

glomeration of bars can form large bar complexes (Sambrook Smith et al., 2006), with,

for example, reported lengths in the Brahmaputra exceeding 15 km (Ashworth et al.,

2000) and 30 km (Bristow, 1993).

The initiation and closure of bifurcations in braided rivers is directly linked with the

bar dynamics: agglomeration of bars occurs with bifurcation closure, and bar dissection

occurs with bifurcation initiation. Bifurcation initiation in a braided rivers occurs by

over-bar �ow forming cross-bar channels, and eventually a mature branch (Figure 3.1a).

In a mildly braided river, chute-cuto�s of bank-attached bars also contribute signi�-

cantly to the formation of new branches. At the same time, bifurcations in braided

rivers are often so unstable and asymmetrical that only one of the branches is usually

dominant (Bertoldi et al., 2009; Egozi and Ashmore, 2008; Marra et al., 2013), emphasiz-

ing the key role that bifurcations play in discharge division. Indeed, Marra et al. (2013)

found that only one or two dominant branches occur in the Jamuna River, depending on

the reach, and that changes were much more rapid in less dominant branches. Thus, for

understanding and predicting short-term evolution of a bifurcation in a braided river,

it is important to regard bifurcations as being a piece of a network of branches.

Relatively simple analytical models exist for individual bifurcation evolution, based

on the di�erence in channel dimensions of two bifurcation branches (Wang et al., 1995;

Bolla Pittaluga et al., 2003; Kleinhans et al., 2008, 2013). These models basically consist
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Figure 3.1: Examples of mid-channel bars in the Ganges and the South Saskatchewan River,
with compound bars (CB), unit bars (UB), bar-tail limbs (TB), mouth bars (MB) and bar dis-
section by a cross-bar channel (CF). Flow is from left to right. Source: GoogleEarth (a, b) and
BingMaps (c).

of three steps: (1) prediction of discharge division, (2) prediction of sediment transport

division, and (3) prediction of bed level change in the branches. Although these models

highly simplify the detailed processes of �ow and sediment partitioning at the bifur-

cations as also acknowledged by the authors, tests on experiments, on model data in

an idealized bifurcation and on �eld data were successful (Bolla Pittaluga et al., 2003;

Kleinhans et al., 2008, 2013). Thus these models provide a method to predict bifurca-

tion evolution, and thus potentially short-term braided river evolution, based on a few

characteristic parameters. For example, the width ratio of two bifurcation branches

could be an indicator for the discharge and sediment division, which is useful when

only aerial photos are available. Here we test these models for a braided river.

Others used the bifurcation planform to predict bifurcation evolution in braided

rivers. For example, Koomen (1992) found a correlation between bifurcation angle

asymmetry and short-term bifurcation evolution in the Brahmaputra. In particular, he

found a more frequent occurrence of branch abandonment for branches with a larger

bifurcation angle deviation from the upstream branch. Although �ume experiments of

Federici and Seminara (2003) and numerical modeling by Van der Mark and Mosselman

(2012) indicated no correlation between bifurcation angle asymmetry and bifurcation

evolution, it is a plausible correlation and deserves further investigation. Furthermore,

Koomen (1992), Ashworth et al. (2000) and Schuurman et al. (2013) found that the rel-

ative length of bar-tail limbs is an indicator of bifurcation asymmetry, and thus short-

term evolution: the dominant channel creates the longest bar-tail limb. In accordance

to this, Best et al. (2003) provided an example of a mid-channel bar where the asymmet-

rical growth was related to dominance of either branch. Despite the potential of both

the bifurcation angle asymmetry and length of bar-tail limbs being indicators for short-
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term bifurcation evolution, they are based on single bifurcations and do not re�ect the

e�ects of the network-aspect and interactions with other bifurcations and bars.

Field observations and �ume experiments are essential to understand braided rivers.

However, they have not yet provided a dataset of su�cient spatial and temporal res-

olution and length to analyze the interaction between the complicated �ow, sediment

transport, bar dynamics and bifurcation evolution in large braided rivers, or to an-

alyze the poorly understood interaction between multiple adjacent bifurcations and

bars (Ferguson, 1993; Kleinhans et al., 2013). Therefore, Nicholas (2013a) and Schuur-

man et al. (2013) applied physics-based numerical modeling to produce ‘datasets’ of

braided rivers, and analyzed bar and branch dynamics in these representations of real

rivers, taking into account the network-aspect. Many general characteristics of braided

rivers and their dynamics were reproduced in these models. Although the models are

highly sensitive to constitutive relations for bed roughness, sediment transport rela-

tion and bed slope e�ect, they enable analysis of braided river morphodynamics with

control of initial and boundary conditions, and with temporal and spatial resolutions,

length and duration that surpasses the current capability of �eld measurements. Thus,

they enable analysis of bifurcations and bars taking into account the network aspect.

From the above the following main questions addressed in this chapter emerge:

(1) how do bifurcations control the near-future evolution of downstream bars and

branches in large sand-bed braided rivers? (2) how, in turn, does the evolution of

bars and branched control the division of water and sediment at nearby bifurcations?

This feedback loop leads to the question: (3) what bar-bifurcation-branch interactions

control the braiding intensity and dynamic equilibrium topography in large sand-bed

braided rivers? And �nally, (4) how predictable is the near-future evolution of bifurca-

tions in large sand-bed braided rivers?

To answer these questions, (1) we identi�ed dominant mechanisms involving bifur-

cation and bar evolution in a sand-bed river; (2) we assessed the performance of simple

relations based on the dimensions of bifurcation branches and planform to predict near-

future bifurcation evolution and bar dynamics; (3) we developed a conceptual model for

bar, channel and bifurcation evolution in large sand-bed braided rivers. To these ends,

we employed a ‘dataset’ of a braided river produced in a numerical model, because

this has completely controlled boundary conditions and eliminates natural e�ects of

vegetation, grain size variation and non-uniformity of bank material. Furthermore, we

used parsimonious initial conditions and a straight braidplain to exclude the e�ect of

topographic forcing. We compared the resulting bed morphology and dynamics to em-

pirical relations for bar shapes and generic observations in nature and �umes. Also, we

tested the conceptual model and planform-based predictors on a 25 km section of the

Brahmaputra River.

3.2 Model descriptions and methods

3.2.1 Nodal point relations

Bifurcations can be symmetrical or asymmetrical, which refers to the di�erence in dis-

charge between the two downstream branches. A bifurcation is in morphological equi-

librium when the sediment transport capacity equals the upstream sediment delivery
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partitioned at the bifurcation. This equilibrium may be unstable depending on sedi-

ment mobility and channel aspect ratio (Wang et al., 1995; Bolla Pittaluga et al., 2003).

Because sediment transport capacity qs is a nonlinear function of �ow velocity U (e.g.

qs ∝ U3−5
), a small adjustment of �ow division at a bifurcation has large impact on

sediment transport capacity of the downstream branches.

We applied two analytical nodal point relations to predict the divisions of discharge

and two relations for the division of sediment at a bifurcation, and tested these in the

more complicated setting of our three-dimensionally modeled braided river. The �rst

�ow relation is based on the Chézy equation which assumes uniform steady �ow. Al-

ternatively, the �ow can be determined from an empirical hydraulic geometry relation

between channel width and �ow discharge, which is usually done in cases where �ow

depth and resistance are unknown but width can easily be observed. For the sediment

division we use �rstly the Wang et al. (1995) nodal point relation for the division of sed-

iment. The second sediment division relation was adopted from Bolla Pittaluga et al.

(2003) and was developed for gravel-bed river bifurcations. We used both sediment

division relations with both �ow relations and with the �ow observed in the three-

dimensional model, which results in six combinations that predict sediment division,

which we compare to the true division observed in the three-dimensional model.

The �rst �ow relation uses the Chézy equation to predict discharge division in a

Y-shape bifurcation, assuming uniform conditions within the branches:

Q3

Q2
=
W3

W2

C3

C2

(
h3
h2

) 3
2
(
S3

S2

) 1
2

(3.1)

where Qi is the discharge to branch i (m
3
/s), Wi is the channel width (m), Ci is the

Chézy bed roughness (m
1/2

/s), hi is the water depth (m) and Si is the water surface

slope (-). Branch i = 1 is the upstream in�ow channel and i = [2, 3] are the downstream

branches (Figure 3.2). Mass conservation applies: Q1 = Q2 +Q3.

In the numerical model, the required variables for Equation 3.1 can be determined

in great detail but these often lack in nature, for example when only satellite images are

available (Bertoldi, 2012). In this case the relation between channel width and discharge

(W ∝
√
Q) can be used to estimate the discharge division:

Q3

Q2
=

(
W3

W2

)2

(3.2)

where again mass conservation should apply.

The �rst relation we applied for sediment division uses a constitutive relation pos-

tulated in Wang et al. (1995):

Qs3
Qs2

=

(
Q3

Q2

)k (
W3

W2

)1−k

(3.3)

in whichQsi is the sediment transport rate in branch i at the bifurcation (m
3
/s) and k is

an empirically derived constant (-). Mass conservation of sediment applies at the bifur-

cation, i.e. Qs1 = Qs2+Qs3. Using the Engelund-Hansen sediment transport predictor

in the three-dimensional model, a bifurcation is expected to be stable if k > 5/3, as in
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3. Morphodynamic modeling of bar dynamics and bifurcation evolution

that case Qs3/Qs2 is more sensitive to Q3/Q2 than the sediment transport capacity.

Thus, an increase in discharge towards one of the branches results in deposition in that

branch and consequently an increase of discharge and sediment transport towards the

other branch. A bifurcation is unstable if k < 5/3. We used k = 5/3.

The second relation is that of Bolla Pittaluga et al. (2003), which initially assumes a

sediment division by k = 1, which means that it is linearly proportional to the widths

of the downstream branches:

Qs3
Qs2

=
Q3

Q2
=
W3

W2
(3.4)

This sediment division is modi�ed by the transverse bed slope e�ect which causes a

transverse sediment �ux just upstream of the bifurcation:

Qs3
Qs2

=
W3

W2
+ αwW1qsy (3.5)

where αw is the multiplier on width that sets the upstream in�uence length of a trans-

verse slope between the entrances of branches 2 and 3, and qsy is the unit transverse

sediment transport (m
2
/s) due to the transverse bed slope:

qsy =
Qs1
W1

(
sin(φs)− f(θ)

∂zb
∂η

)
(3.6)

in which η is the coordinate perpendicular to the depth-averaged �ow direction, zb is

the bed surface level (m). To be consistent with the three-dimensional model the f(θ)
depends on Shields number θ:

f(θ) =
1

αθβ
(3.7)

with α and β being calibration parameters. We applied α = 0.7 and β = 0.5. Here, the

Shields number θ is de�ned as:

θ =
τ

(ρs − ρw) gD50
(3.8)

where τ is the bed shear stress (N/m
2
), ρs is the density of the sediment, ρw is the

density of water, g is the gravity acceleration constant (m/s
2
), and D50 is the median

grain size (m). The sediment transport de�ecting angle from the depth-averaged �ow

velocity direction by helical �ow φs was added to the Bolla Pittaluga et al. (2003) model

by Kleinhans et al. (2008):

tan(φs) = −A h
R

(3.9)

where R is the radius of the local streamline curvature (m), h is the water depth (m).

HereA is a helical �ow coe�cient assuming a logarithmic vertical �ow velocity pro�le

computed by:

A =
2

κ2

(
1−
√
g

κC

)
(3.10)
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3.2. Model descriptions and methods

where κ is the Von Karman constant (0.4). The combined nodal point relation of Bolla

Pittaluga et al. (2003) and Kleinhans et al. (2008) to compute sediment transport di-

vision is hereinafter referred to as BK. Note that the nodal point relations are based

on simpli�ed conditions of a Y-shape bifurcation, with uniform channel width, water

depth and bed roughness within each branch. Also, �ow in the branches and at the

bifurcation is highly simpli�ed as the three-dimensional �ow structures in the vicinity

of a bifurcation are neglected.

3.2.2 Numerical three-dimensional model

In this study, we used a self-formed braided river topography produced in the physics-

based numerical model Delft3D building on our earlier work (Schuurman et al., 2013).

The hydrodynamics are computed by applying conservation of momentum in the hor-

izontal directions (Equations 3.11 and 3.12), and conservation of mass in the horizontal

and vertical directions (Equation 3.13), assuming hydrostatic pressure (Equation 3.14):

∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
+ w

∂u

∂z
= −g ∂zw

∂x
− gu

√
u2 + v2

C2h

+Vh

(
∂2u

∂x2
+
∂2u

∂y2

)
+

∂

∂z

(
Vv
∂u

∂z

) (3.11)

∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y
+ w

∂v

∂z
= −g ∂zw

∂y
− gv

√
u2 + v2

C2h

+Vh

(
∂2v

∂x2
+
∂2v

∂y2

)
+

∂

∂z

(
Vv
∂v

∂z

) (3.12)

∂

∂x
hu+

∂

∂y
hv +

∂w

∂z
= 0 (3.13)

dP

dz
= −gρw (3.14)

where x is the downstream coordinate (m), y is the lateral coordinate (m), z is the

vertical coordinate (m), zw is the water surface level (m), u is the �ow velocity in x-

direction (m/s), v is the �ow velocity in y-direction (m/s), w is the �ow velocity in z-

direction (m/s), h is the water depth (m), C is the Chézy roughness (m
1/2

/s), Vh is the

horizontal eddy viscosity (m
2
/s), Vv is the vertical eddy viscosity (m

2
/s), ρw is the water

density (kg/m
3
) and P is the pressure (N/m

2
). The bed friction terms of Equations 4.1

and 4.2 are only applied in the �rst near-bed layer. Also,w = 0 m/s near the bed, andw =

dh/dt at the water surface. A detailed description of the hydrodynamics and numerical

scheme of Delft3D can be found in Lesser et al. (2004), Van der Wegen and Roelvink

(2008) and Deltares (2009).

The morphodynamics in Delft3D result from sediment transport, bed slope e�ects,

bank erosion and mass conservation in the bed. The sediment transport rate in each

grid cell is equal to the sediment transport capacity calculated with Engelund and

Hansen (1967):

qs =
0.05U5

√
gC3∆2D50

(3.15)
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3. Morphodynamic modeling of bar dynamics and bifurcation evolution

Table 3.1: Initial and boundary conditions.

Parameter Unit Run 1 Run 2

Discharge m
3
/s 20,000 40,000

Channel width m 3200 3200

Channel length m 80,000 80,000

Bed slope - 9.30×10−5
9.30×10−5

D50 m 2.00×10−4
2.00×10−4

Constant ks m 0.15 0.15

Initial water depth m 5.7 8.6

Initial Froude number - 0.15 0.16

Initial Shields number - 1.61 2.42

Grid cell length × width m 50× 20 50× 20

Sediment transport predictor - EH EH

Perturbation: max. initial bed level m 0.01 0.01

Perturbation period of Q days 2.28 2.28

Perturbation stddev. amplitude of Q % 0.5 0.5

Hydrodynamic timestep s 6 6

Morphodynamic timestep s 150 150

where qs is the total sediment transport per unit width (m
2
/s), U is the depth-averaged

�ow velocity in streamline direction (m/s), ∆ is the relative mass density of sediment

underwater (-) and D50 is the median grain size (m). At the upstream boundary the

amount of upstream sediment in�ow was equal to the local sediment transport capac-

ity which keeps the bed level constant. The transverse bed slope e�ect, which is the

downslope pulling of sediment by gravity and essential in morphodynamic models (e.g.

Struiksma et al., 1985; Talmon et al., 1995; Schuurman et al., 2013), is computed accord-

ing to Koch and Flokstra (1981). After each timestep, the bed level was updated using

the Exner equation. To reduce computational time, an acceleration factor of 25 was

used for bed level change on the basis of spatial sediment transport gradients, which is

allowed because morphology changes much slower than hydrodynamics. The chosen

acceleration has no signi�cant e�ect on morphology (Roelvink, 2006; Schuurman et al.,

2013).

Sediment transport was only calculated above threshold water depths of 0.1 m. Grid

cells with smaller water depth were considered to be inactive. Inactive grid cells reacti-

vated when the threshold water depth was exceeded, either by water level rise or by a

simpli�ed formulation of bank erosion. Here, ‘bank erosion’ of a dry grid cell occurred

when a neighboring wet grid cell eroded, where 50% of the incision in the wet cell was

applied to the dry cells (Van der Wegen and Roelvink, 2008). This prevents unnatural

e�ects of accidentally emerged cells. Test runs showed that the resulting morphology

is insensitive to the bank erosion percentage.
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3.2. Model descriptions and methods

3.2.3 Model se�ings and boundary conditions for the three-
dimensional numerical model

The simulated river had a straight initially plane bed of 3200 m width and 80 km length

with a uniform initial bed slope of 9.3×10−5
and uniform �ne sand (D50 = 200 µm)

(Table 3.1). The channel had �xed non-erodible walls and a movable bed. Two di�erent

constant discharges were modeled: 20,000 m
3
/s (Run 1) and 40,000 m

3
/s (Run 2). The

predicted design braiding index BI, de�ned as the reach-averaged number of parallel

channels, was 8 for Run 1 and 6 for Run 2 based on Crosato and Mosselman (2009).

The computational domain was discretized by 50 × 20 m grid cells, and the water

column was divided into seven grid cells with boundaries at constant fractions of the

water depth (so called σ-grid). Thus vertical grid resolution was relatively high at low

water depths. The length of the grid cells was 2.5 times the grid cell width, in order

to keep the aspect ratio around 2 and to optimize speed at the same time. Note that

we used a 16 times higher horizontal grid resolution than Schuurman et al. (2013), and

seven instead of one vertical grid layer.

The hydraulic boundary conditions consisted of a constant upstream in�ow and

a �xed downstream water level. The upstream boundary was split into 20 separate

boundary sections, i.e. eight grid cells per boundary section. For each boundary section,

the amount of in�ow was de�ned in a timeseries. The water level at the downstream

boundary was based on initial uniform �ow conditions. The duration of the runs was at

least 27 months. The hydrodynamic timestep was 6 seconds, thus the morphodynamic

timestep was 150 seconds given a morphological factor of 25.

Although bed roughness in natural rivers varies spatially due to the presence of

bed forms, we applied a constant uniform bed roughness parameter following Nicholas

(2003), Lesser et al. (2004) and Schuurman et al. (2013), assuming that bed forms such as

dunes were subgrid. Nicholas et al. (2012) showed that spatial variation of bed rough-

ness does not signi�cantly improve model results. In this study we used a uniform

Nikuradse ks of 0.15 m.

As bars form in response to a forcing or perturbation and need continuous pertur-

bation to retain dynamics (e.g. Van Dijk et al., 2012), we perturbed the in�ow and initial

bed conform Schuurman et al. (2013). The upstream in�ow perturbation was a random

time-varying and spatial-varying noise added or subtracted to the in�ow at each of the

160 m wide upstream boundary sections. It had a standard deviation of 0.5% of the

boundary section in�ow and changed every 2.3 days. The initial bed level perturbation

was spatially varying with a maximum of 1 cm added to or subtracted from the initially

smooth bed in each grid cell. The magnitude of this perturbation was maximum 2.4%

of the initial water depth. Because these perturbations had a much shorter time and

spatial scale than the bars, they were considered noise rather than forcing.

3.2.4 Methods for analysis

The analysis consists of two main parts: (1) braided river dynamics including initiation

of mid-channels bars and bifurcations, and the evolution of the reach-scale channel

network; and (2) evolution and predictability of bifurcations in combination with bar

and channel dynamics.
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3. Morphodynamic modeling of bar dynamics and bifurcation evolution

Figure 3.2: De�nitions of the angles and transects in the vicinity of a bifurcation. The red
arrows indicate streamlines into the middle of the branches; BP indicates the bifurcation point;
x-lines de�ne the bifurcation; x1 is a curved centerline of the upstream channel determined
by the streamline through BP; a1 is the bifurcation angle, and a2 and a3 are deviation angles
from in�ow channel direction; o-lines are transects parallel to the grid y-axis through BP, used
for measuring discharge, sediment transport and transverse bed slope; p-lines are transects
perpendicular to x2 or x3, used for measuring the cross-sectional pro�les (channel width and
average water depth).

The �rst part is based on the recorded timeseries of the modeled bed level, sedi-

ment transport and hydrodynamics. We identi�ed initiation and closure mechanisms

for the bifurcations, and compared the shape of the bars with empirical relations of

Kelly (2006). We described the bar shape by using ratios between metrics: (1) aspect

ratio = major axis length / minor axis length; (2) compactness = bar perimeter / bar

surface area; (3) roundness = convex hull perimeter / bar surface area. The use of such

metrics and ratios is comparable to e.g. Meshkova and Carling (2013). Furthermore, we

computed 2D maps of lateral water surface gradient to determine its in�uence on bi-

furcation evolution after detrending water surface by the initial longitudinal bed slope.

The second part describes the short-term evolution of two bifurcations in Run 2:

one near river kilometer x = 25 km and one near x = 30 km. We started with testing

the nodal point relations (Equations 3.1 to 3.10). We recorded input parameters for the

nodal point relations from cross-sections de�ned consistently with the assumptions of

the relations and similar to conventional �eld measurement methods. Channel width,

cross-sectional averaged water depth and Chézy bed roughness were recorded over

transects p2 and p3, perpendicular to the �ow (Figure 3.2). Discharge and sediment

divisions were recorded over two transects perpendicular to the average river gradi-

ent (o2 and o3 in Figure 3.2). Upstream �ow curvature was recorded over transect x1
at the location αwW1 upstream of the bifurcation point BP which was automatically

de�ned from streamlines. Transverse bed slopes were recorded over transects o2 and

o3 at a distance of 0.5W upstream of BP. Water surface slopes were recorded from BP
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3.3. Results

Figure 3.3: Initiation and evolution of a braided channel pattern in Run 2. Labeled bars are
referred in Figures 3.4, 3.5, 3.7, 3.8, 3.11-3.13 and 3.15.

to αwW1 downstream of BP. The transverse sediment transport Qsy was determined

along the streamline through BP, over a distance of αwW1 upstream of BP. Following

Bolla Pittaluga et al. (2003), a length of two times the channel width (αw = 2) was used.

After this, we tested two planform-based indicators for short-term bifurcation evo-

lution: bifurcation angle and the shape of bar-tail limbs. The bifurcation angles were

recorded using the mid-channel bar edges (Figure 3.2), which is generally a larger an-

gle than that of the downstream channel axes (Federici and Paola, 2003; Bertoldi and

Tubino, 2005). The bifurcation angle asymmetry (a) was de�ned as:

a =
a3− a2

a1
(3.16)

in which index 1 indicates the upstream in�ow channel, index 2 indicates the branch

with decreasing discharge and index 3 indicates the branch with increasing discharge.

The measurements were complemented by more qualitative observations of the

morphodynamics, which are changing patterns with many aspects that are challeng-

ing to quantify. We classi�ed the styles of bifurcation formation and termination and

counted their frequency over the entire length and time period of the model. To avoid

subjectivity the recognition and counting was systematically done by an assistant in

the MSc earth science program. Furthermore we qualitatively analyzed occurrences of

bar-tail limbs and their correlation to bifurcation development.

3.3 Results

3.3.1 From flat bed to braided river

The development of a braided river topography from a planar bed in Run 2 is shown in

Figure 3.3. Unit bars formed at the upstream edge and migrated in downstream direc-

tion with a celerity of around 1 km/month. These bars forced downstream formation of
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3. Morphodynamic modeling of bar dynamics and bifurcation evolution

Figure 3.4: Examples of conversion of unit bars into compound bars in a) South Saskatchewan
River and b) Run 2 for bar F (see Figure 3.3). Aggradation of unit bars results in �ow bifurcation
around the bar center, each branch forming its own unit bar and bar-tail limb, for example bars
Sa, Sb, Sd, Fa and Fb. Note the similarity in bar shape between bar Sa in the South Saskatchewan
River and bar Fb in the model after 10.1 months. After the conversion, downstream expansion
of bar Fa resulted in agglomeration of bars Fa and Fb (bifurcation closure mechanism 7 in
Figure 3.9). Aerial photo courtesy of Sambrook Smith, Ashworth, Best and Lane.

new bars (Figure 3.4). Downstream migration celerity of this bar front was around 10

km/month. At the same time, bars formed in the entire reach induced by the initial bed

perturbations, although these high-mode bars aggraded slowly and were over�owed by

the upstream formed bars. Simultaneously with the migration of the unit bars, the bars

aggraded and �ow was more and more redirected around the high bar center, compa-

rable to Ashworth et al. (2000). The increased �ow and sediment transport around the

bar center caused channelization. Now, bar-tail limbs formed at the downstream side of

the bars, expanding the surface area of the bars. Because the bar-tail limbs elongated,

some became attached to a downstream located bar, closing the branch between both

bars and causing bar merging.

Deposition at the downstream side of the compound bars, commonly in the form

of bar-tail limbs, was caused by either a decrease in sediment transport capacity in

downstream direction in the lee side of a bar, causing deposition of sediment; or a

decrease in sediment transport capacity of over-bar �ow in the lateral direction and

consequently deposition at the slip-face of the bar. The �rst mechanism induced elon-

gation of the bar-tail limb, whereas the second mechanism induced widening of the
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3.3. Results

Figure 3.5: Evolution of two bifurcations upstream of bars C and F in Run 2. The branch
between bars A and C closed due to downstream expansion of bar A. This way, bar C becomes
a bank-attached bar. At the same time, the bifurcation of bar F becomes more asymmetrical.
This could be due to a change in bifurcation angle and �ow direction of the channel in the north
of bar E.

bar-tail limb from the bar perimeter inward. Both mechanisms occurred at bar F (Fig-

ure 3.5): Between months 12 and 14, the northern bar-tail limb elongated, whereas

later, a dead-zone and low water level caused by the bar-tail limb resulted in �ow over

the bar-tail limb and widening of the bar-tail limb. Also, the bar-tail limb expansion

exceeded erosion rates of bar G, causing narrowing of the branch between bars F and

G. The same occurred at the southern bar-tail limb of bar F. Thus, su�cient �ow in-

tensity and sediment transport parallel to the bar-tail limb are crucial for bar-tail limb

expansion, which is illustrated by the sudden stagnation of the northern bar-tail limb

of bar C when discharge supply stocked by closure of the branch between bars A and

C. Bar D is another example of bar-tail limb elongation in the direction parallel to the

dominant �ow between bars D and F.

The shape of the self-formed bars was similar to the bars observed in natural rivers

and �ume experiments by Kelly (2006) (Figure 3.6). Aggradation, expansion and merg-

ing of the bars resulted in a decrease in braiding intensity from around eight active

parallel branches in the �rst month to around two active parallel branches after one

year. The dominant branches had the tendency to attach to the outer channel walls,

which also occurs in reaches with resistant banks in, for example, Irrawaddy River

(Myanmar) and Ganges River (India). One explanation is that the lack of bank ero-

sion causes local incision (Ashworth et al., 2000; Mosselman, 2006), which impede bar

formation and thus channel shift.

3.3.2 Bifurcation evolution mechanisms

Multiple mechanisms for bifurcation initiation were recognized in the self-formed

braided river in addition to the conversion of unit bar into compound bars. One mech-
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Figure 3.6: Bar shapes in Run 1 (after 34 months) and Run 2 (after 15 months): a) aspect ratio;
b) Compactness; c) Roundness. Empirical relations of Kelly (2006) were added for comparison
to natural rivers. Note the di�erence between b and c for the larger bars, showing that large
bars have more complicated and irregular shape than small bars.

Figure 3.7: Evolution of a bank-attached bar into a mid-channel bar in Run 2 by bifurcation
initiation mechanism 4 (see Figure 3.9). Expansion of bars G and H resulted in merging of bars
G, H and I after 14 months (b). This large bar blocked discharge to the channel in the north
of bar G, resulting in a lateral water slope between the northern and southern channel around
bar G (c). This lateral water slope induced an increase of �ow along the banks in the north of
bar G, ultimately resulting in a chute-cuto� and the release of bar G from the banks (d). Solid
arrows indicate dominant �ow direction; dotted arrows indicate minor �ow direction.
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3.3. Results

Figure 3.8: Example of bifurcation initiation mechanism 6 (see Figure 3.9) in Run 2: dissection
of a large mid-channel bar by over-bar �ow, resulting in a new mid-channel bar and conse-
quently a new bifurcation.

anism was the chute-cuto�: a bank-attached bar that was disconnected from the outer

banks and thus became a mid-channel bar. An example is given in Figure 3.7, in which

bar G was bank-attached until month 16. A similar mechanism was cross-bar �ow ini-

tiating a cross-bar channel and dissecting the bar (Figure 3.8). The contribution of each

bifurcation initiation mechanism depended on the evolution stage of the river (Fig-

ure 3.9): initiation of unit bars dominated at the front of the bars induced by upstream

discharge perturbation, whereas bar dissection by cross-bar channelization dominated

in the mature stage of the river. However, the di�erent bifurcation closure mechanisms

are equally important. Closure of bifurcation branches by bar expansion and merging

of branches due to widening of one of the branches are however the more important

mechanisms in the mature stage of the river. Closure of branches by bar expansion was

often caused by bar-tail limbs, as the relatively low bar-tail limbs expanded faster than

upstream erosion of the next bar. Almost all compound bars had two, and sometimes

more, bar-tail limbs.

Locally, transverse water level di�erences between parallel channels due to di�er-

ences in �ow depth and resistance, and causing over-bar �ow, played a key role in

chute-cuto�s and cross-bar channelization. For example, the chute-cuto� in Figure 3.7

was caused by a water level depression in the lee-side of bar G (Figure 3.7c). The water

level depression was the result of closure of the upstream supply branch between bars

G and H, and thus isolation of the area. The water level depression attracted �ow, and

this resulted in a chute-cuto� at the most upstream location where the water level dif-

ference was at the maximum. Also, examples of cross-bar �ow induced by water level

impoundment were found, for example upstream of the bar at x = 53 km (Figure 3.8).

In this case, bar expansion narrowed the discharging branch, resulting in a backwater

e�ect, water level impoundment and cross-bar �ow.

Bar expansion, bar merging and �nally bar dissection occurred as a continuous

cycle, for example in Figure 3.10. In this example, the bar-tail limb of compound bar A

expanded and merged with bar B in month 22. This resulted in a water level depression

in the north of bar A+B and eventually formed a cross-bar channel, disconnecting bar A

from B in months 25 to 28. Because the majority of discharge went through the channel

south of bars A and B, the bar-tail limb of bar A elongated in downstream direction

between months 34 and 37. Eventually, the elongated bar-tail limb reconnected bars A

and B, and �nished one cycle.
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Figure 3.9: Relative occurrence of bifurcation initiation and closure mechanisms in Run 2.

a. Bed level at 22 months b. Bed level at 25 months c. Bed level at 28 months

d. Bed level at 31 months e. Bed level at 34 months f. Bed level at 37 months

13                 14                 15                 16
-5             0              5            10 mx-coordinate (km)

13                 14                 15                 16
x-coordinate (km)

Figure 3.10: Cycle of a bifurcation initiation and closure in Run 1. Bars A and B are attached
by a bar-tail limb of bar A. This results in a water level depression in the north of bar B,
which initiates a cross-bar channel and separation of both bars. Later, a bar-tail limb of bar
A expands parallel to the dominant �ow direction, closing the entrance of the northern branch
around bar B.
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3.3. Results

Figure 3.11: ID numbers of the branches in the simulated river Run 2 (a); Discharge division as
percentage of the cross-sectional total discharge (b); Sediment transport division as percentage
of the cross-sectional total sediment transport (c). First number in each ellipse of b and c shows
the simulated divisions after 12 months; second value is after 17 months; red ellipses indicate
an increase; blue ellipses indicate a decrease.

3.3.3 Application of nodal point relations

The nodal point relations for predictions of discharge and sediment division were tested

for two bifurcations at bars C and F (Figure 3.5). The evolution of the bifurcation of bar

C di�ered from bar F: bar C started with an almost symmetric bifurcation (Figures 3.11

and 3.12) and evolved into a bank-attached bar due to closure of the northern branch

4 (Figure 3.11a). Bar F started with an asymmetric bifurcation (3:2 ratio of water and

sediment discharge) and evolved into a more asymmetric bifurcation (Figures 3.11 and

3.12).

The discharge division predicted by the nodal point relations correlates poorly

with the ‘real’ discharge division in the three-dimensional model (Figure 3.13a, b).

The discharge division predicted by the channel width ratio �tted better than the us-

ing the Chézy equation. Although the order of magnitude is correct, neither of the

two nodal point relations recover the trends of discharge division computed with the

three-dimensional model. This indicates that the e�ects of non-uniformity, or ‘three-

dimensionality’, of the �ow dominate the signal.

Predictions of sediment division using the nodal point relations are even less accu-

rate (Figures 3.13c, d), regardless of the discharge distribution data source. Apparently,

the simpli�cation made by Wang et al. (1995) to relate sediment division to only channel

widths, discharge division and an empirical parameter k is inaccurate, or at least not

captured by one-dimensional data or branch-averaged data. Also, the assumption of
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Figure 3.12: Bifurcation properties and sediment and discharge divisions over the bifurcation
of bar F (left) and bar C (right) in Run 2 (Figures 3.3, 3.5 and 3.11).

Bolla Pittaluga et al. (2003) that sediment division is only based on channel widths and

transverse sediment transport at the node is inaccurate in this context. The recorded

ratios of bars C and F showed a similar pattern of a decrease in sediment transport ratio

Qs3,6/Qs4,5 without a signi�cant change in discharge ratioQ3,6/Q4,5 (Figure 3.13c-f).

After that, Qs3,6/Qs4,5 increased and accompanied by a gentle increase in Q3,6/Q4,5.

These patterns were neither captured by the one-dimensional models for sediment

transport division, nor by the di�erent discharge division predictors. These results

will be discussed later.

To predict bifurcation evolution, it is necessary to combine predicted discharge di-

visions and sediment divisions, using predicted discharge divisions as input for the sed-

iment division predictors. In accordance to the individual predictions of discharge and

sediment division, Figure 3.13 shows little similarity between the predicted ratios from

the nodal point relations and ratios from the three-dimensional mode (Figure 3.13c-f).

We identi�ed multiple reasons for the instability of the bifurcations of bars C and F
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Figure 3.13: Comparison of discharge division (Q in a,b) and sediment division (Qs in c-d) for
bars C (left) and F (right) between the 3D-model and the nodal point relations. For the sediment
division prediction we used the two nodal point relations and the �ow observed in the 3Dmodel.
The black lines indicate y = x.

that are not accounted for in the nodal point relations. In both cases, an upstream bar

(bars A and E) expanded and consequently, the entrance of one of the branches was

narrowed. This downstream expansion of bars A and E means that sediment transport

rates in the branches declined downstream of the bifurcation. An important forcing

condition was the evolution of channel 2 upstream of bar C (Figure 3.3). This channel

gave �ow directions that favored the southern channel 3 around bar C, because of a

small angle towards the southern branch compared to towards the northern branch.

As branch 4 closed, most of the discharge �owed through channel 3. Due to this, the

bifurcation angle towards the bifurcation of bar F favored discharge towards branch 6.
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3. Morphodynamic modeling of bar dynamics and bifurcation evolution

3.3.4 Application of planform-based predictors

An alternative predictor for near-future bifurcation evolution is the planform shape

of the bifurcation itself and the shape of nearby bars and channels. Length, width

and shape of bar-tail limbs clearly are indicators of the prevailing �ow direction (Fig-

ures 3.5, 3.14) in agreement with Koomen (1992), Ashworth et al. (2000) and Schuurman

et al. (2013). Bar-tail limb elongation occurred when the �ow was parallel to the bar-

tail limb, indicating prevailing �ow to the opposite bifurcation branch. Lateral bar-tail

limb expansion occurred when the �ow was normal to the bar-tail limb, by deposition

of sediment in the lee-zone of the bar-tail limb. Thus, a bar-tail limb only closed a

bifurcation branch if it was not the dominant branch. An example of this is given in

Figure 3.10, which shows that the bar-tail limb of bar A expanded in downstream di-

rection, growing into the branch between bars A and B. In contrast, the bar-tail limb at

the south of bar B did not grow into its adjacent branch, or only during a short period

(months 25 - 28) when the cross-bar channel was formed and thus attracted discharge.

Another planform-based indicator is the bifurcation angle asymmetry. The devia-

tion angle of the minor branch to the in�ow channel direction was often higher than

that of the dominant branch and increased with time (Figure 3.10). This increase of

deviation angle was coupled with expansion of the upstream bar-tail limb of bar A and

erosion of the upstream part of bar B. The same pattern occurred in Run 2 (Figure 3.7).

Whilst bars A and E expanded into the adjacent branches, the bar-tail limbs of bars

C and D curved parallel to the dominant northern channel but did not expand. As

shown in Figure 3.15, the bifurcation angle asymmetry correlated well with discharge

division and the water level di�erence between the parallel branches. These results

show that bifurcation angle asymmetry indicates the dominant branch and the degree

of closure of the minor branch. In contrast, there was no clear relation between sedi-

ment division and bifurcation angle asymmetry (Figure 3.15). The reason for this is the

three-dimensionality of the morphodynamics, in particular the migration of bars into

the bifurcation that a�ects the sediment transport rates.

Erosio
n

Erosion

Deposition

Figure 3.14: Concept of how evolution of bar-tail limbs depends on the dominance of the bi-
furcation branch. Elongation occurs parallel to the main �ow in the dominant branch, whereas
the bar-tail limb in the recessive branch remains short. The bar-tail limb widens when �ow
occurs from the recessive branch towards the dominant branch, e.g. because of downstream
closure of the recessive branch.
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3.4 Discussion

3.4.1 Initiation and evolution of mid-channel bars and bifurcations

Unit bar initiation is caused by non-uniformity of sediment transport rate due to ini-

tial bed perturbation and upstream in�ow perturbation. These unit bars evolve into

compound bars as they aggrade, each initiating a bifurcation. This process is also com-

mon in �ume experiments (e.g. Ashmore, 1991b; Ferguson, 1993; Ashworth, 1996) and

observed in nature (e.g. Rozo et al., 2012). Unit bar conversion is the dominant bifurca-

tion initiation mechanism in the early stage of the river evolution, when bars are low

compared to the water depth. This is comparable to the observations of Wheaton et al.

(2013), who showed that unit bar conversion is more important during periods with

high water levels.

At a later stage, when the maturing bars reach the water surface, bifurcation ini-

tiation proceeds from bar splitting. We see two styles of bar splitting: the classic

chute-cuto� which has a general downstream direction, and cross-bar �ow leading to

cross-bar channels. When such cross-bar channels enlarge they may also become more

aligned with the general �ow direction and resemble the chute channels. The cross-

bar channel formation was also observed in low �ow conditions in a braided gravel-bed

river by Wheaton et al. (2013). A similar phenomenon has been observed in estuaries,

where tidal phase di�erences between channels �anking a tidal bar set up a gradient

over the bar that leads to channel incision (Van den Berg et al., 1996; Swinkels et al.,

2009). These works indicate that this mechanism for channel incision through bars in

multichannel systems generally occurs in various environments.

Our modeled river showed no clearly dominating bifurcation closure mechanism.

The consequence of bifurcation closure is merging and expansion of compound bars,

as also often observed in nature (e.g. Ashworth et al., 2000; Lunt et al., 2004; Ashworth

et al., 2011; Best et al., 2003; Mumpy et al., 2007). In turn, the expansion of bars and

their attachment to the banks of the braidplain result in (partial) blockage of discharge

through the channel branch and consequently, the impoundment of local water level.

This causes a lateral water surface slope between the two sides of a mid-channel bar,

providing a potential for cross-bar �ow and ultimately bar dissection as often observed
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b. upstream disturbance c. entrance bed step

d. in�ow rotation e. back-water e�ect

a. symmetrical

Figure 3.16: Evolution of a symmetrical bifurcation (a) into an asymmetrical bifurcation in
response to migration of an upstream bar (b), an inlet step or bar at the entrance of one of the
downstream branches (c), changing direction of upstream �ow (d) or a backwater e�ect due to
a downstream bar (e). In all cases a bar-tail limb develops.

in nature (e.g. Figure 3.1a). When planform equilibrium is statistically de�ned by a

distribution of bar dimensions, the frequency of bifurcation creation by bar dissection

balances the frequency of bifurcation closure that leads to bar merging.

The larger compound bars in the self-formed river were relatively stable, and im-

mobilized neighboring smaller bars and channels. Thus, even though we used the least

amount of topographic forcing by applying an initially �at bed and uniform channel

width, the self-formed river developed its own topographic forcing. This reduced the

overall dynamics, limiting morphodynamics to the bar edges and shallow bar-tail limbs.

The lack of a physics-based bank erosion module in the model and the �xed braidplain

banks induced incision of the channels, as also found in �ume (Ashworth et al., 2000)

and nature (Mosselman, 2006). This resulted in relatively deep channels with limited

new bar formation.

Despite the simpli�ed conditions, constant boundary conditions and simpli�cation

or absence of certain processes, for example the straight braidplain with non-erodible

banks, constant discharge, and ignorance of vegetation, grain size variation and cohe-

sive sediment, the numerical model produced many realistic aspects of a natural braided

river. This suggests that if these factors are to be included an even higher degree of re-

alism in a self-formed topography could be achieved (Nicholas, 2013a,b). Nevertheless,

signi�cant improvement of rules for vegetation dispersal, growth and mortality is nec-

essary to realistically model the interaction between vegetation, hydrodynamics and

morphodynamics.

The model simulations demonstrated the importance of network connectivity for

bar, branch and bifurcation evolution in agreement with Marra et al. (2013). For ex-

ample, the water level impoundments or depressions after bar merging showed in Fig-

ure 3.7 had a wide in�uence zone, because it a�ected upstream bifurcations by favoring

discharge towards the depressions and favoring over-bar �ow. Also, discharge through

the branches a�ected lateral shifting of branches, as discharge increase and higher
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�ow velocities stimulate branch shift and thus merging of branches and rotating of

approaching �ow towards downstream bifurcations. Indeed, most of the bifurcation

closure mechanisms identi�ed in the simulations are caused by changes in upstream

bifurcations.

3.4.2 Prediction methods for short-term bifurcation, bar and channel
evolution

Our simulations, as well as multiple �eld observations and �ume experiments, showed

a complicated relation between bifurcation evolution and bar dynamics. The concept

of discharge and sediment division determining deposition and incision that has been

used in the nodal point relations, appeared to be an oversimpli�cation, in agreement

with Zolezzi et al. (2006). This is explained by three-dimensional e�ects and processes

at the bar scale and at the reach scale, such as non-uniformity in the branches (Fig-

ure 3.16c, e), in�ow steering by local topography (Figure 3.16b), in�ow channel shift

(Figure 3.16d), backwater e�ects (Figure 3.16e) and other changes in the network that

propagate to a bifurcation of interest. Thus the nodal point relations appear to have

limited predictive value for bifurcation evolution in braided rivers in which local three-

dimensional e�ects and reach-scale network e�ects dominate. However, nodal point

relations remain useful for perturbation analyses that seek to investigate causes of in-

stability of bifurcations (Bolla Pittaluga et al., 2003) and for modeling single-thread

rivers and rivers with �xed banks (Kleinhans et al., 2011).

On the other hand, two planform-based indicators were found to qualitatively pre-

dict near-future bifurcation evolution: presence, position and size of bar-tail limbs, and

bifurcation angle asymmetry or deviation angle. In several examples, dominant bifur-

cation branches and prevailing �ow directions correlated to the length and width of

bar-tail limbs, in agreement with Ashworth et al. (2000) and Best et al. (2003). Bifur-

cation angle asymmetry is an indicator of discharge division and of the likelihood of

entrance closure by a migrating or expanding bar, agreeing with Koomen (1992) and

Best et al. (2008). The bar-tail limb is an indicator for erosion of the bar �ank at that

side of the bifurcation. Thus, when a particular bifurcation asymmetry is conducive to

channel growth, this also causes enhanced bank erosion at the bifurcation, which sup-

plies extra sediment to the enlarging channel. Potentially, this extra sediment supply

acts as a negative feedback as it narrows the channel and reduces the sediment trans-

port capacity. The sediment is deposited in a bar-tail limb, of which the dimensions and

growth rate are an indicator of the rate of bifurcation erosion and upstream channel

growth. But there is also a downstream in�uence of the channel network, in particular

the next bifurcation: the expanding bar-tail limb curves with the main �ow direction

downstream of the bar towards the dominant downstream branch. These connections

between the development and the observable planform geometry are potentially use-

ful in practice as the required observations can easily be extracted from aerial photos

and/or satellite images with su�cient detail, which is valuable in areas where measure-

ments are lacking.

Both the use of bar-tail limbs and of bifurcation angle as indicators for near-future

bifurcation evolution need further investigation, considering that discharge variation

and deposition of �nes in the protected area between the bar-tail limbs might a�ect
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Figure 3.17: A cycle of bar evolution in a braided river: bar initiation, growth of bar-tail
limbs parallel to the prevailing �ow, bar merging by closure of bifurcation branches, and bar
dissection by cross-bar �ow. Connected bar groups have distinct colors for clarity. Note di�erent
high water colors in parallel branches indicating high water level (red, H) and low water level
(blue, L) relative to the average water level.

the shape and growth of bar-tail limbs and bifurcations. We attempted to correlate bar-

tail limb volume changes to changes of bifurcation planform by segmentation of all

individual bars and division of the bars in quadrants. However, the compound bars are

so irregular and asymmetrical that this relatively straightforward method of automated

pattern recognition failed to recognize bar-tails and capture the trends that the human

eye can detect in images.

We propose a conceptual model to aid inference of the evolution of the channel net-
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work from the development of bar-tail limbs and bifurcation planform from imagery

(Figure 3.17). The conceptual model is based on the evolution cycle of interacting bars,

channels and bifurcations, caused by local water level non-uniformities, typical evolu-

tion of mid-channel bars often with bar-tail limbs (Figure 3.14) and typical disturbances

in bifurcations (Figure 3.16). The model simulations showed a cycle of (1) bar expansion

by deposition of shallow bar-tail limbs; (2) bar merging by bar-tail limbs connecting

adjacent bars; (3) disconnection and local narrowing of channel branches causing lat-

eral water level non-uniformity; and (4) initiation of new branches by cross-bar �ow;

and (5) ultimately bar dissection, which results in smaller bars. We identi�ed three

main causes for water level non-uniformities (Figure 3.17). First, an upstream closure

of a branch causes a water level depression in the disconnecting channel (Figure 3.17,

bar 1). This can induce cross-bar �ow from the main channel towards the disconnected

branch and splitting of bar 1. Second, downstream closure causes upstream impound-

ment (between bars 2 and 3) and asymmetry of the upstream bifurcation (of bar 3).

Third, a combination of upstream and downstream disconnection results in an isolated

water body that is relatively easy to be reused after a chute-cuto� (bar 2).

We applied the conceptual model to a 25 km section of the Brahmaputra River in

Bangladesh, near the Jamuna Bridge (Figure 3.18). Based on our conceptual models, we

suggest the following explanation for the morphodynamics, where the numbers refer

to the numbers on the map of 2001:

1. Upstream �ow shifted from the east towards the west, which we now regard as

boundary condition;

2. Increased discharge around bar A caused expansion of bar A in the prevailing

�ow direction (SE) and erosion of its �anks;

3. Also, bar B expanded, closing the branch between bar B and C1. A new cross-bar

channel formed between bars C1 and C2, causing, among others, the formation

of bar-tail limbs draped around the stable bar D;

4. The alteration of bars A, B and C changed the approaching �ow for the bifurca-

tion of bar E, causing discharge increase towards the western branch;

5. This changed the approaching �ow intensity and direction of the bifurcations

of bars F and G1, resulting in widening of the western branch along bar F. The

eroded sediment deposited at the downstream lee of bar F, narrowing the branch

between bar F and G1.

6. The discharge increase in the west branch along bar F increased discharge be-

tween bars G1 and G2, causing bar dissection. Because the chute channel was

not fully developed, the western bar-tail limb of bar G2 could still elongate. At

the same time, the bar-tail limb along the east-side of bar G1 expanded in down-

stream direction and curved with prevailing �ow.

7. The discharge increase of the western branch of bar G2 resulted in downstream

migration of bar H, providing space for elongation of the bar-tail limb of bar G2.
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Figure 3.18: Example of interacting dynamics of bars, islands, bifurcations and branches in the
Brahmaputra River (Bangladesh) between 17 November 2000 and 20 November 2001. Prevailing
�ow directions in the branches are indicated by arrows: red arrows for increasing branch dis-
charge; yellow arrows for decreasing branch discharges. Numbers and bar names are referred
to in the text. Source: Landsat 7 Satellite image (http://earthexplorer.usgs.gov).

This example shows the network-aspect in the braided river section, and a way to

interpret the network planform, including bifurcation angles and changes in bar-tail

limb lengths and directions.

This study shows that bifurcation evolution is a�ected by the evolution of adjacent

bifurcations and bars, thus being part of a chain-like network of interacting bifurcations

and bars. Further development of the spatial and temporal linkages between channels
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and bars is required and has potential application in large braided rivers with high

population pressure where e�cient dredging strategies and sustainable �ood and bank

protection measures are needed.

3.5 Conclusions

We investigated initiation and evolution of bifurcations and bars in the channel net-

work of a large braided sand-bed river. Based on our simulations and analyses, we

conclude the following:

1. In the early stage starting from plane bed, mid-channel bars and bifurcations are

formed mainly by transverse bar dissection, when unit bars evolve into com-

pound bars. Bars force the initiation of bars further downstream, resulting in a

downstream migration of a front of unit bars. The evolution of a unit bar into a

compound bar occurs by aggradation on the bar, steering the main �ow around

the bar center, inducing channelization, isolation of the bar center and down-

stream deposition on bar-tail limbs.

2. In a fully developed braided river, a cycle of bar expansion, bar merging and

bar dissection occurs. Bifurcations are most frequently initiated by cross-bar

channelization, caused by water level di�erences between branches separated

by a bar. Modeling this process requires a high grid resolution. Although no

mechanism for bifurcation closure dominates, bar-tail limb expansion and bar

merging often close o� bifurcations.

3. Bar expansion and migration, especially the development of bar-tail limbs, and

channel migration a�ect bifurcation evolution. These morphodynamic processes

only partly emerge in the nodal point relations, that also neglect non-uniform

�ow conditions within the branches, �ow steering by channel curvature and bars,

and over-bar �ow. This means that nodal point relations for predicting discharge

and sediment division, though successful in other environments, are of limited

value for braided sand-bed rivers.

4. On the other hand, bar-tail limbs and bifurcation angle asymmetry are observ-

able indicators with predictive value for asymmetry and evolution of a bifurca-

tion: bar-tail limbs indicate dominant bifurcation branches and dominant �ow

direction, whereas a large angle asymmetry of a bifurcation points at the closing

branch. The proposed conceptual model was successfully tested on consecutive

satellite images of a large river.
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CHAPTER 4

Dynamic meandering in response to upstream
perturbations and floodplain formation

Based on: Schuurman, F., Shimizu, Y., Iwasaki, T., Kleinhans, M.G., Dynamic mean-

dering in response to upstream perturbations and �oodplain formation. Submitted to

Geomorphology.

Abstract

River meandering results from spatially alternating bank erosion and bar growth. Recent �ume

experiments and theory suggest that a continuous in�ow perturbation is a requirement for sus-

tained meandering. Furthermore, �ume experiments suggest that bar-�oodplain conversion is

an additional requirement. Here, we tested the e�ects of continuous in�ow perturbation and

bar-�oodplain conversion on meander migration using three numerical morphodynamic mod-

els: a 1D-model, and two 2D-models with one of them using adaptive moving grid. We focused

on the interaction between bars and bends that leads to meander initiation, and the e�ect of

di�erent methods to model bank erosion and �oodplain accretion processes on meander migra-

tion. The results showed that in�ow perturbations have large e�ects on meander dynamics of

high-sinuosity channels, with strong excitation when the in�ow is periodically perturbed. In con-

trast, in�ow perturbations have rather small e�ect in low-sinuosity channels. Steady alternate

bars alone are insu�cient to cause high-sinuosity meandering. For high-sinuosity meandering,

bar-�oodplain conversion is required that prevents chute-cuto�s and enhances �ow asymmetry,

whilst meandering with chute-cuto�s requires merely weak �oodplain formation, and braiding

occurs without �oodplain formation. Thus, this study demonstrated that both dynamic upstream

in�ow perturbation and bar-�oodplain conversion are required for sustained high-sinuosity me-

andering.
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4.1 Introduction

River meandering (Figure 4.1) is a well-studied subject in �uvial morphology with a

long history of literature about the cause, processes and prediction of meandering. Nev-

ertheless, the cause or causes of meander initiation and the necessary conditions for

sustained meander migration are still topics of debate. Below, we brie�y review the

combination of factors that is thought to be conducive to meandering, in particular the

formation of alternate bars, the formation of �oodplains, bend-cuto�s and upstream

perturbations of curvature.

In the past, alternate bars formed by intrinsic instability have been credited to cause

meander bend initiation in straight channels (e.g Parker, 1976). However, these bars

commonly have wavelengths several times smaller than meanders and migrate too fast

to initiate meandering (Olesen, 1983; Blondeaux and Seminara, 1985; Whiting and Di-

etrich, 1993), with evidence also in nature (Figure 4.1d, e). In contrast, forced alter-

nate bars, induced by a steady instability such as a groin, seepage or meander bend,

are able to initiate meandering (e.g. Ikeda et al., 1981; Blondeaux and Seminara, 1985;

Struiksma and Crosato, 1989; Hall, 2004; Crosato and Mosselman, 2009). Alternatively,

initial channel curvature has been used to start meandering in �ume experiments and

Figure 4.1: Examples of a. High-sinuosity meandering river characterized by abundance of
vegetation along the river, a lack of bars, and neck-cuto�s (Rio Purus, Brazil); b. Low-sinuosity
meandering river with low vegetation density and chute-cuto�s (Allier, France); c. Meandering
river with bars forced by channel curvature (Wabash River, USA); d. Meander bend with free
bars, including mid-channel bars (Rio Parnaiba, Brazil); e. Low-sinuosity river with free alter-
nate bars (Cross River, Nigeria); f. Asymmetrical shape of the alternate bars with bar-tail limbs
at the downstream (Indus River, Pakistan). Flow in all examples is from left to right. Source:
BingMaps (c, d, f) and GoogleEarth (a, b, e).
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modeling (e.g. Duan and Julien, 2005; Asahi et al., 2013). Sustained meander migra-

tion, however, requires a sustained dynamic perturbation on the upstream boundary, as

found in highly simpli�ed linearized meander migration modeling (Lanzoni and Sem-

inara, 2006). Without a dynamic perturbation, a meandering channel would return

to its original state without bends, similar to a propagating wave. This was partly

con�rmed by �ume experiments of Van Dijk et al. (2012), who showed that meander

migration rates gradually decline in case of a static in�ow perturbation, whereas mean-

der migration continues in case of a dynamic in�ow perturbation. However, such �ume

experiments usually only have a few meander lengths, which is perhaps too short to en-

able internal perturbations to emerge and drive further meandering. Furthermore, the

question remains how far downstream the e�ect of upstream perturbation propagates,

because the characteristic downstream distance of in�uence of a perturbation in a me-

andering river is relatively short (Struiksma et al., 1985). Also, linear analyses showed

that a straight channel with erodible bed and turbulent �ow is intrinsically unstable,

which results in bars and bends without the need for an external forcing (Struiksma

et al., 1985; Blondeaux and Seminara, 1985). Thus, here we test whether a dynamic

perturbation is indeed required for sustained meander migration and cuto� dynamics,

using a situation with su�cient length.

Another requirement for meandering is a single-threaded channel without mid-

channel bars, a conditions met within a limited range of relatively low width-depth ra-

tios (e.g. Engelund and Skovgaard, 1973; Fredsoe, 1978; Crosato and Mosselman, 2009;

Kleinhans and Van den Berg, 2011). The width-depth ratio in meandering rivers de-

pends on the balance between bank erosion and inner bend accretion rates. Many

meandering rivers have rather constant and uniform channel widths even though the

channel migrates (Parker et al., 2011). This implies a dynamic equilibrium between

bank erosion and bar growth in the inner bend, called ‘bank pull’ and ‘bar push’ by

Parker et al. (2011), Eke et al. (2014) and Van de Lageweg et al. (2014), exists, despite

bank erosion and bar growth have di�erent underlying processes. It might justify the

application of constant and uniform channel width in the classical one-dimensional me-

ander migration models of Ikeda et al. (1981), Howard and Knutson (1984), Parker and

Andrews (1986), Crosato (1987), Johannesson and Parker (1989) and Sun et al. (1996).

However, recent modeling and �ume experiments demonstrated that equilibrium chan-

nel width is only achieved by additional processes to reduce bank erosion rates or in-

crease inner bend accretion rates (Dulal et al., 2010; Parker et al., 2011; Van Dijk et al.,

2013b). Acceleration of inner bend accretion is, for example, achieved by vegetation

encroachment to convert the inner bend bars into �oodplain (Gran and Paola, 2001;

Erskine et al., 2009; Tal and Paola, 2010; Erskine et al., 2011; Van Dijk et al., 2013a,

Figure 4.1b), hereafter called ‘bar-�oodplain conversion’.

Numerical two-dimensional morphodynamic meander models have been using a

variety of methods to compute bank erosion and bar-�oodplain conversion (e.g. Mos-

selman, 1995; Parker et al., 2011; Asahi et al., 2013; Nicholas, 2013a). Despite their large

di�erences, most of these models were able to produce high-sinuosity meandering with

nearly uniform and constant channel width. However, many two-dimensional meander

models have been applied on laboratory scale. The bar-�oodplain conversion rules in

these models ignored time scale di�erences between bed evolution (i.e. sand transport,

bar dynamics) and bar-�oodplain conversion (i.e. vegetation encroachment, deposition
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Table 4.1: Model comparison.

Parameter Delft3D Nays2D IP-model

Grid Curvilinear
a

Curvilinear Nodes

Hydrodynamics 2D/3D
b

2D 1D

Regridding No Yes Yes

Bar dynamics Yes Yes No

Bank erosion Yes Yes Yes

Bank stability No Yes No

Bar-�oodplain conversion No Yes Yes
c

a
In this study, a rectangular grid was used.

b
In this study, only 2D �ow was used.

c
Bar-�oodplain conversion rate equals bank erosion rate.

of �ne cohesive sediment on the pointbars). This would render these models useless

for ‘real world’ rivers.

Bend-cuto�s are well-known to be critical aspects of meander dynamics, with neck-

cuto�s reducing the sinuosity of high-sinuosity meanders (Figure 4.1a, c; e.g. Hooke,

2004; Camporeale et al., 2008). Chute-cuto�s in high-sinuosity rivers result in a minor

decrease of sinuosity (Grenfell et al., 2014), but in low-sinuosity channels, they may

prevent high-sinuosity (Figure 4.1f; Howard, 1996; Constantine et al., 2010) and lead

to potential braiding (Figure 4.1b; Sarker and Basumallick, 1968; Grenfell et al., 2012;

Van Dijk et al., 2012). Most numerical meander migration models can model either

neck-cuto�s or chute-cuto�s, but not both. This is, among others, because of a dy-

namic boundary-�tted grid, which automatically removes the inner bend bars from the

computational domain and thus disable chute-cuto�s, or because the model assumes

a simpli�ed transverse bed pro�le. At the same time, models without boundary-�tted

grid might overestimate channel widening and chute-cuto�s. A solution is application

of di�erent models for the same case to investigate meander dynamics.

The objective of this chapter is to determine the necessary and su�cient conditions

for meander initiation and sustained meander migration. In order to accomplish this

objective, we a) determined the e�ect of in�ow perturbations on meander initiation

and meander dynamics, i.e. growth, migration and cuto�, b) analyzed the interaction

between bed deformation (bars) and channel deformation (meander bends), and c) de-

termined the contribution of bank erosion and bar-�oodplain conversion to meander

dynamics. We conducted simulations with two state-of-the-art numerical models and

one classical Ikeda-Parker (IP) model. The di�erences between these models (Table 4.1),

in particular the processes for bank erosion and bar-�oodplain conversion, allow us to

infer the necessary and su�cient conditions for meander initiation and sustained me-

ander migration.

This chapter is organized as follows: it starts with a brief description of the models

and the method for analyses. Next, we describe the model results of the meandering

using a dynamic upstream in�ow perturbation, similar to Van Dijk et al. (2012), and

with static and no in�ow perturbation. We do this in the sequence Delft3D (Schuurman

80



4.2. Model description

et al., 2013), Nays2D (Asahi et al., 2013) and the IP-model (Ikeda et al., 1981). After this,

we compare the methods of modeling bank erosion and bar-�oodplain conversion in

the models, and their e�ects on the meander dynamics. Subsequently, we analyze in

more detail the interactions between bends and bars, both forced and free migrating

bars. We �nalize with a discussion about the necessary and su�cient conditions for

meander initiation and sustained meander migration, and give the main conclusions.

4.2 Model description

4.2.1 Background

Delft3D computes two or three-dimensional hydrodynamics, sediment transport and

bed level change. For sake of computational e�ciency, we applied the two-dimensional

�ow mode with parameterization of spiral �ow on sediment transport. A standard ver-

sion of Delft3D (version 3.28) was used. Delft3D has been applied in many scienti�c

projects for river systems (e.g. Crosato and Saleh, 2010; Schuurman et al., 2013; Schu-

urman and Kleinhans, 2015; Van Dijk et al., 2014). Furthermore, Delft3D has proven to

be reliable and accurate in the demanding practice of river engineering.

Nays2D is a two-dimensional model with parameterization of the spiral �ow. Be-

sides sediment transport and bed level change, it computes bank erosion and bar-

�oodplain conversion, and adjusts the grid boundaries according to the bank erosion

and bar-�oodplain conversion rates, a method also used by Olsen (2003) and Duan and

Julien (2010). After adjustment of the grid boundaries, it redistributes the grid cells to

regain orthogonality. Nays2D accounts for neck-cuto�s, which occurs when two chan-

nel reaches intersect. Nays2D was developed at Hokkaido University (Japan), and has

been applied to simulate meander dynamics in �ume experiments (Dulal et al., 2010;

Asahi et al., 2013).

The IP-model is a one-dimensional model based on the classical and often applied

model of Ikeda et al. (1981) extended by Johannesson and Parker (1989). The speci�c

code used in this study was developed at Utrecht University with the purpose to model

meander migration of intertidal creeks (Kleinhans et al., 2009).

Because of important di�erences in numerics, modeled processes, settings and

schematization, one should be careful with directly comparing the results of the three

models. Instead, the three models were regarded as complementary. Thus, we mainly

compared between the di�erent scenarios in each model separately.

4.2.2 Hydrodynamics

The hydrodynamics in Delft3D and Nays2D are modeled by applying conservation of

momentum (Equations 4.1, 4.2) and mass (Equation 4.3), assuming hydrostatic pressure:

∂u

∂t
+ u

∂u

∂s
+ v

∂u

∂n
+ g

∂zw
∂s

+
gu
√
u2 + v2

C2h
− V

(
∂2u

∂s2
+
∂2u

∂n2

)
+ Fs = 0 (4.1)

∂v

∂t
+ u

∂v

∂s
+ v

∂v

∂n
+ g

∂zw
∂n

+
gv
√
u2 + v2

C2h
− V

(
∂2v

∂s2
+
∂2v

∂n2

)
+ Fn = 0 (4.2)
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∂h

∂t
+

∂

∂s
hu+

∂

∂n
hv = 0 (4.3)

where s is the streamwise coordinate (m), n is the transverse coordinate (m), zw is the

free water surface level (m), u is the depth-average �ow velocity in s-direction (m/s),

v is the depth-average �ow velocity in n-direction (m/s), h is the water depth (m), C
is the Chézy roughness (m

0.5
/s), g is the gravity acceleration constant (m/s

2
), V is the

horizontal eddy viscosity (m
2
/s) and Fs,n is the acceleration term due to stream line

curvature (m/s
2
). The vertical �ow is parameterized in order to include the e�ect of

streamline curvature induced spiral �ow. The turbulence closure is solved by applying

a constant uniform horizontal eddy viscosity of 1 m
2
/s.

Nays2D and Delft3D solve Equations 4.1 to 4.3 using �nite di�erence methods on

a structured curvilinear grid. Delft3D uses an ADI-method, which splits each time

step in two parts: one to solve for the x-direction and one to solve for the y-direction.

Nays2D uses the CIP-method, which splits each time step in one half to solve the non-

advective part and one half to solve the advective part. A detailed description of the

model numerics can be found in Asahi et al. (2013) for Nays2D, and in Deltares (2009)

and Schuurman et al. (2013) for Delft3D.

The IP-model uses linearized hydrodynamics, with uniform and constant values for

cross-sectional averaged �ow velocity U (m/s), water depth and channel width W (m).

The excess �ow velocity in the outer bend ub (m/s), which is the di�erence between the

outer bend �ow velocity and cross-sectional average �ow velocity, is computed based

on local channel curvature K (rad/m) and a phase lag (Edwards and Smith, 2002):

∂ub
∂s

+
ub
λw

= U
W

2

(
−∂K
∂s

+
PK

λw

)
(4.4)

with P de�ned as:

P =
F 2 +An +As − 1

2
(4.5)

and λw (m) is the �ow adaptation length:

λw =
hC2

2g
(4.6)

where An is a transverse bed slope coe�cient, As is a downstream momentum redis-

tribution coe�cient, F is Froude number, C is the Chézy roughness (m
0.5

/s) and g is

the gravity acceleration constant (m/s
2
). Following Kleinhans et al. (2009), we used

An = 6, and As = 130(2h/W )2. The �ow adaptation length introduces a spatial phase

lag between channel curvature and bank erosion. This model assumes an equilibrium

longitudinal bed elevation pro�le, which implies no sediment transport gradient in

downstream direction.

4.2.3 Sediment transport in Del�3D and Nays2D

In Delft3D and Nays2D, sediment transport rates are equal to the sediment transport

capacity, computed using Engelund and Hansen (1967):

qtot =
0.05U5

√
gC3∆2D50

(4.7)
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where qtot is the total sediment transport per unit width in streamline direction (m
2
/s),

U is the depth-average �ow velocity in streamline direction, ∆ is the relative density

of submerged sediment (-) and D50 is the median grain size (m).

In Delft3D, the e�ect of spiral �ow on the sediment transport direction is parame-

terized by:

tan(φτ ) = −A h
R

(4.8)

where φτ is the angle between the streamline direction and the sediment transport

direction, h is the water depth (m), R is the radius of the local streamline curvature

(m), κ is the Von Karman constant (0.41) and the spiral �ow coe�cient A, assuming a

logarithmic �ow velocity pro�le, is given by:

A =
2

κ2

[
1− 1

2

√
g

κC

]
(4.9)

The sediment transport rates are corrected for the bed slope by using (Talmon et al.,

1995):

qs = qtot

[
cos(φτ )− f(θ)

∂zb
∂s

]
(4.10)

qn = qtot

[
sin(φτ )− f(θ)

∂zb
∂n

]
(4.11)

where qs is the total sediment transport in s-direction (m
2
/s), qn is the total sediment

transport in n-direction (m
2
/s) and where

f(θ) =
1

αθβ
(4.12)

in which α and β are calibration parameters. As we had no validation data, we applied

α = 0.7 and β = 0.5, adopted from Schuurman et al. (2013).

In Nays2D, the e�ects of spiral �ow and transverse bed slope e�ect are parameter-

ized by:

qn = qtot

[
v√

u2 + v2
h

R
N − f(θ)

∂zb
∂n

]
(4.13)

in which the �rst term is to account for the spiral �ow with N being a calibration

parameter for spiral �ow intensity, and the second term is to account for transverse

bed slope e�ect (Hasegawa, 1981), with

f(θ) =

√
θc

µsµkθ
(4.14)

where the static coe�cient of Coulomb friction µs = 1.0 and the dynamic coe�cient

of Coulomb friction µk = 0.45, adopted from Jang and Shimizu (2005). For comparison

with Equation 4.12, parameter α has the same e�ect as

√
(µsµk)/θc and β is 0.5 in
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both models. For a grain size of 2.0 mm, θc = 0.041 and thus

√
(µsµk)/θc = 3.3. This

means that the transverse bed slope e�ect in Nays2D is smaller than in the Delft3D-

simulations. For spiral �ow, we used N = 13 as default, and determined its e�ect on

the meander pattern in a sensitivity analysis.

In both Delft3D and Nays2D, the bed level is updated after each time step using the

Exner equation, which ensures mass conservation of sediment:

dzb
dt

= MorFac

[
∂qs
∂s

+
∂qn
∂n

]
(4.15)

in which MorFac is an acceleration factor, which reduces computational time. In

Delft3D, we applied MorFac = 25; in Nays2D we applied MorFac = 50. Usually, the

e�ect of the acceleration factor on the morphology is small (Roelvink, 2006; Crosato

et al., 2011; Schuurman et al., 2013). In order to increase numerical stability, we applied

in Nays2D a non-erodible bed layer zb,min = -8 m, and determined the sensitivity to

this parameter.

4.2.4 Bank erosion and bar-floodplain conversion

In Delft3D, bank erosion is implemented by coupling horizontal bank retreat to bed

degradation. Bank erosion occurs between an inundated grid cell and a dry grid cell,

thus not restricted to the outer banks. Incision of the inundated grid cell is equally

divided over both grid cells, thus lowering both the dry and wet grid cells. This process

can continue until the dry grid cell is inundated.

Bar-�oodplain conversion in Delft3D is not computed explicitly. However, in sce-

narios D3D-C5 and D3D-C6 we applied a simple vegetation growth rule to include the

�ow resistance e�ect of vegetation on the hydrodynamics and thus also on the morpho-

dynamics. The vegetation increases the bed roughness used in Equations 4.1 and 4.2,

but not in the sediment transport rate formula to prevent increased sediment transport

in vegetated grid cells. The bed roughness in the vegetated grid cells was computed us-

ing Baptist (2005). It was assumed that vegetation grows in each grid cell with a water

depth smaller than an arbitrary 2 m, noting that we applied a constant discharge that

is assumed to be the mean annual peak discharge. The mean discharge within a year

would be much lower, thus with lower water levels. Every two days, the location of the

vegetation was checked and adjusted if needed. Vegetation was removed if the water

depth was larger than 2 m.

In Nays2D, the bank erosion computation is restricted to the outer banks, and based

on an angle of repose and transverse sediment transport. When the angle of repose is

exceeded, the volume of eroded bank material and the distance of bank line retreat

are computed based on the cohesive sediment layer thickness. The curvilinear grid

is then adjusted and smoothed. After adjustment of the bank lines, all grid cells are

redistributed to maintain orthogonality and limit the range of grid cell sizes. The eroded

cohesive bank material is deposited at the bank toe in a sub-grid operation, temporarily

protecting the bank against erosion. In the following period, the deposited sediment

is gradually eroded by transverse sediment transport, re-exposing the bank to bank

erosion. In order to increase stability, a minimum channel width Wmin was applied,

with a default Wmin of 100 m. In the sensitivity analysis, we determined the e�ect of

the minimum channel width.
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4.2. Model description

Figure 4.2: a. Model scenarios for di�erent bar patterns compared to the bar pattern predicted
from the speci�c potential stream power (Kleinhans and Van den Berg, 2011); b. Detrended
bed level in run D3D-A1; c. Detrended bed level in run D3D-A2; d. Detrended bed level in run
D3D-A3.

Bar-�oodplain conversion in Nays2D depends on a threshold water depth. Here we

used a threshold of 0.8 m as depth where vegetation settles. If the water depth in a grid

cell is smaller than the threshold water depth, the grid cell is assumed to be vegetated

and part of the banks. The vegetated area is then removed from the computational

domain and the bank line is shifted accordingly.

In the IP-model, bank erosion is computed from the excess �ow velocity near the

eroding bank:

E = kub (4.16)

whereE is the bank line retreat (m/s), ub is the excessive �ow velocity near the eroding

bank (m/s) and k is a erodibility coe�cient commonly used as calibration parameter,

here k = 10−4
. By de�nition, bar-�oodplain conversion in the inner bends is equal to

the bank erosion rate of the opposite bank.

4.2.5 Model schematization and scenarios

The appropriate channel dimensions and boundary conditions for a single-threaded

meandering channel were estimated using the empirical relations of Kleinhans and

Van den Berg (2011). The conditions for the middle-scenario (D3D-A2) in Figure 4.2

resulted in a single-threaded channel with alternate bars. Thus, these conditions were

applied in our simulations.
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Delft3D Nays2D IP-model U
nperturbed

Static
D
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Figure 4.3: Upstream in�ow perturbation scenarios for Delft3D (left), Nays2D (middle) and
the IP-model (right).

Simpli�ed boundary conditions were imposed in the simulations, for example con-

stant discharge and uniform sediment, following Schuurman et al. (2013). The constant

discharge was assumed to be the dominant or e�ective discharge. This means, in re-

ality, that the discharge and water level would be lower during most of the year in

reality. Preliminary model tests in braided rivers, using the same approach as for our

Delft3D-simulations but with a yearly hydrograph, showed that the long-term statis-

tics of bed topography are similar to a constant discharge. This justi�es the use of a

constant discharge.

To determine the e�ect of di�erent kinds of in�ow perturbations, we tested three

perturbations: (1) no perturbation, (2) skewed in�ow, (3) laterally migrating in�ow

(Figure 4.3). In Delft3D, these perturbations were imposed in a channel with erodible

banks and with non-erodible banks; in Nays2D and the IP-model the scenarios were

only applied in a channel with erodible banks. In the Delft3D-simulations, we used an

initial channel width of 200 m and a channel length of 20 km; In the Nays2D-simulations

we used an initial channel width of 180 m and a channel length of 10 km; in the IP-

model, we used a channel width of 200 m and a channel length of 100 km.

In the Delft3D simulations, a �xed rectangular computational grid with cell sizes

of 50 × 20 m was applied. The simulations in Nays2D started with a rectangular grid

with cell sizes of 50 × 20 m. During the meander simulation in Nays2D, bank erosion

and bar-�oodplain conversion adjusted the bank lines. Regridding was performed to

keep the grid boundary �tted and to keep the transverse grid lines perpendicular to the

channel centerline.

Although an extensive sensitivity analysis is out of the scope of this chapter, we

determined the e�ect of spiral �ow intensity on the meandering and morphology in

Nays2D. For this, three values for N (Equation 4.13) were applied: 7 (adopted from

Engelund, 1974), 11 (equal to Delft3D) and 13. For the bed roughness, a constant ks
of 0.15 m in Delft3D and a constant Manning’s n of 0.028 in Nays2D were used. The

default settings and model scenarios are given in Tables 4.2 and 4.3.
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Table 4.2: Default boundary conditions and initial settings.

Parameter Delft3D Nays2D IP-model

Discharge Q (m
3
/s) 2500 2500 2500

Initial width (m) 200 180 200

Initial depth (m) 6.8 6.8 6.8

Channel length (km) 20 10 100

Grain size D50(mm) 2.0 2.0 2.0

In�ow migration period T (year) 23 1.4 10

In�ow migration amplitude (m) 300 300 500

Table 4.3: Model runs with speci�c conditions that deviate from the default settings (Table 4.2).

Inflow 
perturbation

Erodible 
outer banks

Bar-floodplain 
conversion Run ID Property Run ID Property Run ID Property

No yes default D3D-A1 default Nays-A1 default IP-A1 default
Static yes default D3D-A2 default Nays-A2 default IP-A2 default
Dynamic - slow yes default D3D-A3 T = 46 year Nays-A3 T = 2.8 year - -
Dynamic - medium yes default D3D-A4 T = 23 year Nays-A4 T = 1.4 year IP-A3 T = 10 year
Dynamic - fast yes default - - Nays-A5 T = 0.7 year - -
Static yes vegetation D3D-B1 default - - - -
Dynamic - medium yes vegetation D3D-B2 T = 23 year - - - -
Dynamic - medium 
(continuously)

yes default - - Nays-B1
restart 

month 8
- -

Dynamic - medium 
(temporarily)

yes default - - Nays-B2
restart 

month 8
IP-B1

restart 
year 20

No no no D3D-C1 default - - - -
Static no no D3D-C2 default - - - -
Dynamic - medium no no D3D-C3 T = 23 year Nays-C1 T = 1.4 year - -

Delft3D Nays2D IP-model

4.3 Analysis of model output

The analyses of the simulation results consisted of a combination of qualitative com-

parison between the bathymetries of di�erent model runs and quantitative compar-

isons by using descriptive parameters for the meander shape. For the comparisons, the

bathymetry was corrected for the initial downstream bed slope. For the Delft3D-results,

the erodible, dry �oodplains were removed from the bathymetries.

We quanti�ed the meander pattern by three parameters: meander length, channel

width, and sinuosity. Reach-averaged values of these parameters were recorded for

each output timestep. For channel width, we used the width of the computational grid

for Nays2D, and the distance between the outer banks for Delft3D. The sinuosity is the

ratio between the initial channel length (10 km in Nays2D, 20 km in Delft3D and 100

km in the IP-model), and the length of the thalweg (Delft3D) or channel axis (Nays2D

and the IP-model). The bar length was computed using a wavelet-analysis (Torrence

and Compo, 1998) along the right bank (Delft3D) or as the double distance between
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adjacent in�ection points (Nays2D and the IP-model).

4.3.1 Bar and meander lengths

We compared the meander length with an empirical relation of Dury (1976):

L1 = 11W (4.17)

were L1 is meander length (m). For the initial channel width of 200 m, the predicted

meander length L1 is 2.2 km. We also compared the wavelength of the bars and me-

anders with bar lengths predicted by linear analysis for steady alternate bars (Crosato

and Mosselman, 2009):

L2 = 4πλw

[
(b+ 1)

λw
λs
−
(
λw
λs

)2

− (b− 3)
2

4

]−1/2

(4.18)

where λs is the bed level adaptation length:

λs =
h

π2

(
W

h

)2
1

f(θ)
(4.19)

and λw is given in Equation 4.6. For the initial stage, the predicted steady bar and

meander length L2 is 3.8 km. Furthermore, we compared the bar length of the free

migrating bars with predictions by a linear analysis (Schielen et al., 1993):

L3 =
2W√
X

(4.20)

where X is iteratively determined from

ε =
−X(X + 1)3δ

δ(X + 1)(X + 2)2 −X(2X + 1)
(4.21)

and ε and δ are calculated with

ε =

[
g

C2π

W

h

]2
, δ =

g

C2(b− 1)
(4.22)

For the initial stage, the predicted free bar lengthL3 is 830 m, thus several times smaller

than the predicted steady bar and meander lengths. It should be noted, however, that

the input parameters for the bar and length predictors vary in time and space, especially

the channel width and water depth. Strictly, the predictors based on linear analyses

(Equations 4.18 and 4.20) are only valid for the initial stage, in which the bars have

negligible height compared to the water depth. Furthermore, many more relations are

available and they use the above merely to indicate the expected range of wavelengths.
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4.3.2 Spatial damping of inflow perturbation

In �ume experiments of Van Dijk et al. (2012) and Crosato et al. (2012), an in�ow per-

turbation resulted in a steady alternate bar, either along the bank where the in�ow

migrates to or downstream of a groyne. Such steady bar could result in meander initia-

tion. However, theory indicates that the e�ect of a �ow perturbation on a meandering

river bed behaves like an underdamped oscillator (e.g Mosselman et al., 2006). Thus,

the e�ect of an upstream perturbation would smoothly decay in downstream direction,

which is visible by a decay of the amplitude of bars forced by the perturbation. We com-

pared the decay of alternate bar amplitude downstream of the in�ow perturbation in

our simulations with predicted alternate bar amplitude decay (Struiksma et al., 1985):

zbs = zb0 exp

[
− s

LD

]
sin

[
2π

L2
(s+ sP )

]
(4.23)

where zbs is the near-bank bed level at downstream coordinate s (m), zb0 is the near-

bank bed level at the upstream boundary (m), sP is a spatial phase lag (m), and LD is

the damping length (m):

LD = 2λw

[
λw
λs
− b− 3

2

]−1

(4.24)

We compared the decay in predicted height of the steady forced bars with the decay

in bar height in the Delft3D simulations. Because �ow curvature in a bend a�ects bar

height and is not included in Equation 4.23, we only compared the simulations with

non-erodible banks. This way, we isolated the e�ect of the in�ow perturbation on

bar dimensions from the e�ect of meander bends. Equation 4.23 is not valid for free

migrating bars, as they do not experience a spatial nor temporal decay with constant

and uniform conditions (Blondeaux and Seminara, 1985).

4.4 Results

This section starts by describing the modeling results of meander dynamics using dif-

ferent in�ow perturbations in each of the models. Secondly, it goes into detail in the

morphodynamic processes occurring during meander initiation and expansion, and the

reason why the upstream in�ow perturbation a�ects meander behavior. Thirdly, we

elaborate on the di�erences between the three models, employing the fact that each

model has a speci�c way to model bank erosion, bend-cuto� and bar-�oodplain con-

version.

4.4.1 Meandering in Del�3D

Dynamic inflow

Dynamic in�ow perturbation in combination with erodible banks in Delft3D resulted

in a low-sinuosity meandering channel, started from a straight channel. The thalweg

meandering was initiated by a steady bar directly downstream of the entrance and bank
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Figure 4.4: Initiation and evolution of alternate bars and incipient meandering in run D3D-
A3, with continuous upstream in�ow migration and erodible banks. After around 40 years,
mid-channel bars formed by chute-cuto�s.

erosion at the opposite bank (Figure 4.4a). As this bar grew and the bank erosion pro-

gressed, it triggered the formation of new bars further downstream, each with erosion

at its opposite bank (Figure 4.4b). After 20 to 30 years, the thalweg meandered over the

entire length.

Modeled bank erosion rates were in the order of 16 m/year in the outer bends. The

peak �ow velocity and bank erosion rates occurred around 0.5-1 km downstream of

the apex, causing downstream migration of the bars and incipient meander bends. The

�nal bar height was around 3-4 m, with bar lengths of around 3-4 km and downstream

migration rates of 0.4 km/year.

E�ect of inflow perturbation

The e�ect of the upstream in�ow perturbation on the bar and meander dynamics is

shown in Figure 4.5. Without in�ow perturbation, bank erosion occurred along both

sides of the channel, thus a symmetrically widening of the channel. At the same time,

a mid-channel bar formed at the widest section. The channel widening expanded in

downstream direction and induced more mid-channel bars further downstream. A

static in�ow perturbation resulted in erosion of the left bank directly downstream of

the in�ow, followed by the formation of a steady bar at around x = 3 km. The �ow

and sediment transport perturbations induced by this bar was su�cient to force the

formation of more alternate bars further downstream, comparable to run D3D-A3 with

migrating upstream in�ow.

The lateral in�ow migration rate a�ected the long-term evolution of the river in

Delft3D. As shown in Figure 4.6, a fast inlet migration, with a cycle period of 23 years,

resulted in chute-cuto�s and mid-channel bars. This started with the most upstream

alternate bar, disturbing the sinuous thalweg (Figure 4.5A). A chute-cuto� of the most

upstream alternate bar did not occur in case of a slower inlet migration with a period

of 46 years.
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Figure 4.5: E�ect of in�ow perturbations in Delft3D: A. Detrended bed level after 34 years;
B. Time-space diagram of cross-sectional bed pro�les at x = 2 km and x = 10 km; C. Channel
statistics showing sinuosity, mean meander length and mean channel width.

Although the in�ow perturbation a�ected the bar dynamics at the upstream 10 km

signi�cantly, the long-term di�erence between the model runs with di�erent degrees

of in�ow perturbation was rather small. For example, the average channel width after

full occupation of the channel by steady bars, was equal for the three runs with asym-

metrical in�ow (Figure 4.5). Furthermore, the channel width continued to increase

regardless of the upstream in�ow, without a decline in widening rate. Thus, a dynamic

equilibrium was not reached, independently of the in�ow perturbation.
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a. Fast in�ow migration (D3D-A4)

b. Slow in�ow migration (D3D-A3)
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Figure 4.6: E�ect of the upstream in�ow migration rate on the bar pattern in Delft3D after 55
years: chute-cuto�s and mid-channel bars in D3D-C3 (a) and alternate bars in D3D-C4 (b).

4.4.2 Meandering in Nays2D

Dynamic inflow

A dynamic in�ow perturbation in Nays2D resulted in a persistently high-sinuosity me-

andering channel including neck-cuto�s (Figure 4.7). Similar to the Delft3D-simulation,

a non-migrating alternate bar formed directly downstream of the shifting entrance (Fig-

ure 4.7a). The bar induced �ow steering towards the opposite bank and thus local bank

erosion. As the bars were non-migrating, the bank erosion resulted in an increasing

channel bending. The most upstream bend forced the development of a non-migrating

bar directly downstream, which triggered a second bend further downstream. This

process continued until the entire reach was occupied by meander bends, after around

11 months.

The average meander length increased towards a steady length of around 2-3 km.

This is in the same order of magnitude as the predicted meander length L1 (2.2 to 2.7

km), but shorter than the predicted meander length L2 (3.8 km) and shorter than the

meanders in the low-sinuosity channels in Delft3D (around 3.5 km).

E�ect of inflow perturbation

Without an in�ow perturbation, the channel remained more or less straight (Figure 4.8),

with small high-mode bars developing at the upstream boundary and migrating in

downstream direction. Further downstream, these high-mode bars evolved into alter-

nate bars, but although some of these alternate bars became covered by vegetation and

were removed from the computational domain, no meander bends were formed.

In case of a static in�ow perturbation, high-sinuosity meander bends were formed:

the upstream bend forced the formation of downstream bends. However, the sinuosity

of the upstream bends gradually declined and bend amplitude decreased. This decrease

in bend amplitude was partly caused by the smoothing procedure.

Also, if the in�ow dynamics were stopped after 8 months, the sinuosity of the up-

stream bends declined and the point bars in the upstream bends partly disappeared

92



4.4. Results

a. 3 months

b. 4 months

c. 5 months

d. 6 months

e. 7 months

f. 8 months

g. 9 months

h. 10 months

i. 11 months

j. 12 months

0 2 4 6 8 10

x-coordinate (km)
-10 -5 0 m

1

0

-1x-
co

or
di

na
te

 (k
m

)

Figure 4.7: Propagation of steady bars, bend initiation, bend expansion and neck-cuto�s in
Nays2D (Run Nays-A4) with a continuously migrating upstream in�ow. Stars denote a neck-
cuto�, and black arrows denote y = 0 km.
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(Figure 4.8C). Despite this, the overall statistics of the river hardly changed yet within

the modeled period as the downstream bends continued to expand.

Sensitivity of meander dynamics

The in�ow migration rate had a major e�ect on the meander dynamics in Nays2D

(Figure 4.9): meander migration and expansion rates were much lower in case of lower

in�ow migration rate. The strong increase in sinuosity and meander length occurred

at a later stage in case of slower in�ow migration: after around 5 months for a period

of 0.7 years and after around 11 months for a period of 2.8 years.

The minimum allowed channel width and minimum allowed bed level only a�ected

the meander pattern in Nays2D to a minor degree (Figure 4.9). Nevertheless, the sinu-

osity and meander migration rates were slightly higher for a smaller minimum channel

width and lower minimum bed level.

Figure 4.9 shows that the meander pattern in Nays2D was also sensitive to param-

eter N . A higher spiral �ow intensity resulted in a higher sinuosity, larger amplitude

of the bends, smaller channel width and larger migration rates. A reason for the large

sensitivity of the meanders to N is that the bank erosion rate is computed using the

transverse sediment transport �ux in the direction away from the eroding bank. In a

meander bend, this transverse sediment transport is caused by the spiral �ow.

4.4.3 Meandering in the IP-model

In the IP-model, high-sinuosity meanders developed in all of the scenarios with in-

�ow perturbation (Figure 4.10). In case of no in�ow perturbation (not shown here),

no bends formed at all, as meander migration in the IP-model is a function of chan-

nel curvature and its derivative (Equation 4.4). Interestingly, the di�erence in meander

94



4.4. Results

1

1.5

2

S
in

uo
si

ty

0

0.5

1

1.5

M
ea

n 
m

ea
nd

er
 le

ng
th

 (k
m

)

0 5 10 15
200

250

300

Time (months)

C
ha

nn
el

 w
id

th
 (m

)

0 5 10 15
Time (months)

0 5 10 15
Time (months)

T = 2.8 year
T = 1.4 year*
T = 0.7 year

W      = 100 m*,
z        = -8 m*

N = 7
N = 11
N = 13*

a. b. c.

d. e. f.

i.h.g.

Upstream inflow migrating rate Minimum bed level and channel width Spiral flow intensity

min

b,min

W      = 200 m,
z        = -4 m

min

b,min

W      = 200 m,
z        = -8 m

min

b,min

Figure 4.9: Sensitivity of sinuosity (a-c), mean meander length (d-f) and channel width (g-i)
in Nays2D on in�ow migration rate (a, d, g); minimum channel width and bed level (b, e, h);
and spiral �ow intensity (c, f, i). * denotes default settings.

planform between a dynamic perturbation, a temporally dynamic perturbation and a

static perturbation was relatively small. Although the channel shifted from right to

left in case of a static perturbation, the sinuosities and meander lengths were similar.

The sinuosities were in the order of 4 and meander lengths 4 to 7 km, which is signif-

icantly larger than predicted by the empirical relations and observed in Delft3D and

Nays2D. But when the initially regular meander bends became more complicated and

diverse, the reach averaged meander length declined to around 4 km because of the

development of compound meander bends.

4.4.4 Forced-free bars interactions

In the previous sections, we saw that channel curvature is the driving force for me-

andering in the IP-model, whereas inner bend bars are the drivers for meandering in

Delft3D. Meandering in Nays2D is a combination of inner bend bars and channel cur-

vature. Isolation of the e�ect of in�ow perturbation on the bars, thus with �xed banks,

is shown in Figure 4.11. Without an in�ow perturbation, overall deposition of around

10 cm occurred with superpositioned free migrating bars near the expanding deposi-

tion front. A perturbation, both static and dynamic, resulted in two large steady bars at

the upstream, with heights of around 1 m for the most upstream bar and a bar length of

around 5 km. The bar height rapidly declined in downstream direction, with the second
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alternate bar only a couple of cm high (Figure 4.11g). Thus, the bars showed a strong

underdamped behavior. Indeed, the damping length LD computed by Equation 4.24

was 778 meter, several times shorter than the steady bar length. This means that, for

the applied conditions, the e�ect of a �ow perturbation, both static and dynamic, on

steady bars decays rapidly in downstream direction and only induces the formation of

a few steady bars.

However, a dynamic in�ow perturbation did a�ect the overall deposition and free

migrating bars. Each time the cyclic migrating in�ow reached its maximum range,

a new deposition front formed, migrating in downstream direction with a celerity of

around 3.3 km/year (Figure 4.11e). And only with a dynamic in�ow perturbation, free

migrating bars continued to be formed, although with lower height than the free mi-

grating bars formed in the �rst years (Figure 4.11f).

When we take a closer look at the forced-free bars interaction in case we allow bank

erosion (Run D3D-A4), we see again that free migrating bars formed in the �rst years

(Figure 4.12b). Also, expanding deposition fronts occurred. The deposition fronts were

related to the initiation of new steady bars and had a celerity of around 5 km/year,

which is in the same order of magnitude as predicted by kinematic wave celerity

(c = bqs/h). However, in contrast to (Figure 4.11e), each steady bars initiated a new

steady bar downstream, resulting in steady bars in the entire channel after almost 20

years (Figure 4.12a). Although identi�ed as steady bars, these bars migrated slowly in

downstream direction with a celerity of around 0.3 km/year.
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Figure 4.11: Time-space diagrams of bed level evolution in the Delft3D-simulations with �xed
banks and di�erent in�ow perturbations. In [a, b, c], the detrended bed levels of a pro�le along
the right bank are given. In [b, d, f], the �ltered bed levels, de�ned as the bed levels detrended by
initial bed level minus the cross-sectional average bed levels to remove the large-scale deposition
and erosion, are given. g. shows two longitudinal pro�les made by the model and predicted by
Equation 4.23 after 20 years.

4.4.5 Modeling of bank erosion and bar-floodplain conversion

The di�erence in sinuosity between the di�erent models is partly caused by the di�er-

ence in bank erosion and bar-�oodplain conversion methods. In Delft3D, bank erosion

is directly related to local incision, which generally occurs when �ow accelerates in

the outer bend and thus increases local sediment transport. However, the �ow in the

Delft3D simulations caused translation of the incipient meanders rather than expan-
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Figure 4.12: a. Time-space diagram of a longitudinal pro�le along the right bank in run D3D-
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time steps, showing from upstream to downstream: forced bars, free migrating bars, deposition
front and unperturbed bed. The black lines over the steady bars in a. have a slope of 130 m/year;
lines A in b. have a slope of 1.3 km/year; lines B in b. have a slope of 8 km/year.

sion; the bars mainly migrated downstream instead of expanding in lateral direction.

This suggests that the �ow adaptation length in Delft3D was large compared to the bar

length, or that the spiral �ow was too weak compared to the gravity-induced bed slope

e�ect to build su�ciently high point bars for high sinuosity meandering.

In Nays2D, the bank erosion rate is a function of the transverse sediment transport

driven by spiral �ow that removes the failed bank material. The spiral �ow intensity

was larger than in Delft3D due to the larger channel curvature. This caused larger

bank erosion rates and further increase of �ow curvature and spiral �ow intensity.

Furthermore, it resulted in more pronounced point bars and deeper outer bends, which

can be seen for example along the bar edges: compare the smooth transition along the

Delft3D-bars (Figure 4.13a) with the Nays2D-bars (Figure 4.13b).
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Figure 4.13: Asymmetrical shape of alternate bars in a. Delft3D and b. Nays2D. Note the
similarity in bar shape between (a) and Figure 4.1f. c. Detrended bed level in run D3D-B2 after
34 years; d. Vegetation coverage in run D3D-B2 after 34 years.

Bar-�oodplain conversion in Nays2D also di�ers from Delft3D, as Delft3D has ba-

sically no bar-�oodplain conversion mechanism. If we turn o� the bar-�oodplain con-

version in Nays2D, the meander morphology di�ered signi�cantly from the case with

bar-�oodplain conversion: a low-sinuosity meandering channel formed instead of the

usual high-sinuosity meanders (Figure 4.8). The meander initiation process was similar,

but meander expansion rates and maximum meander amplitude were much smaller in

case of no bar-�oodplain conversion. Furthermore, the inner bend bars were relatively

irregular, especially at x = 2 km and x = 4 km. Thus, the inner bend bars formed in

case of no bar-�oodplain conversion di�ered from the smooth inner bends in case of

bar-�oodplain conversion.

In Delft3D, inner bend deposition mainly occurred at the lee of the bars in scroll-

bar type bar-tail limbs, with the bar only at the upstream being connected to the banks

and a bed level depression between the bar-tail limb and the bank (Figure 4.13a). This

particular bar shape was similar to the example of Figure 4.1f, and had implications

for bar-�oodplain conversion and chute-cuto�s: the bed level depression complicated

bar-�oodplain conversion, and chute-cuto�s occurred frequently as the connections

between bars and �oodplain were relatively short.

The asymmetrical shape of the steady bars with bar-tail limbs had also implications

for the e�ect of vegetation on the bar morphology (Figures 4.13c, d): the vegetation

patches on the bars were narrow and tall, directing diagonal in downstream direction
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towards the river axis. Also, the connections between the �oodplain and the vegetated

patches were relatively short. Whether this typical vegetation pattern is the cause or

consequence, the vegetated bars had the same typical shape as the vegetation patches.

Anyway, due to the short connection between the bars and �oodplain, the vegetation

did not promote the development or lateral expansion of a point bar like in the examples

of Figure 4.1b and 4.1c, although the �ow velocity over the bars decreased by around

2/3. A reason for this is that the highest �ow velocity in the channel is located at

the in�ection points instead of at the bend apexes. Thus, addition of vegetation in

Delft3D did not result in high-sinuosity meandering, and had a smaller e�ect than the

bar-�oodplain conversion mechanism in Nays2D.

4.5 Discussion

We studied the initiation and development of river meandering in response to upstream

channel curvature perturbations and �oodplain formation, employing the di�erences

between three numerical models: the classical IP-model and two state-of-the-art mod-

els. We �rst discuss the interactions between bends, forced bars and free bars in dif-

ferent river evolution stages and sinuosities in view of the well-known hypothesis that

forced alternate bars initiate meandering. Second, we discuss the e�ects of upstream

in�ow perturbation on meander initiation and dynamics, and evaluate the hypothesis

that upstream in�ow perturbation is a necessary condition for meandering. Third, we

discuss the e�ects of the assumptions behind bar-�oodplain conversion methods on

the meandering dynamics and cuto� style, in view of the hypothesis that meandering

requires a dynamic balance between bank erosion and self-forming �oodplain. Fourth,

we discuss the capability and applicability of the models and propose future research

topics.

4.5.1 Meander initiation: free bars, forced bars and bends

This study showed that meander initiation in a straight channel is the result of a down-

stream propagating sequence of (1) a steady alternate bar, followed by (2) local bank

erosion along the opposite bank, (3) increased thalweg curvature and �ow asymme-

try, and (4) onset of a new steady alternate bar further downstream. Only in case of

channel curvature, the �ow asymmetry su�ces for the onset of steady alternate bars

downstream of a perturbation. The incapacity of a bed level perturbation alone to cause

bar development further downstream in a straight channel is in agreement with theory

of Struiksma et al. (1985) that predicts bar damping in channels with low width-depth

ratio. Therefore, in the damped regime, bends are required for downstream propa-

gation of a perturbation, by means of �ow redistribution and localized bank erosion,

resulting in a meandering channel.

If a steady alternate bar is absent, su�cient reach length also su�ces for the forma-

tion of alternate steady bars and incipient meandering, even when mid-channel bars

are located upstream (run D3D-A1, see Figure 4.5A). Likewise, the mid-channel bar

formed by a chute-cuto� in run D3D-A4, hardly a�ected the alternate bars and incipi-

ent meandering process further downstream. However, our simulations did not show

a gradual downstream increase in meander amplitude, which would be expected if me-
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anders indeed amplify in downstream direction. The speci�c interaction between bars

and bends during the initiation of meandering implies that the IP-type meander migra-

tion models that use channel curvature and assume perfect match between bars and

bends, are invalid for initiation of meandering.

The model results con�rmed that free migrating bars, such as in the examples of

Figure 4.1 have little to no impact on meander initiation and dynamics. Surprisingly, the

free migrating bars were a�ected by in�ow dynamics: they only continued to form in

case of a dynamic in�ow perturbation. Even without suppression by steady alternate

bars as described by Crosato et al. (2012), free bars were only present in the initial

stage or in case of a dynamic in�ow perturbation (Figure 4.11). This suggests that free

migrating bars, at least in the numerical models, require a large perturbation and are

not purely the result of an intrinsic instability as was suggested by e.g. Seminara and

Tubino (1989) and Tubino and Seminara (1990).

4.5.2 Necessity of inflow perturbation dynamics for sustained mean-
dering

Flume experiments of Van Dijk et al. (2012) and linear models (Lanzoni and Seminara,

2006) suggested that a dynamic in�ow perturbation - mimicking the presence of a mi-

grating upstream meander bend - is a necessary boundary condition for sustained me-

ander dynamics. However, the results from both Nays2D and Delft3D demonstrated

that perturbation dynamics alone is not su�cient for high-sinuosity meanders. Our

model results showed that, although the upstream river reach, thus close to the per-

turbation, was strongly a�ected by the perturbation dynamics, the overall additional

e�ect of perturbation dynamics was relatively small compared to a static perturbation.

Moreover, in Delft3D, the in�ow perturbation had hardly an e�ect at all on the mor-

phology (Figure 4.5). An explanation for this is that an in�ow perturbation only a�ects

the bed over a length of around one to two bar lengths downstream of the perturbation,

as we saw in the Delft3D-simulation with �xed channel boundaries (Figure 4.11). Here,

the damping length of the steady bars was less than one bar length, thus the height of

the bars induced by the in�ow perturbation declined rapidly in downstream direction,

in agreement with theory (e.g Struiksma et al., 1985).

However, upstream channel dynamics in Nays2D signi�cantly a�ected the high-

sinuosity meander pattern and dynamics within the entire reach. This demonstrates

again, like the propagating cycle of meander initiation, that the e�ect of a (steady) bar

rapidly fades in downstream direction, whereas the e�ect of a meander bend propagates

in downstream direction.

4.5.3 Necessity of bar-floodplain conversion for sustained meandering

The key to high-sinuosity meandering was found to be, besides well-known basic con-

ditions for meandering such as appropriate width-depth ratio, grain size and bank ero-

sion, the combination of a channel curvature perturbation and bar-�oodplain conver-

sion. Evidence for this was the di�erence between the meandering in Delft3D on one

hand, and the meandering in Nays2D and the IP-model on the other hand. The mean-

dering in Delft3D remained low-sinuous in the runs without explicit bar-�oodplain
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Figure 4.14: Morphodynamic cycle in meandering rivers. Arrows indicate positive feedbacks,
with dominant processes indicated by bold arrows and minor processes by narrow arrows.

conversion. In contrast, with the bar-�oodplain conversion in Nays2D and the IP-

model, high-sinuosity meanders developed. Thus, bars alone (the bar push) and bank

erosion (bank pull) were found to cause insu�cient redirection of �ow away from the

inner bend and towards the outer bend, described by e.g. Dietrich and Smith (1984b),

to induce high-sinuosity meandering. Addition of something like ‘inner bank push’,

which represents the conversion of inner-bend bars into �oodplain, was necessary for

high-sinuosity meandering. This has been demonstrated before by Van Dijk et al. (2012,

2013b) in their �ume experiments.

The bar-�oodplain conversion is an important link in the morphodynamic cycle of

river meandering (Figure 4.14): the formation of alternate bars and pointbars, conver-

sion of these bars into �oodplain, and conversion of �oodplain into channel by bank

erosion. Each of these processes is found to be important for high-sinuosity meander-

ing. The underlying process of the bar-�oodplain conversion is, for example, vegetation

encroachment and entrapment of sediment between the vegetation (Rominger et al.,

2010). Furthermore, Constantine et al. (2014) suggested that an increase in river sed-

iment transport accelerates inner bar aggradation, and thus stimulates bar-�oodplain

conversion and meander dynamics. The leading role of bar-�oodplain conversion, how-

ever, di�ers from the �ndings of Hooke (2007b), Gautier et al. (2010), Eke (2013) and

Van de Lageweg et al. (2014) that outer bend bank erosion is the leading process and

is followed by bar growth and bar-�oodplain conversion. Sinuosity and speci�c condi-

tions may explain this contradiction, for example easy-erodible outer banks diminish

the need for �ow concentration along the outer bank to erode the outer bank, and

thus the necessity of the inner bank push. Regardless of the leading process, if bar-

�oodplain conversion follows bank erosion at a decent pace, an important ingredient

for high-sinuosity meandering is present.

The balance between bank erosion and bar-�oodplain conversion rates is hard-

coded in the IP-type models, and emerge in Nays2D in the current study and in Asahi

et al. (2013). Alternatively or complementary, reduction of bank erosion rates, for ex-

ample by temporal bank protection by failed bank material (Engel and Rhoads, 2012),
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give the inner bend time to develop and to keep pace with the bank erosion (Parker

et al., 2011; Eke et al., 2014). However, the assumption that the inner bend bar shape

mirrors the shape of the channel banks should be applied with care. A reason for this

are the complicated shapes of the bars in low-sinuosity meanders. The typical shape of

alternate bars in low-sinuosity channels contributes to the occurrence of chute-cuto�s.

In line with earlier studies (Tal and Paola, 2010; Van Dijk et al., 2013a), our Delft3D

simulations demonstrated that channel widening followed by chute-cuto�s precludes

high-sinuosity meandering. Thus, besides redirection of the �ow to the outer bank,

prevention of chute-cuto�s is essential. This, again, advocates for the addition of inner

bank push, as bars are more susceptible to chute-cuto�s than �oodplain.

Furthermore, the Delft3D simulations showed that coupling of bar growth, vegeta-

tion encroachment and bar-�oodplain conversion in a low-sinuosity channel does not

lead to simple textbook pointbars with periodic scrolls that mirror the outer bank shape.

Furthermore, vegetation creates its own complicated patterns, as also demonstrated in

the �ume experiments of Van Dijk et al. (2013a). This is important for the overall pat-

tern, because Schuurman and Kleinhans (2015) demonstrated that the bar-tail limbs

have a large in�uence on channel dynamics, which may be similar to the e�ects of the

bar-tail type structures found in low-sinuosity meander bends (Figure 4.1f). More un-

derstanding is needed about the e�ect of complicated inner bend bar shape on meander

migration.

4.5.4 Progress in meander dynamics modeling

Combined strengths and weaknesses of the two state-of-the-art models show where

progress can be made. To begin with, it is clear from this study that at least two-

dimensional modeling is required to capture the natural dynamics of meandering rivers,

with both accounting for channel dynamics and bar dynamics. The simpli�ed sym-

metrical pro�les applied in many meander migration models neglects independent dy-

namics of bars and bends. Many multi-dimensional physics-based models simulate

the hydrodynamics, sediment transport and bed level change required for meandering.

However, one step further, which is the coupling with bank erosion, is more challeng-

ing as it includes a new set of processes and parameters such as bank stability, bank

failure and cohesiveness of the banks.

Even more important, our study demonstrated that this �oodplain to channel con-

version is insu�cient for meandering and the models need to go, at least, one more step

further: accounting for bar-�oodplain conversion. This step is still in its infancy and

not included yet in any physics-based model applied in the practice of river engineer-

ing, which hampers the application of these models for dynamically meandering rivers.

This is re�ected by the extremely high migration rates in our Nays2D-simulations,

with high-sinuosity reached within a year. An explanation is the di�erence between

timescales of bar dynamics, vegetation growth and bank erosion, which complicates

their interactions. Part of this, is the inter-annual, seasonal, variation in vegetation

growth and discharge, which is a challenge to include in meander migration models.

For example, the method used in Nays2D for converting bars into �oodplain was found

to be overly e�ective, which led to formation of a high-sinuosity channel within a year.

The di�erences in timescales also argue for carefulness in comparing model results

with �ume experiments.
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Clearly, modeling of bar-�oodplain conversion and the underlying processes re-

quire further research. Realistic vegetation growth and dispersion rules, and addition

of cohesive sediment, with deposition of �nes expected in the lee of the bars and on

the higher bars, could improve meander migration modeling. Following Corenblit et al.

(2009), vegetation succession and transverse gradients in vegetation types should be

part of these improvements. Obviously, this also requires improvement of the feedback

from vegetation to the hydrodynamics, sediment transport and bank stability. Another

item that could enhance meander modeling is preservation of �oodplain deposits and

relict channels, following Motta et al. (2012). Thus, the challenge is addition of the

relevant processes in a reductionist approach in state-of-the-art meander migration

models, which will help us to fully understand meander migration for a wide range of

conditions.

4.6 Conclusions

Based on the study of meander migration in three numerical morphodynamic models

with di�erent parameterizations for �oodplain formation and destruction, we conclude

the following:

1. Initiation of meandering requires either an upstream forcing or su�cient reach

length for the onset of a steady bar that results in incipient meandering. Free

migrating bars cause insu�cient �ow perturbation to form meanders.

2. Modeling of meander migration requires the simulation of both bar morpho-

dynamics and channel bank dynamics, especially in low-sinuosity meandering

rivers, in which bar morphology is less related to bend morphology (in high-

sinuosity rivers, the bars and channels are more correlated as bars are forced by

channel curvature).

3. A dynamic in�ow perturbation signi�cantly enhances meander development and

induces a high-sinuosity channel, but hardly a�ects low-sinuosity meandering.

4. Bar-�oodplain conversion, or ‘inner bank push’, is required for the development

of high-sinuosity meanders; bars alone are insu�cient. A fast �oodplain con-

version parameterization of this complicated process results in high-sinuosity

meandering with neck-cuto�s. In contrast, simpli�ed simulation of vegetation

encroachment allows frequent chute-cuto�s to limit the sinuosity.
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CHAPTER 5

Network response to internal and external perturbations in
large sand-bed braided rivers

Based on: Schuurman, F., Kleinhans, M.G., Middelkoop, H., Network response to

internal and external perturbations in large sand-bed braided rivers. Accepted by Earth

Surface Dynamics Discussions.

Abstract

The intrinsic instability of bars, bifurcations and branches in large braided rivers is a challenge

to understand and predict. Even more, the reach-scale e�ect of human-induced perturbations on

the braided channel network is still unresolved. In this study, we used a physics-based model to

simulate the hydromorphodynamics in a large braided river and applied di�erent types of pertur-

bations. We analyzed the propagation of the perturbations through the braided channel network.

The results showed that the perturbations initiated an instability that propagates in downstream

direction by means of bifurcation instability. It alters and rotates the approaching �ow of the

bifurcations. The propagation celerity is in the same order of magnitude as the propagation rate

of in�nitesimal bed disturbances. The adjustments of the bifurcations also change bar migration

and reshape, with a feedback to the upstream bifurcation and alteration of the approaching �ow

to the downstream bifurcation. This way, the morphological e�ect of a perturbation ampli�es in

downstream direction. Thus, the interplay of bifurcation instability and asymmetrical reshaping

of bars was found to be essential for propagation of the e�ects of a perturbation. The study also

demonstrated that the large-scale bar statistics were hardly a�ected.
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5. Network response to internal and external perturbations in large sand-bed braided rivers

5.1 Introduction

5.1.1 Bar and channel dynamics in braided rivers

The complicated and dynamic network of bars and branches in large braided rivers

poses a challenge to scientists and engineers. In particular, the morphological e�ects

of river training and other human-induced perturbations on this network are still a puz-

zle. The bar and branch dynamics of braided rivers have been studied by means of �ume

experiments (e.g. Fujita, 1989; Ashmore, 1991b), numerical modeling (e.g. Nicholas,

2013a; Schuurman et al., 2013; Yang et al., 2014) and �eld observations (e.g. Bristow,

1987; Klaassen and Masselink, 1992; Klaassen et al., 1993; Ashworth et al., 2000; Best

et al., 2003). However, in these studies, any arti�cial constraints and perturbations such

as non-erodible (�ume) walls, engineering works (Figure 5.1a) and dredging were not

considered and were even avoided. Also, natural constraints such as rock outcrops

(Figure 5.1b) and vegetation were seldom taken into account. Another group of studies

identi�ed and explained the hydrodynamic and morphodynamic e�ects of engineering

works, but without placing them in the wider context of a river reach and a network of

branches and bars (e.g. Uijttewaal, 2005; Mosselman, 2006; Yossef and de Vriend, 2010;

Rahman et al., 2012a,b), or they only considered spatial distribution of bank erosion

(e.g. Bhuiyan et al., 2010). A third group of studies applied statistical analyses and met-

rics based on regime theory to describe the long-term e�ects of river engineering and

human interferences on rivers. Commonly used metrics are, for example, mean chan-

nel width and longitudinal slope (e.g. Church, 1995; Brandt, 2000; Surian and Rinaldi,

2003; Ronco et al., 2010). However, these studies have not addressed the short-term

response of bars and branches on the long-term equilibrium conditions.

Yet, the enormous social, economic and ecological values of large braided rivers are

under pressure because of the dynamics of the bars and branches, which results from

natural intrinsic instability and from human-induced perturbations. For example, fer-

tile land along the Brahmaputra River (India) and Jamuna River (Bangladesh) has been

consumed by the rivers due to severe bank erosion (e.g. Sarker et al., 2003; Baki and

Gan, 2012, Figure 5.1c), and navigation is hampered by large and still unpredictable

channel shift. Furthermore, engineering works in and along the river are susceptible

to failure by the massive rates of erosion and deposition. Despite the existence and ap-

plication of basic engineering rules, attempts to tame large braiding rivers have rarely

been successful (Mosselman, 2006; Rahman et al., 2012a). A crucial reason for this is

the inability to predict migration and reshape of bars and branches within the river.

Another issue is that identifying morphological e�ects of a measure is di�cult, and

in most cases it is impossible to isolate these from the autonomous morphodynamics.

The morphodynamic e�ects of a measure are often within the range of the autonomous

morphodynamics. Enhanced insight and prediction capability of the dynamics within

large braiding rivers are required to improve the success rate of river training and other

engineering works in large braiding rivers, and to reduce undesired side e�ects and

large-scale morphological reaction.

The dynamics within large braiding rivers is an interplay among bars, branches,

islands and �oodplains (Bridge, 1993; Ashworth et al., 2000). A major role is played

by bifurcations that distribute discharge and sediment through the braided channel

network (Bolla Pittaluga et al., 2003). Distribution of discharge and sediment deter-
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mines the migration and reshape of bars, and it determines the initiation and closure of

branches (Chapter 3). At the same time, discharge and sediment distribution are con-

trolled by the bifurcation topography and local �ow pattern. For example, the branch

with the smallest angle to the approaching �ow is likely to experience the least amount

of sedimentation and to become the dominant branch (Koomen, 1992, Chapter 3). Bar

migration and reshape might change the local �ow pattern, and thus a�ects the nearby

upstream bifurcations through back-water and nearby downstream bifurcations by ro-

tating the approaching �ow. This starts a cascade of e�ects that links all bars and

branches together. It also suggests that a single perturbation in a large braiding river

could a�ect an entire reach, beyond the extent of individual engineering projects.

5.1.2 Perturbations in braiding rivers

River training works and other human activities such as sand mining and discharge

regulation are perturbations to a ‘natural’ river, additional to perturbations caused by

the intrinsic instability of braiding rivers described by e.g. Ashmore (1991a). If we

consider a river reach in the order of 100 km and without downstream tidal in�uence,

three groups of additional perturbations could be identi�ed: (1) external at the upstream

in�ow, (2) external along the outer channel banks and (3) internal within the reach.

Discharge is one of the dominant external boundary conditions for a river, regard-

ing the abundance of hydraulic geometry relations that use discharge as the indepen-

dent parameter (e.g. Leopold and Wolman, 1957; Latrubesse, 2008). Discharge varia-

tion is attenuated by human-made hydropower dams and water storages, and a�ects

the downstream morphodynamics (Brandt, 2000). Many river modeling studies have

applied constant discharge, assuming a morphological dominant or representative dis-

charge exists that gives similar yearly morphodynamics as the ‘real’ hydrograph (e.g.

Nicholas, 2010; Schuurman et al., 2013). However, other studies showed that discharge

variation has a large e�ect on river morphology (e.g. Kiss and Sipos, 2007; Crosato

and Saleh, 2010), among others due to vegetation colonization on exposed bar sections

(Gordon and Meentemeyer, 2006; Tealdi et al., 2011). Also, Egozi and Ashmore (2009)

demonstrated that braiding intensity increased with increasing discharge, although this

was temporary and braiding intensity decreased after the channel adapted to the new

discharge. Both in the context of river measures and in the context of morphological

studies, the e�ects of discharge variation on the braided river network are still largely

unknown.

In addition, the direction of the �ow pathway needs further attention. Asymmetri-

cal in�ow stimulates bar and bend formation, which has been deployed in �ume exper-

iments to generate meander bends (e.g. Peakall et al., 2007; Van Dijk et al., 2012). In�ow

asymmetry enhances the initiation of steady bars and subsequent channel bending that

propagates over a distance of at least several meander lengths (Van Dijk et al., 2012),

but the direct e�ect of the perturbation damps rapidly in downstream direction as we

saw in Chapter 4 and explained by theory (Struiksma et al., 1985). Linear theory also

explained that a perturbation in a river with, among others, su�cient width-depth ra-

tio ampli�es in downstream direction (Struiksma et al., 1985; Crosato and Mosselman,

2009; Kleinhans and Van den Berg, 2011). However, this theory is based on the initial

stage of bars on a �at bed, and its application to a developed braiding river is question-

able.
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a b

c

Figure 5.1: Examples of perturbations in and along large braiding sand-bed rivers: (a) engi-
neering works in and along the Jamuna River in Bangladesh: Jamuna Bridge; (b) geological
constraint by a non-erodible bank along the Irrawaddy River in Myanmar; (c) bank erosion
along the Jamuna River in Bangladesh (Courtesy Royal HaskoningDHV).

The second group of perturbations involves bank erosion (Figure 5.1c) and non-

uniform channel width. Although braiding rivers are known for their dynamics of bars

and branches within their braidplain (Lewin and Ashworth, 2014), channel migration

and local widening of the braidplain are common (Khan and Islam, 2003; Ashworth

and Lewin, 2012). Bank erosion results in local braidplain widening, and thus higher

braiding intensity as predicted by theory (e.g. Struiksma et al., 1985; Blondeaux and

Seminara, 1985) and observed in nature (Xu, 1997; Ahktar et al., 2011). It could also re-

sult in �xation of bars (Wu and Yeh, 2005). At the same time, Rahman et al. (2012b) and

Takagi et al. (2007) demonstrated that the bank erosion along the braidplain is linked to
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bar dynamics, as mid-channel bars steer the �ow towards the braidplain banks. Bank

erosion is also an important sediment source for mid-channel bars (Xu, 1997; Ahktar

et al., 2011). Furthermore, lateral constraints by non-erodible banks can cause local bed

degradation (Mosselman, 2006) and attract �ow. In numerical models, both erodible

�oodplains and �xed walls have been applied with variable success. Erodible �ood-

plains in the simulations of Nicholas (2013a) resulted in major local braidplain widen-

ing. In contrast, Schuurman et al. (2013) reported a relatively small di�erence in bar

pattern statistics between a braided channel with erodible �oodplains and non-erodible

walls. However, that model failed to produce sustained bar and branch dynamics that

would cause bank erosion, because the grid resolution was too low to produce cross-

bar channels and thus new bifurcations. Thus, a robust comparison of bar and channel

dynamics in a braiding river with and without erodible �oodplains is still lacking.

The third group of perturbations is related to engineering and training works, such

as groynes (Mosselman, 2006), bridges (Bhuiyan et al., 2010, Figure 5.1a) and sand min-

ing. Although the structures are static, they introduce a disturbance to the original

situation. River training is a common practice in meandering rivers to control mean-

der migration and channel depth, but scarcely applied in large braiding rivers. This is

due to the enormous dimensions of these rivers, thus high costs, and by the large un-

certainties and risks of uncontrollable negative impact. Both the capability of the river

to destroy the training works, and the incapability of predicting the e�ects of training

works, are problems engineers face in controlling large braiding rivers. Furthermore,

bar and channel dynamics a�ect the e�ciency of the training works (Nakagawa et al.,

2013).

Physics-based numerical models provide a way to explore the morphological e�ects

of river training, discharge regulation and others human-induced pressures, beyond the

scale of pilots and �ume experiments, and without risks for undesired social and en-

vironmental impacts. By comparison of scenarios, modeling can be used to isolate the

e�ects of a change in boundary conditions, schematization and model settings, which

is impossible in the �eld and subject to noise in �ume experiments. Application of

numerical models for decision making is common in, among others, the highly regu-

lated river Rhine in the Netherlands. Furthermore, the natural behavior and general

bar dynamics in large braiding rivers were successfully modeled by Nicholas (2013a),

Schuurman et al. (2013) and Yang et al. (2014). However, the application of numeri-

cal models in morphologically dynamic rivers for decision making, especially in large

braiding rivers, is still in its infancy.

5.1.3 Research questions, hypothesis and approach

In this study, we analyzed the natural response of several simpli�ed human-induced

perturbations in large sand-bed braiding rivers using a physics-based numerical model.

The main research question is: How, how fast and how far do perturbations in and

along a large braiding river a�ect the reach-scale braided channel network? Minor re-

search questions are: What are the local e�ects of engineering works and how these

e�ects propagate through the braided channel network? What are the e�ects of dis-

charge attenuation and bank protection along the river on the bar and branch dynamics

in braiding rivers?
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The hypothesis is that the local bed level change due to a perturbation can be es-

timated using basic engineering rules. For example, a decline of channel width is ex-

pected to result in deposition upstream of the narrowing, degradation in the vicinity

of the narrowing and deposition further downstream. These bed level changes are ex-

pected to modify the discharge and sediment division over nearby bifurcations and bi-

furcation become instable. Next, the network-aspect described in Chapter 3 is expected

to emerge: bars are reshaped and migration directions are altered by the bifurcation

instability, which again a�ects both the upstream bifurcation through the back-water

curve and the downstream bifurcation through redirection of the approaching �ow.

So, it is hypothesized that a single perturbation within, along or upstream of braiding

river reach triggers a cascade of morphological changes, eventually a�ecting the entire

reach.

We tested the hypothesis using a physics-based numerical model to systematically

set-up a ‘dataset’ of braiding rivers with di�erent types of perturbations. We compared

the morphodynamics in these perturbation scenarios with a reference case without the

perturbation. In general, �rst the local morphological e�ects were determined, and

second, the larger-scale e�ects were identi�ed and analyzed.

5.2 Model descriptions and methods

5.2.1 Numerical three-dimensional model

We used the physics-based numerical model Delft3D to construct a braided channel

morphology for di�erent scenarios. This approach is similar to our earlier work in

Chapter 2 and Chapter 3. The hydrodynamics were computed in three dimensions by

applying conservation of momentum (Equations 5.1 and 5.2) and conservation of mass

(Equation 5.3). The hydrostatic pressure assumption was adopted (Equation 5.4).
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dP

dz
= −gρw (5.4)

where x is the downstream coordinate (m), y is the lateral coordinate (m), z is the

vertical coordinate (m), zw is the water surface level (m), u is the �ow velocity in x-

direction (m/s), v is the �ow velocity in y-direction (m/s), w is the �ow velocity in

z-direction (m/s), h is the water depth (m), C is the Chézy roughness (m
1/2

/s), g is the
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gravity acceleration constant (m/s
2
), Vh is the horizontal eddy viscosity (m

2
/s), Vv is the

vertical eddy viscosity (m
2
/s), ρw is the water density (kg/m

3
) and P is the pressure

(N/m
2
). The bed friction terms of Equations 5.1 and 5.2 are only applied in the �rst

near-bed layer. Near the bed w = 0 m/s, and at the water surface w = dh/dt. A detailed

description of the hydrodynamics and numerical scheme of Delft3D can be found in

Lesser et al. (2004), Van der Wegen and Roelvink (2008), and Deltares (2009).

The bed level change in Delft3D is the result of sediment transport, bed slope ef-

fects, bank erosion and mass conservation in the bed. The sediment transport rate in

each grid cell is equal to the sediment transport capacity calculated with Engelund and

Hansen (1967):

qs =
0.05U5

√
gC3∆2D50

(5.5)

where qs is the total sediment transport per unit width (m
2
/s), U is the depth-averaged

�ow velocity in streamline direction (m/s), ∆ is the relative mass density of sediment

underwater (-) andD50 is the median grain size (m). The amount of upstream sediment

in�ow at the upstream boundary was set equal to the local sediment transport capacity,

which keeps the bed level along the upstream boundary constant. The transverse bed

slope e�ect, which is the downslope pulling of sediment by gravity and essential in

morphodynamic models (e.g. Struiksma et al., 1985; Talmon et al., 1995; Schuurman

et al., 2013), is computed according to Koch and Flokstra (1981). After each timestep,

the bed level was updated using the Exner equation. To reduce computational time, an

acceleration factor of 25 was used for bed level change on the basis of spatial sediment

transport gradients, which is allowed because morphology changes much slower than

hydrodynamics. The chosen acceleration factor has no signi�cant e�ect on morphology

(Roelvink, 2006; Schuurman et al., 2013).

Sediment transport was only calculated above threshold water depths of 0.1 m. Grid

cells with smaller water depth were considered to be inactive. Inactive grid cells reacti-

vated when the threshold water depth was exceeded, either by water level rise or by a

simpli�ed formulation of bank erosion. Here, ‘bank erosion’ of a dry grid cell occurred

when a neighboring wet grid cell eroded, where 50% of the incision in the wet cell was

applied to the dry cells (Van der Wegen and Roelvink, 2008). This prevents unnatural

e�ects of accidentally emerged cells. Test runs showed that the resulting morphology

is relatively insensitive to the bank erosion percentage.

5.2.2 Default model se�ings and boundary conditions

We adopted the river dimensions and conditions from Schuurman and Kleinhans (2015)

for the default scenario conditions (Table 5.1): a straight initially plane bed with 3200

m width, 80 km length, an initial bed slope of 9.3×10−5
, uniform �ne sand (D50 = 200

µm) and a constant discharge of 40,000 m
3
/s (which is close to the e�ective discharge

of the Brahmaputra River). Fixed channel walls were applied.

The computational domain was discretized by 50 × 20 m grid cells, and the water

column was divided into seven grid cells with boundaries at constant fractions of the

water depth (so called σ-grid). Thus vertical grid resolution was relatively high at low

water depths. The length of each grid cell was 2.5 times the grid cell width, in order to

keep the aspect ratio around 2 and to optimize computational speed at the same time.
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Table 5.1: Default initial and boundary conditions.

Parameter Unit Value

Discharge m
3
/s 40,000

Channel width m 3200
+

Channel length m 80,000
∗

Bed slope - 9.30×10−5

Grain size D50 m 2.00×10−4

Constant ks m 0.15

Initial water depth m 8.6

Initial Froude number - 0.16

Initial Shields number - 2.42

Grid cell length × width m 50× 20

Sediment transport predictor - EH

Perturbation max. initial bed level m 0.01

Perturbation period of Q days 2.28

Perturbation stddev. amplitude of Q % 0.5

Hydrodynamic timestep s 6

Morphodynamic timestep s 150

+
additional 1400 m �oodplain on each side

in Runs 2 and Run 4.

∗
40,000 m for Run 5 to Run 9.

The hydraulic boundary conditions were as follows: in�ow condition was set at the

upstream and the water level was speci�ed for the downstream. The upstream bound-

ary was split into 20 separate boundary sections, i.e. eight grid cells per boundary

section. For each boundary section, the amount of in�ow was de�ned in a timeseries.

The water level at the downstream boundary was based on initial uniform �ow condi-

tions. The hydrodynamic timestep was 6 seconds, thus the morphodynamic timestep

was 150 seconds given a morphological factor of 25.

Following e.g. Nicholas (2003), Lesser et al. (2004), Nicholas et al. (2012), and Schu-

urman et al. (2013), a constant uniform bed roughness was applied, assuming bed forms

were subgrid and thus captured by the bed roughness parameter. We applied a uniform

Nikuradse ks of 0.15 m, which is recomputed to a Chézy roughness in Delft3D.

By default, the in�ow and initial bed level were perturbed in the same way as in

Chapter 2. The upstream in�ow perturbation was a random time-varying and spatial-

varying noise added or subtracted to the in�ow at each of the upstream boundary sec-

tions. The standard deviation of the in�ow perturbation was 0.5% of the total discharge

and the in�ow perturbations changed every 2.3 days. The initial bed level perturbation

was spatial-varying with a maximum of 1 cm added to or subtracted from the initially

smooth bed. The maximum bed level perturbation was 2.4% of the initial water depth.

As these perturbations had a much shorter time and spatial scale than the bars, they

were considered noise rather than forcing.
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Table 5.2: Model scenarios, also illustrated in Figure 5.2.

Run Initial bars Extra

1 No -

2 No Floodplain

3 No Hydrograph

4 No Floodplain + hydrograph

5 Droplet -

6 Droplet Sand mining

7 Droplet Bar protection

8 Droplet Branch closure

9 Droplet In�ow asymmetry

10 Run 1 Bar protection - north side

11 Run 1 Bar protection - both sides

12 Run 1 Branch closure

13 Run 1 Structure on bar

14 Run 1 Structure on bar

5.2.3 Scenarios

An overview of the model scenarios is given in Table 5.2. We used three di�erent initial

conditions: (1) a main channel with erodible �oodplains and initial �at bed, (2) a main

channel without �oodplains and with initial �at bed following Chapter 3, and (3) a main

channel without �oodplains and with initial bars. The �rst condition is considered the

‘free natural’ situation. The second is with bank protection along the main channel or

natural non-erodible banks, and the third is with human interference within the main

channel.

Di�erent types of perturbations were applied. An overview of the perturbations for

each of the model runs is given in Figure 5.2. Groups A and B were combined, so two

scenarios with �xed walls (Runs 1 and 3) and two with erodible �oodplains (Runs 2

and 4), of which two with constant in�ow discharge (Runs 1 and 2) and two with a

yearly hydrograph (Runs 3 and 4).

The simulations of group C started with droplet-shaped bars. The surface of these

bars was 7 m higher than the channel bed. The width of the braidplain was 3.2 km and

the length 40 km. The reference case without perturbation was Run 5. Next, a variety

of perturbations was applied: removal of one bar (sand mining in Run 6), bar protection

(Run 7), branch closure (Run 8) and asymmetrical upstream in�ow (Run 9). Although

the asymmetrical in�ow of Run 9 was applied at the upstream boundary, it could be

threaded like an internal perturbation as it a�ected the �ow asymmetry.

The simulations of group D started with the bed topography developed by Run 1

after one year, thus with ‘realistic’ initial bars. The simulations had �xed walls and

constant discharge. Di�erent within-channel perturbations were applied: bar protec-

tion (Runs 10 and 11), branch closure (Run 12) and structures on top of a bar (Runs 13

and 14).
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D. Within the channel - Run 1C. Within the channel - droplet barsA. Along the channel - �at bed

Runs 3, 4

B. Upstream in�ow

All other runs
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Run 14
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Run 5

Run 9

Runs 2, 4

Runs 1, 3, 5-14
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Figure 5.2: Model scenarios with di�erent types of perturbation: (A) along the river by �xed
walls or erodible �oodplains; (B) upstream in�ow by variable discharge and asymmetric in�ow;
(C) within a channel by training works or sand mining starting with droplet bars; (D) within a
channel by training works starting with bars from Run 1.

The dams and bank protection works were schematized as impermeable, in�nitely

high dams, called ‘thindams’ in Delft3D. Thindams are in�nitely thin, only block the

�ow in the direction perpendicular to the dam and do not add roughness to the �ow

parallel to the dam. Because of these properties, the dams and bank protection in the

model schematization deviated from their real-world counterparts. For example, real-

world bank protection works usually have the same height as the bank, thus allowing

over�ow in case of a su�ciently high water level.

5.2.4 Method for analysis

We used di�erent methods to analyze and compare the model simulations. The �rst

method was the use of 2D timeseries of the bed level detrended by the initial slope.

Complementary, we used 2D depth average �ow velocities to identify the dominant

branches and �ow diversion by the bars and islands. And for explaining the �ow di-

rections, we used 2D water levels detrended by the downstream water level slope.

Furthermore, metrics were applied to describe the bar and branch morphology: the

Active Braiding Index (ABI), active channel width and bar height, following Chapter 2.

Additionally, we used a channel width ratio, which we de�ned as the ratio between

the width of the widest branch and the width of the second widest branch. It gives a

measure of the dominance of the largest branch. The ABI indicates the reach average

number of parallel active channels, using cross-sectional average sediment transport
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rates as threshold to discriminate between active channels and both bars and non-active

channels. The active channel width is de�ned as the percentage of the braidplain width

occupied by the active channels, indicating the degree of �ow concentration within the

cross-section. The bar height is de�ned as the di�erence in height between the lowest

5% and highest 5% of the bed level, indicating the bed level di�erence between the

channels and the bars.

The evolution of bifurcations was analyzed using the ratio between the discharges

and sediment transport towards the left and right branches. In our de�nition, a sym-

metrical bifurcation has a ratio of 1, and a ratio <1 indicates that more than half of the

discharge or sediment transport goes through the southern branch.

5.2.5 Analytical models

The morphological e�ects of total discharge variation at the in�ow and local speci�c

discharge variation caused by river training works, can be predicted using simple an-

alytical relations. The bed level change in the channels in response to a river training

works can be estimated as follows:

∆z = h0

[
1−

(
W0

W1

)8/11
]

(5.6)

withW0 the reference active channel width before the river training works or upstream

of the training works (m), W1 the active channel width in the cross-section with the

river training works (m), h0 the original water depth in the cross-section of the river

training (m) and ∆z the bed level change (m). This predictor is based on equality of sed-

iment transport capacity before and after dam construction (Equation 5.5), a constant

Manning’s n bed roughness but variable Chézy roughness, and continuity of discharge.

It predicts incision along active channel narrowing by training works, and deposition

downstream of the training works because of active channel re-widening. The opposite

is predicted for channel widening, for example by sand mining.

Germanoski and Schumm (1993) and Smith and Smith (1984) demonstrated that an

increase of sediment supply increases braiding intensity. Additionally, braiding inten-

sity depends on width-depth ratio. As training works narrow the channel, they cause

local bed degradation. Further downstream, the original channel width is regained,

which reduces �ow intensity and causes deposition. This suggests that braiding in-

tensity along river training works is lower than in the original conditions, whereas

braiding intensity downstream of the training works is higher than in the original con-

ditions for a certain length. Furthermore, Germanoski and Schumm (1993) showed that

the formation of new bars associated with the increase of braiding intensity promotes

�ow steering towards the outer banks and thus bank erosion and channel widening.

The opposite is expected for dredging and sediment mining, as the cross-sectional pro-

�le increases, causing a local drop in �ow intensity and thus promoting deposition.

An important parameter for bed level response is the interaction parameter IP (Stru-

iksma et al., 1985):

IP =
λs
λw

, λs =
h

(mπ2)

(
W

h

)2
1

f(θ)
, λw =

C2h

2g
, f (θ) =

1

αθβ
(5.7)
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with m the bar mode that is commonly used in theoretical studies (m = 2ABI-1), θ the

Shields number (-), and α and β being calibration parameters for the transverse bed

slope e�ect. Here, α = 0.7 and β = 0.5 was applied. Theory predicts instability and

downstream ampli�cation of a perturbation if

IP ≥ 2

n− 3
(5.8)

with n = 5, being the exponent of qs ∝ Un (Equation 5.5). If the condition is not met,

the e�ect of an upstream perturbation damps in downstream direction. The distance

of the �rst-order bed level response to a perturbation can be estimated by (Struiksma

et al., 1985):

LD = 2λw

[
1

IP
− n− 3

2

]−1

(5.9)

The damping length is a measure for the downstream distance over which a perturba-

tion in a single-thread channel is propagated.

The downstream celerity or propagation rate of a bed level perturbation can be

estimated using:

c =
nqs
h

(5.10)

with qs and h being the sediment transport and water depth above the perturbation. For

the initial conditions, the predicted celerity c is around 17 km/year. Sarker and Thorne

(2006) estimated the celerity in the Brahmaputra at 16 to 32 km/year, and compared

this with the propagation celerity observed in the �eld after an enormous earthquake.

They observed di�erent propagation celerities for di�erent types of responses: around

50 km/year for bed level change, which is much faster than the bars, 10 to 37 km/year

for width adaptation, and 13 km/year for BI adaptation.

The estimated bed level adaptation length λs is 8.2 km (using an ABI of 2.5) and

the �ow adaptation length λw is 1.1 km. Using these values, IP is around 7.2 and

thus in the ampli�cation regime. Indeed, the estimated damping length is negative

for the initial stage. Later, the situation changed, as bars are formed and �ow is con-

centrated in branches with higher speci�c sediment transport rate, smaller width and

larger depth than in the initial situation. This means that the celerity will increase.

Also, the damping length should now be computed for each branch individually and

can become positive. For example, assuming an ABI of 2.5, thus dividing the discharge

over 2.5 branches, using a branch width of 384 m (30% active width of 3200 m equally

divided over 2.5 branches), a channel depth of 20 m, and bar mode within the branch of

1, then IP within the branch is 0.4 and the estimated damping length LD is 4 km. This

illustrates that damping of a perturbation within individual branches could occur in a

developed braiding river.
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5.3 Results

5.3.1 Development of a braided channel pa�ern

A typical development of a braided channel pattern with mid-channel bars, bank-

attached bars and multiple parallel branches is demonstrated in Figure 5.3. Bar forma-

tion started at the upstream boundary. Flow concentration in the branches around the

�rst bars caused local incision, and sediment deposition downstream of the �rst bars.

This deposition resulted in a new bar, and again �ow concentration. This way, a migra-

tion front of new mid-channel bars and bifurcations was created. As the bars reached

the water surface, they merged and formed large bar complexes. With this, the �ow

concentrated within a few branches, increasing speci�c transport capacity and incision

in the branches. Together with this, braiding intensity declined to a year-averaged ABI

of 2.5. Consequently, bar and channel dynamics declined and a dynamics equilibrium

was reached (Figure 5.4).

Although the bar and branch dynamics declined after reaching the dynamic equi-

librium, the river remained active with new branches formed by cross-bar �ow and ex-

isting branches closed. The channel network statistics varied because of the seasonal

water level variation. During low discharge, the ABI was around 1.5 -2 and only around

10% of the total channel width was transporting signi�cant amount of sediment. Dur-

ing high discharge, the ABI increased to around 3.5 and active channel width increased

to 30%.

If we take a closer look at the short-term bar dynamics within a year, then we can

identify characteristic processes of bar dynamics in each stage of the hydrograph (Fig-

ure 5.5). During low discharge, sediment mobility was low and bar dynamics were neg-

ligible. When the discharge increased, the unit bars reactivated (A in Figure 5.5). Also,

large bar-tail limbs formed along and downstream of the bars (B, C). During the peak

discharge period, many bars were overtopped and aggradation of the bars occurred as

the �ow velocity over the bars rapidly declined (D, E). At the same time, new branches

formed by cross-bar �ow. During the declining discharge period, these newly formed

0 10 20 30 40 50 60
x-coordinate (km)

70 80

-5            0            5           10 m

48 months

42 months

36 months

30 months

24 months

18 months

Figure 5.3: Evolution of the braided channel network and bar pattern in Run 4 with erodible
�oodplains and yearly hydrograph.
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x-coordinate (km)

a. Run 1: 16 months

b. Run 2: 16 months

Figure 5.4: Evolution of the braided channel network and bar pattern in Run 1 (constant Q
and �xed walls), Run 2 (constant Q and erodible �oodplains), Run 3 (hydrograph and �xed
walls) and Run 4 (hydrograph and erodible �oodplains): (a) bed level in Run 1 after 16 months;
(b) bed level in Run 2 after 16 months; (c-e) reach-average channel statistics; and (f) average
cross-sectional bed level pro�le for Run 1 and Run 2 after 16 months.

branches incised and widened (F-J), whereas other branches were closed by bars block-

ing their entrance (K). Also, the bar margins became steeper as these branches incised.

5.3.2 Discharge a�enuation

With a constant discharge of 40,000 m
3
/s, the time to reach a dynamic equilibrium

reduced to around 13 months (Figure 5.4). From that moment, the network statistics

were similar to the year-average equilibrium statistics reached after three years in the

runs with variable discharge: an ABI of around 2.5, an active channel width of around

20-30% and a bar height of around 30 m. Thus, the bar pattern statistics were similar,

but the exact pattern of the bars and branches was di�erent and bar formation occurred

at a higher pace.
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Figure 5.5: Detail of short-term bar and branch dynamics in Run 3, starting from low discharge
in month 36, to the peak discharge in month 40, and a declining discharge after month 40.

5.3.3 Channel confinement

Figure 5.4 shows the bed level after 16 months for Run 1 (�xed walls) and Run 2 (erodible

�oodplains), both with a constant discharge. Obviously, the exact bar and branch pat-

terns were di�erent and di�cult to compare directly. In both runs, large mid-channel

bars and bank-attached bars formed, and many sections were dominated by a single

branch. However, the reach-averaged bed level along the non-erodible channel walls

of Run 1 was clearly lower than in Run 2 (Figure 5.4f). On average, the incision along

the non-erodible walls was around 6 m deeper than with erodible �oodplains. Despite

the erodible �oodplains, overall incision along the initial channel also occurred in Run

2.

A comparison of the bar pattern statistics is given in Figure 5.4c-e. Because of the

bank erosion along the �oodplains and thus larger channel width in Run 2 and Run 4,

the ABI was higher in these runs, and the active channel width and bar height were

lower. The �oodplain erosion distance was around 300 m after 16 months, which gives

an annual braidplain width increase of around 7 % and in the same order of magnitude

as observed along the Brahmaputra River. The lower active channel width can be ex-

plained by an increase of bar number, occupying a larger part of the channel. Overall,

the lateral con�nement of the river by non-erodible walls had a relatively small e�ect

on the bar pattern statistics.
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Figure 5.6: Evolution of the braided channel network and bar pattern in Run 9 with asym-
metrical in�ow: (A) timeseries of the bed level in Run 9; (B) bed level in Run 5 after 6 months
for comparison with last timestep of A; (C) depth-average �ow velocity after 6 months in Run
9 and Run 5; (D) discharge and sediment distribution over the branches with Q1 and Qs1 for
the northern branches. The black arrows indicate the position of the propagating front.
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5.3.4 Inflow asymmetry

The e�ect of an asymmetrical in�ow is illustrated in Figure 5.6. In Run 9 (high discharge

in�ow along the south), the asymmetrical in�ow caused asymmetrical reshaping of the

most upstream bars. Bar-tail limbs along the dominating branches grew parallel to the

prevailing �ow and faster than along recessive branches. The expansion of the bar-tail

limbs resulted in merging of bars, forming long and slim compound bars. Now, the

river reach was dominated by two parallel branches.

The many examples of asymmetrical deformation of bars indicate instability - re-

sulting in bifurcation asymmetry - of the directly upstream-located bifurcations, which

provoked instability of the directly downstream-located bifurcations. This generated

a cascade of bifurcation instability, bifurcation asymmetry, asymmetrical bar defor-

mation, and instability of the next bifurcation. This cascade started at the upstream

boundary and propagated in downstream direction with a fairly constant celerity of

0.3 km/day.

The development in Run 9 is in contrast to the development in Run 5 with uniform

in�ow. The upstream bars in Run 5 remained almost symmetrical, and the asymmet-

rical bar deformation started at the downstream end of the reach (Figure 5.6D). This

deformation propagated slowly in upstream direction, which could only be the result

of back-water e�ects. This back-water e�ect also happened in in Run 9 and mixed with

the downstream propagating cascade triggered by the in�ow perturbation. Although

the downstream bars were more complicated than the upstream bars - which is an in-

dication of bifurcation instability - the e�ect of the in�ow perturbation in Run 9 on the

bar shapes and network morphology throughout the entire reach was clear.

5.3.5 Branch closure

Perturbation by a dam in one of the branches also a�ected the network morphology

with its bars, bifurcations and branches. The bed level evolution after building a dam

at x = 20 km in the topography with initially symmetrical bars is shown in Figure 5.7A.

As expected, the �ow through the closed branch steered around the dam, causing ma-

jor out�anking scour at the dam-heads. The scour depth along the southern edge of

the dam was 50 m, and along the northern edge around 30 m. The deeper scour hole

in the southern branch could be explained by the non-erodible channel wall along the

southern branch. At the same time, sediment was deposited in front of the dam. Also,

deposition occurred downstream of the dam along the dam-heads where �ow deceler-

ated and lost sediment transport capacity. These deposits formed long bar-tail limbs

that reached the mid-channel bar downstream of the dam. The scour holes and deposi-

tion was a temporal response to the dam, because after 2 months, large bar-tail limbs of

the mid-channel bar upstream of the dam extended and reached the dam (Figure 5.7A).

Now, the �ow was guided by the upstream bar and diverted from the dam, instead of

being blocked by the dam directly.

If we look at the network on the reach-scale, we could clearly see an insigni�cant

upstream impact and a major downstream impact of the dam. The bifurcations up-

stream of the dam remained stable and symmetrical (a and b in Figure 5.7B.), similar to

the reference Run 5. Downstream of the dam, we could see, besides the �rst order mor-

phological response to the dam, a same sequence as in Run 9 (Figure 5.6A). The �ow
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Figure 5.7: Evolution of the braided channel network and bar pattern in Run 8 with branch
closure by a dam at x = 20 km: (A) timeseries of the bed level; (B) discharge distribution with
Q1 the discharge through the northern branches. The black arrows indicate the position of the
propagating front.

asymmetry caused by the dam propagated in downstream direction, which we could

see in month 2 at the long bar that starts from x = 22 km and extents to downstream

of x = 35 km. This long bar was formed by merging of bars. However, we could also

see a di�erence with Run 9: the long bar was deformed signi�cantly in month 6 by

annexation of a bank-attached bar, which almost doubled the surface area of the bar

complex. Eventually, the dam ended in the middle of a large bar complex. From the

perspectives of river management, this would be a disappointing development if the

dam was a hydropower dam, but a good development if the purpose of the dam was

enhancement of river navigability.

Figure 5.8 shows the morphological development after dam construction in one of

the branches of the more realistic morphology of Run 12. When the northern channel

was closed by the dam, the �rst e�ect was a 1 m impoundment upstream of the dam.

This impoundment, and thus reduction of longitudinal water surface slope, did not

result in a clear deposition upstream of the dam. Along the dam-head, the southern

channel incised several meters to compensate for the channel width loss (Figure 5.8B).

The local incision was around 6 m after 2 months, which may be in the same order of

magnitude as the predicted equilibrium incision of 13 m (Equation 5.6), applying a water

depth of 20 m, a channel width reduction of 50% and taking into account deceleration

of the incision. Further downstream, at around x = 35 km, the eroded sediment was

deposited. Incision around the dam and downstream deposition occurred immediately

after dam construction. For example after only two days, a layer of 2 m was deposited

(Figure 5.8B).
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Figure 5.8: Evolution of the braided channel network and bar pattern in Run 12 with branch
closure: (A) timeseries of the bed level for Run 12 (with dam) and Run 1 (no dam); (B) width-
average bed level di�erence between Run 12 and Run 1, with negative values indicating more
incision in Run 12 than in Run 1.

The water level impoundment caused by the dam enabled �ow from the northern

branch to cross the large compound bar and drain into the southern branch. It was

remarkable that a large bar (D2) blocked more than half of the remaining channel width,

leaving the southern branch with a width of around 800 m. An explanation for this is

the relict of bar D (D1) that redirects the �ow towards the south and protects bar D2.

The incision and partial erosion of bar D provided sediment that was deposited

downstream at x 38 to 41 km, forming a large bar over the entire channel width. Fur-

thermore, it resulted in a long bar-tail limb extending from x = 33 km to 37 km parallel

to the prevailing �ow. As shown in Figure 5.7C, the bed level change due to the dam

propagated in downstream direction with a celerity of around 0.5 km/day, which was

in the same order of magnitude as predicted with Equation 5.10. However, it was much

faster than the migration rate of the bars themselves. Thus, the e�ect of the dam propa-

gated through a change in �ow �eld and a sediment wave initiated by the local incision.

For example, the �ow direction at x = 35 km changed around 30◦ towards the north,
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Figure 5.9: E�ect of the perturbation in Run 12 on bar pattern statistics along the river, given
as ratio of Run 12 to the reference Run 1. The dam is located at x = 32 km. A moving average
�lter of 2.5 km was used.

favoring the northern branch around bar F in Run 12, instead of the southern branch

in Run 1. Subsequently, this changed the �ow at the con�uence downstream of bar F

and the approaching �ow of bars G and H.

In addition to the local incision and deposition, and adjustment of the location,

shape and dimensions of individual bars, the dam also a�ected the bar pattern statistics

(Figure 5.9). For example, the active channel width near the dam reduced by around

50% and local incision increased the bar height. This reduction in width-depth ratio

decreased the ABI in the vicinity of the dam. The statistics near the dam in the section

x = 25 to 40 km adapted in the �rst month to the new situation and remained constant

afterwards. Downstream of x = 40 km, however, the statistics changed in downstream

direction and �uctuated around the statistics of the reference Run 1.

5.3.6 Bar protection

Figure 5.10A shows the bed level change in Run 7, with protection of the bar-head of

one of the bars. After two months, the e�ect of the protection works on the bar shapes

is still small, although the discharge distributions at the bifurcations downstream of

the protection works became increasingly asymmetric (Figure 5.10B). This started in

cross-section d after around forty days, and in cross-section e after around �fty days.

Interestingly, we could see a periodic behavior in the discharge asymmetry. For ex-

ample, after around sixty days, the discharge towards the southern branch (Q2) in

cross-section e was slightly higher than to the northern branch. However, after eighty

days, Q1 was nearly twice as large as Q2, but after 110 days, Q2 became four times

larger than Q1. It should be noted that this behavior was not caused by migration of

the bars, as the bars hardly migrated within the six months.
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Figure 5.10: Evolution of the braided channel network and bar pattern in Run 7 with bar
protection: (A) timeseries of the bed level; (B) discharge distribution with Q1 the discharge
through the northern branches. The black arrows indicate the position of the propagating front.

During the �rst 4 months, the bar protection favored discharge through the north-

ern branch, with Q1 being around 60% of the total discharge (Figure 5.10B.c). This at-

tributed to a lack of bar-tail limbs along the protected bar, while the other bars formed

bar-tail limbs that diverse the �ow. Between months 2 and 6, elongation of the protected

bar and a lack of resupply from erosion of the bar-head, resulted in severe trimming

of the bar �anks. This increased the local branch widths and attracted discharge in

expense of discharge through the northern branch in cross-section c. As the dominant

branch has a tendency to meander through the channel - which we saw in the other

runs - the shift in discharge from the northern branch to the southern branch also

changed the discharge distribution in cross-section d, and later in e.

Closer inspection of the network-aspect e�ect of bar protection in the simulation

with regular bars, we can see that the bar protection a�ected the discharge and sedi-

ment distribution at the downstream bifurcation (Figure 5.10B.c). Also, the bar along

the right bank at x = 20 km was largely removed and pushed downstream, as the bar

erosion attracted discharge towards the right branch. This had major consequences

for the bars and branches further downstream, as much larger compound bars were

formed compared to the scenario where bar protection was absent.

The e�ect of bar protection in the more realistic setting of Runs 10 and 11 is demon-

strated in Figure 5.11A. The e�ect of the bar protection after three months can be split

in three sections: (1) local e�ects mainly covering the protected bar itself, (2) medium-

distance at around x = 35 to 50 km with hardly any morphological e�ect, and (3) long-
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Figure 5.11: Evolution of the braided channel network and bar patter in Runs 10 and 11 with
bar protections: (A) reach-scale development; (B) detail of the development of the protected bar
with the bar protection (red line) and initial bar perimeter (black line).

distance e�ects downstream of x = 50 km. If we compare the exact bar shapes and

locations, the long-distance e�ects exceeded the medium-distance e�ects. This might

partly because the bars downstream of x = 45 km were not developed yet at the moment

we built the dam and thus might be more susceptible to small �ow adjustments from

upstream, although the bars at x = 40 to 45 km were also not completely developed yet

at the moment of dam building and still have almost similar positions and shapes. So,

this is another example of increasing morphological response in downstream direction.

The local e�ects of bar protection works are illustrated in Figure 5.11B. Without bar

protection, the upstream bar-head migrated around 1.5 km in three months in down-

stream direction and the bifurcation angle slightly increased. At the same time, at the

downstream side, a left bar-tail limb formed and extended around 2 km, almost reach-

ing the next downstream located bar. Also, the bar-tail limb along the right-hand side

expanded with around 3 km in 3 months, superpositioned on relict inactive bar-tail

limbs.

In case of bar protection along the left-hand side, the protected bar-head side re-
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Figure 5.12: Bed levels in month 15, 3 months after building of the structures in Run 13 at
x = 23 km (top) and in Run 14 at x = 22 km (below).

mained �xed, minor erosion occurred along the protected bar side, and a slim bar-tail

limb formed. The left bar-tail limb had the same length as the left bar-tail limb in case

without bar protection, but with only half of the width. Because the bar-head did not

migrate in downstream direction and the upstream bars still migrated in downstream

direction, the entrance of the left branch narrowed, reducing discharge towards the left

branch. Consequently, discharge towards the right branch increased, causing deepen-

ing of the right branch. At the same time, the right-hand side of the bar, including

the right-hand side of the bar-head, migrated in downstream direction, similar to the

case without bar protection. This bar-head erosion was accompanied with expansion

of the upstream bar. Although the right branch became more dominant, the bar-tail

limb along the right-hand side did not extent as far as without bar protection.

With bar protection along both sides of the bar-head, the local e�ect along the left-

hand side was similar to the single bar protection. At the right-hand side, the branch

entrance deepened. Interestingly, the downstream bar-tail limb along the right-hand

side had more resemblance with the case without bar protection than with the case of

bar protection along the left-hand side.

5.3.7 Structures on bar

The e�ect of structures on a bar is demonstrated in Figure 5.12. The structures block

�ow over the bar, thus diverting the �ow around the bar. It is remarkable that the bar

morphology near the structures is hardly a�ected by the structures. For example, the

large mid-channel bar at x = 30 to 35 km is almost the same for both runs. Nevertheless,

the bar morphology further downstream is clearly di�erent. The bar at x = 45 km

shows a minor di�erence, the bar at x = 50 km shows more di�erence, and the bars

downstream of x = 55 km are completely di�erent.

If we compare the bar morphology downstream of x = 55 km with the bar morphol-

ogy of Runs 1, 10 and 11 (Figure 5.11A), then Run 13 has many similarities with Run

1, and Run 14 has many similarities with Run 10 and Run 11. An explanation for this,

is the that the structure in Run 13 is built on a relatively high bar which had already

minor over�ow and thus is the e�ect of the structure relatively small. The structure in

Run 14, however, was built in the middle of the river on a relatively low bar.

5.3.8 Sand mining

The simulations show that after removal of a complete sand bar, a new bar emerged

on the empty spot (Figure 5.13). The bar was formed by aggradation of the unit bar
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Figure 5.13: Evolution of the braided channel network and bar pattern in Run 6 with sand
mining: (A) timeseries of the bed level; (B) discharge distribution withQ1 the discharge through
the northern branches. The black arrows indicate the position of the propagating front.

upstream of the gap. While the other unit bars migrated downstream and wrapped

around the droplet bars, the unit bar forming the new bar was free to migrate down-

stream. Sediment deposition on top of the unit bar diverted the �ow, stimulating fur-

ther deposition on top of the unit bar. The new bar was shorter, but with longer bar-tail

limbs and lower than the original bar. The bar width was similar to the original bar.

Despite the appearance of a new bar, the sand mining signi�cantly a�ected the

bar and channel morphology further downstream. For example, the bank-attached bar

downstream of the empty spot completely disappeared. The empty spot also attracted

�ow, resulting in enhanced channelization. This channelization stimulated elongation

of the bars by bar-tail limb formation and bar �ank trimming, resulting in merging of

the droplet-shape bars into tall compound bars. Furthermore, an enormous bar complex

was formed downstream of x = 21 km along the south by merging of bars, with around

75% of the discharge �owing through the northern part (Figure 5.13B.d). This merging

of bars fast much more pronounced than in the case without sand mining (Figure 5.6).

Upstream of the empty spot, however, there was no signi�cant e�ect from the sand

mining.

5.4 Discussion

In this study, we conducted computer simulations of a large hypothetical sand-bed

braiding river, and perturbed the river in di�erent ways. First, at the upstream in�ow,

the discharge was varied: from the simplest in�ow condition of uniform and steady
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Figure 5.14: Downstream propagation of the e�ects of a perturbation through a braiding river:
a change in �ow and sediment transport through branches a�ects bar reshaping, bar reshaping
a�ects the bifurcation stability and asymmetry, and these on their turn a�ect the downstream
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in�ow, to a steady asymmetrical in�ow and a hydrograph. Second, along the chan-

nel we applied �xed walls and erodible �oodplains, both perturbing the river in their

own way. And third, we perturbed the river internally by adding dams and bar pro-

tection works or by mining a bar. We analyzed the e�ects on a local scale, which was

either near the upstream boundary, along the channel walls or in the vicinity of the

construction/mining, and on the reach-scale. In the reach-scale, the propagation of the

local morphological e�ects and propagation of bifurcation instability were found to be

important.

The results demonstrated how perturbations a�ect the local bed level and how this

e�ect propagates through the channel network by means of bifurcation instability and

asymmetrical reshape of bars. An adjustment to one bar, bifurcation or branch initiates

a sequence of adjustments in downstream direction through (1) asymmetrical division

of discharge and sediment transport over bifurcation branches; (2) elongation of the

bar along the dominant branch; and (3) change of approaching �ow towards the suc-

cessive bifurcation (Figure 5.14). The celerity of this propagating wave was several

orders larger than the migration rates of the bars themselves, which is in agreement

with the observations of Sarker and Thorne (2006) and with theory. A crucial driver be-

hind the propagation was found to be the asymmetrical reshape of mid-channel bars in

response to an unequal division of discharge and sediment over the directly upstream-

located bifurcations. The importance of bifurcations on the evolution of rivers, and the

link between bifurcation asymmetry and bar asymmetry were already demonstrated

in Chapter 3. The novelty in this study is the propagation of perturbations by means

of bifurcation asymmetry, which is a consequence of bifurcation instability, and bar

reshape.

With downstream propagation of the e�ect of a perturbation, the e�ect ampli�es

each time it destabilizes a bifurcation (Figure 5.15). This way, even small perturbations,

for example a relatively small dam on top of a bar, may cause major impact on the bar

and branch planimetry and dynamics, with closure and initiation of branches. Addi-

tional to the destabilization of bifurcations and asymmetrical bar growth, a change in

bifurcation division almost instantaneously a�ects the division of downstream bifur-

cations, before the morphology responses. With a change in bifurcation division, auto-
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Figure 5.15: Responses to a perturbation in a braiding river: (a) hydrodynamic response by
means of a change in approaching �ow direction and discharge division over bifurcations; (b)
morphological response by means of bar shape adjustment.

matically the �ow conditions changed at the �rst downstream con�uence and the next

bifurcation. Such purely hydrodynamic response is expected to decay with distance and

to shift downstream simultaneously with the morphodynamic response (Figure 5.15a).

Besides the propagating wave, we could identify di�erent regions of morphologi-

cal e�ects of perturbations (Figure 5.16), starting with the morphological e�ect in the

vicinity of the perturbation. Following Equation 5.6, this local e�ect is incision in case

of a �ow-blocking structure or deposition in case of sand mining. Next region is the

compensation region, in which is compensated for the local e�ect, thus deposition

downstream of incision or incision downstream of deposition. Further downstream,

the e�ect of the compensation region is still present, caused by �ow steering and thus

alteration of the bifurcation stability.

According to theory, the channel statistics should di�er between the regions. For

example, the braiding intensity would be lower in case of a dam due to reduction of the

e�ective channel width. Indeed, this di�erence can be seen in Figure 5.17, in which the

bar pattern statistics are given for Runs 10 to 14 relative to the reference Run 1. The

most pronounced di�erences were, as expected, in Run 12 with branch closure: the ac-

tive channel width and ABI near the dam reduced, and the dominance of the dominant

branch and bar height increased. This pattern extended to around 2 km downstream

of the dam, after which the channel compensated and showed an opposite behavior:

slightly higher ABI, higher active channel width and less dominance of the dominant

branch. If we look at the �ve runs together, we could see an increase in e�ect with

time and a large e�ect near the perturbation in regions c and d of Figure 5.17. Further

away from the perturbation, the e�ects on the channel statistics are relatively small.

In Figure 5.9, we already saw that the e�ects on the statistics in region f of Figure 5.17

highly �uctuated, both along the river and with time. Although the speci�c location,

shape and planimetry of the bars and branches were clearly a�ected by the perturba-

tions, the average statistics were insensitive to the perturbations. Only the statistics of

the region near the perturbation were changed.
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The results also showed that discharge variation had a relatively small e�ect on the

long-term bar pattern, demonstrated by the bar pattern statistics that �uctuated around

the steady statistics of the constant discharge runs. However, it a�ected the short-term

bar dynamics and bifurcation stability, with the dominance of processes depending on

discharge stage. It also doubled the time required to reach an equilibrium state, be-

cause large part of the year the discharge and water level were too low for signi�cant

bar dynamics. Based on these results, we could conclude that it is correct to use a single

representative discharge for long-term bar pattern analyses. For short-term modeling,

in the order of months to a couple of years, it is preferable to use a hydrograph. The

argumentation for this is based on a distinctive bar and branch dynamics within each

stage of the hydrograph. This said, di�erences in bar and branch dynamics between

the discharge stages were relatively small, and it was the sequence of importance of the

processes that di�ered between discharge stages. For example, bar trimming and inci-

sion of the branches dominated during the declining limb of the hydrograph, whereas

bar migration and formation of bar-tail limbs dominated during the rising limb of the

hydrograph.

Erodible �oodplains along large braiding rivers had a small e�ect on the bar and

branch dynamics and statistics. As predicted by theory of Struiksma et al. (1985), Blon-

deaux and Seminara (1985) and Crosato and Mosselman (2009), the braiding index in-

creased with widening of the channel by bank erosion. The widening of the channel had

a similar rate as observed along the Brahmaputra. The small di�erence between �xed

walls and erodible �oodplains can be explained by the large initial channel width and

the simulation time, considering that the simulation conducted only covered a couple of

years. On the long-term, erosion of the �oodplains could have a major impact. Despite

the similarity in bank erosion rates with the Brahmaputra, the highly simpli�ed bank

erosion procedure in Delft3D needs to be improved and more physics-based. Further-

more, the opposite process of bank erosion, which is bar-�oodplain conversion by, for

example, vegetation encroachment, is not considered in Delft3D. The necessity of this

bar-�oodplain conversion for channel migration was demonstrated in Chapter 4, and

the large e�ect of riparian vegetation on braiding river morphology was demonstrated

earlier by e.g. Murray and Paola (2003) and Crosato and Saleh (2010). This missing

mechanism must be included to fully understand the contribution of �oodplain-channel
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interaction on the morphodynamics in braiding rivers.

This study showed that perturbations in large braided sand-bed rivers a�ect both

the bar pattern - described by statistics - and the location, reshape and migration of

individual bars and branches throughout the entire downstream river. This �nding has

implications for river training works and other interferences, as they may a�ect the

river over a large distance, far downstream of the project area. At the same time, it

gives the opportunity to adjust the river over a long distance by a simple and cheap

perturbation. However, more research is necessary to develop quantitative predictors

of reach-scale morphological responses to these types of perturbations. For this, it is

necessary that �uvial morphologists, river engineers and river managers join forces

and collaborate extensively.

5.5 Conclusions

The model simulations carried out in this study showed how the morphological ef-

fects of perturbations in and along a large braided sand-bed river propagate through

the network of bars, branches and bifurcations. The interplay between bifurcations

and bars was found to be the essential mechanism driving the propagation. Di�erent
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steps and zones of disturbance propagation can be recognized. First, a perturbation

changes the local bed level and �ow pattern over a relatively short distance. Second,

these local e�ects destabilize nearby bifurcations, resulting in asymmetrical division of

discharge and sediment transport at the bifurcations. Third, the asymmetrical division

of discharge and sediment transport cause asymmetrical reshape and migration of the

bars, which at their turn destabilize bifurcations further downstream. This cascade of

bifurcation instability and asymmetrical bar dynamics ampli�es in downstream direc-

tion. In addition to the downward amplifying morphological propagation, there is an

instantaneous perturbation of cross-channel �ow distribution along a reach, that likely

fades away from the disturbance location. However, morphological e�ects of this hy-

draulic disturbance are small. Also, the e�ects of perturbations in the upstream regions

are minor and only occur through backwater e�ect. Furthermore, the channel pattern

statistics only changed in the vicinity of the perturbation, and remained unchanged

further upstream and downstream.

The study also showed that discharge variation in the form of an annual hydro-

graph a�ects short-term and bar-scale morphodynamics, but hardly a�ects the longer-

term and reach-scale morphology. In addition, using a highly simpli�ed bank erosion

method, the study demonstrated that �oodplain interaction along large braiding rivers

only causes minor e�ect on the bar and branch morphology within the river.

Furthermore, this study illustrated that physics-based models are useful tools for

�uvial morphologists and engineers to explore the morphodynamic e�ects in the vicin-

ity of perturbations such as training works, and the propagation of these e�ects on the

reach-scale braided channel network.
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CHAPTER 6

General conclusions and perspectives

This study addressed the main research question: How do bars and channels in braiding
and meandering rivers interact in their response to perturbations, and how can we use
physics-based models to understand these responses and interaction?

Using numerical physics-based modeling as the primary data source, we examined

the response of sand bars and channels in meandering and braided rivers on exter-

nal and internal perturbations and constraints. Four key sub-questions were de�ned

that were addressed in separate chapters of this thesis. In this chapter these four sub-

questions are addressed �rst, followed by a synthesis of the results, and prospects for

future research.

6.1 Summary of chapter conclusions

6.1.1 Physics-based modeling of bar dynamics in large braided rivers

Research question: What is the capability of a widely used physics-basedmodel to produce
key characteristics of braided sand-bed rivers and the channel network, and how sensitive
are the resulting morphodynamics to constitutive relations and parameter values for bed
roughness and sediment transport?

We applied the state-of-the-art and widely applied model Delft3D with highly sim-

pli�ed initial and boundary conditions. The results showed that the chosen set of

boundary conditions, physics and empiric relations in the numerical model was su�-

cient to produce many morphodynamic characteristics of sand-bed braided rivers, but

insu�cient for multiple-year modeling. Common processes, such as initiation of mid-

channel bars, bar merging and dissection, and initiation and closure of bifurcations

were initially well produced in the model. Furthermore, bar dimensions and shapes,

including bar-tail limbs, were comparable with �eld observations. However, after the

bars reached the water surface by aggradation, they became static and both the bar
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shapes and dynamics became unrealistic. Although a complete explanation remains to

be found, possible causes include the simplicity of the bank erosion formulation, which

not only a�ect bank erosion along the �oodplains but also along the high bars/islands,

and insu�cient grid resolution. Another important outcome was that Delft3D, similar

to other comparable models, was highly sensitive to constitutive relations for sediment

transport, bed slope e�ect and bed roughness. Fundamental research is required to

improve quanti�cation of these processes.

6.1.2 Interaction between bars, branches and bifurcations in large
braided rivers

Research question: How do bars, branches and bifurcations interact within the channel
network of large sand-bed braided rivers, and how predictable is the near-future evolution
of bifurcations in these rivers?

We adopted the modeling approach of Chapter 2, but with higher grid resolution

and three-dimensional �ow. Using the model, we tested several quantitative and quali-

tative bifurcation evolution prediction methods. The results showed that bar dissection

by cross-bar channels, formed by local transverse water surface gradients is a dominant

bifurcation initiation mechanisms. Several bifurcation closure mechanisms are equally

important. The results also showed that nodal point relations are unable to predict

short-term bifurcation evolution in braided rivers. Reasons for this are the migration

of bars and backwater-e�ects. Bifurcation angle asymmetry and bar-tail limb shape,

however, are indicators for near-future bifurcation evolution. Thus, remote sensing

data have predictive value, for which we developed and applied a conceptual model

for the interactive morphodynamics of bars, branches and bifurcations. This model is

essentially a cycle of bar elongation, bar merging, cross-bar �ow and bar dissection.

The growth of bar-tail limbs is a crucial component in this cycle.

6.1.3 Requirements for sustained meander dynamics

Research question: What are the necessary and su�cient conditions for meander initia-
tion and sustained meander migration in sand-bed rivers?

We applied three physics-based models: a two-dimensional model with rectangu-

lar grid (Delft3D), a two-dimensional model with adaptive grid (Nays2D) and a one-

dimensional Ikeda-Parker model with adaptive grid. The results showed that in�ow

perturbation, within a range of frequency and magnitude, has a large e�ect on high-

sinuosity meandering, but relatively small e�ect on low-sinuosity meandering. This

is explained by the hierarchy of bars and bends: steady alternate bars dominate in

low-sinuosity rivers, whereas channel bends dominate in high-sinuosity rivers. An up-

stream disturbance is damped by the bars, but propagates through bends. The results

also showed that bar-�oodplain conversion, for example by vegetation encroachment,

is an important ingredient for meandering as bars alone induce insu�cient �ow asym-

metry.
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6.1.4 Propagation of perturbations in large braided rivers

Research question: What are the e�ects of human-induced perturbations on bar and
branch morphodynamics within large sand-bed braiding rivers, and how do these e�ects
propagate through the braided network?

We applied similar model simulations as for Chapter 3, but now with di�erent up-

stream in�ow conditions and addition of river training works. The results showed that

the local morphological response ampli�ed while propagating downstream through

the entire channel network. The direct local e�ects of a perturbation started a train

of responses by means of bar and branch reshape, and destabilization of bifurcations.

Thus, destabilization of one bifurcation destabilizes bifurcations further downstream.

However, although the perturbations alter the bar and branch pattern, it hardly altered

the statistics. Furthermore, discharge variation attenuation and channel con�nement

appeared to have limited in�uence on the general bar pattern and morphodynamics.

6.2 Synthesis

6.2.1 Interactions between channels, bars, and bifurcations

The study demonstrated that the interaction between bars, bifurcations and the chan-

nel or, in case of a braiding river, branches has many similarities in meandering and

braiding rivers. In both types of rivers, we could identify a similar morphological cycle

containing channel/branches, bars and �oodplains (Figure 6.1). In meandering rivers, a

complete cycle starts with bar initiation within the channel, followed by conversion of

that bar into �oodplain by means of vegetation encroachment and deposition of �nes,

and, in a later stage, conversion back to channel by means of bank erosion. Thus, a me-

andering river is dominated by a clockwise rotation of the cycle of Figure 6.1, and this

clockwise rotation at one location also stimulates clockwise rotation in downstream

locations. For example, bar formation and bar-�oodplain conversion steers the �ow to-

ward the opposite river bank, which stimulates bank erosion. Cuto�s have an opposite

e�ect and thus rotate counter-clockwise: chute-cuto�s form new branches through a

bar, while neck-cuto�s transform a channel bend into �oodplain by isolating it from the

main channel. This oxbow-lake will gradually silt-up with �nes and organic material.

In braiding rivers, the cycle includes the same morphological units and processes.

However, the initiation of new bifurcations has a much more prominent role than in

meandering rivers. The formation and growth of bars are directly counteracted by

chute-cuto�s, cross-bar channels and erosion of bar margins. Therefore, bar-�oodplain

conversion and bank erosion are minor, which follows from the cycle of Figure 6.1, and

is conform Lewin and Ashworth (2014) and our �ndings in Chapters 2 and 5. Another

di�erence between meandering and braiding rivers is that bar growth in braiding rivers

often results in bifurcation instability, bifurcation asymmetry, and eventually closure

of a branch. Because the growth of bars in sand-bed braiding rivers is commonly by

means of elongation of bar-tail limbs that extent to the next bar, as demonstrated in

Chapter 3. Thus, Figure 6.1 demonstrates the requirements of sustained meandering:

a su�ciently high rate of bar-�oodplain conversion to prevent chute-cuto�s, and an

equal rate of bank erosion. If both processes are not in equilibrium, the main channel
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Figure 6.1: Morphodynamic cycle in meandering and braiding rivers. Arrows indicate positive
feedbacks, with dominant processes indicated by bold arrows and minor processes by narrow
arrows.

either widens, which facilitates chute-cuto�s and thus (temporal) braiding as demon-

strated in Chapter 4, or narrows, which reduces bar formation following linear theory

(e.g. Struiksma et al., 1985; Blondeaux and Seminara, 1985). The latter could delay or

even stop the entire cycle.

6.2.2 Response to perturbations

This study also demonstrated that perturbations a�ect the morphological cycles of Fig-

ure 6.1. For example, a laterally shifting in�ow in the meandering rivers of Chapter 4

accelerated the cycle by stimulating steady bar formation near the upstream boundary.

This enhanced bar-�oodplain conversion on these bars, stimulated erosion of the oppo-

site bank and induced new steady bars further downstream. This is in agreement with

the meander initiation and dynamics observed in the �ume experiments of Van Dijk

et al. (2012). A requirement for this is, however, that the in�ow migration rate is in the

same order of magnitude as the rates of bank erosion and bar-�oodplain conversion.

Intrinsic instability of bifurcations in the braided rivers of Chapter 3 can also be re-

garded as a perturbation, which was found earlier by Ashmore (1991a). We found that a

varying in�ow orientation is a major source for the bifurcation instability. This change

of approaching �ow direction results from the migration, expansion and reshape of the

bars directly upstream of the bifurcation. At the same time, asymmetrical reshape and

expansion of a mid-channel bar is caused by asymmetrical �ow and sediment transport

divisions at the bifurcation upstream of the bar. This means that a single intrinsic insta-

bility in a braided river initiates a cascade of morphodynamic responses that propagate

in downstream direction (Figure 5.14). Besides destabilizing downstream bifurcations,

bar merging by bar-tail limbs causes water level di�erences between parallel branches

and ignites cross-bar channels and bar dissection (Chapter 3). This is the main process

for the formation of new branches, thus a counter-clockwise component of the cycle in

Figure 6.1. A dynamic equilibrium braided river means that this component is equal to

the closure rate of branches by bar merging. In Chapter 2, we saw that this equilibrium

was not reached, because cross-bar channels hardly formed. An explanation for this
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was the low grid resolution, which disabled the initiation of small cross-bar channels.

In Chapter 3, with higher grid resolution, an equilibrium was reached. This did not

require variable discharge in the form of a hydrograph.

Additional perturbations in braided rivers that enhances �ow asymmetry over the

braidplain, such as upstream in�ow asymmetry and engineering works (Chapter 5),

commonly decrease the active channel width and thus increase speci�c discharge

through the remaining open branches, causing local incision and downstream depo-

sition. It also increases bifurcation instability, an e�ect that propagates in downstream

direction similar to the intrinsic perturbation in braided rivers. Bank protection works

in braided rivers, for example along the braid plain or at a bar-head, prevent natural

erosion, leading to choking of the adjacent branch. Along the outer walls, this often

results in incision and enhanced stability of the branch, whereas bar-head protection

often results in closure of the adjacent branch. In both cases, the e�ect of the constraints

propagates in downstream direction, similar to other perturbations.

The results of Chapter 3 and Chapter 5 have implications for the application of river

training works and other perturbations in large sand-bed braiding rivers (Mosselman,

2006). We saw that the e�ect of a perturbation may amplify and propagate far down-

stream, much further than probably expected and anticipated. A small disturbance

hardly alters the reach-scale channel pattern statistics (Chapter 5), but it signi�cantly

alters the particular bar and branch planimetry in the entire reach, including locations

of bank erosion and deposition. Thus, when only considering reach-scale statistics or

metrics to describe the e�ects of an engineering work, no e�ects will be found. How-

ever, when considering the particular planimetry, the e�ects might be enormous, which

is more relevant for local land-owners than the statistics or metrics. Hence, although

designation of a perturbation as the cause for undesired morphodynamics, such as bank

erosion, channel shift and aggradation of navigation channels, is di�cult, and often im-

possible, due to the enormous natural variability and rates of morphodynamics, caution

is urged in the implementation of measures in large sand-bed braided rivers.

At the same time, the ampli�cation and propagation of the e�ects of a perturba-

tion is a great opportunity to achieve large-scale goals with a relatively small, local

and cheap measure. For example, the model results demonstrated that one branch in

the braided river became dominant, with secondary branches being closed by bar-tail

limbs that blocked the entrances of the secondary branches. This process, favorable for

navigation with one branch meeting all requirements such as Least Available Depth

and su�cient width, was clearly accelerated by a perturbation, for example upstream

of the reach (Figure 5.6) and within the reach (Figure 5.13). Employing the natural am-

pli�cation and propagation of the response to a perturbation is also in agreement with

the philosophy of programs trying to use instead of oppose natural dynamics.

It is expected that downstream propagation of the response to a perturbation can

be halted. For example, we hypothesize that local channel narrowing, for example by

geological outcrops, stops the propagation. The argumentation for this, is that bar for-

mation in the narrow section with a small width-depth ratio is suppressed, and the �ow

streamlines in the narrowing are parallel to the bank lines. Thus, the �ow asymmetry

caused by an upstream perturbation diminishes within the narrowing. Consequently,

the �ow leaving the narrowing lost the e�ects of the upstream perturbation and does

not propagate the e�ects of the perturbation further downstream. The length of the
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narrowing required to eliminate upstream perturbation in�uence may be equal to λw
of Equation 5.7, but this requires further research. In addition, it is clear that the prop-

agation of a response is halted by channel-wide hydropower dams.

The results of Chapter 4 have implications for meander bend restoration in nor-

malized rivers. Our results showed that sustained meandering requires equal rates of

bar-�oodplain conversion, bank erosion and bar formation. Without the �rst ingre-

dient, high-sinuosity meandering is impossible, and meandering is limited to a sinu-

ous thalweg between alternate bars. Eventually, it will even evolve into braiding after

widening by bank erosion, which happened in the Delft3D-simulations of Chapter 4

and was demonstrated earlier by e.g. Murray and Paola (1994) and Crosato and Saleh

(2010). If we now take small Dutch rivers as example, then we could �nd the actively

meandering rivers in easy-erodible bed material, for example in cover sands. Here, the

bar-�oodplain conversion is the slowest component of the cycle of Figure 6.1, and thus

the limiting process for sustained high-sinuosity meandering. Many other small Dutch

rivers have too resistant banks in comparison to their stream power, which disables

bank erosion and, because of small width-depth ratios, bar formation. These rivers

lack meander dynamics and meander bend restoration in these rivers would not en-

hance meander dynamics.

6.2.3 Physics-based modeling of bar and channel dynamics

This study also demonstrated the skills of physics-based numerical models in simulat-

ing and predicting channel morphodynamics of large rivers. Our simulations showed

that the models simulate the interaction between the dynamics of inundated bars and

channels very well. The morphological cycle of hydrodynamics, sediment transport,

morphodynamics and a feedback to the hydrodynamics in the following timestep re-

sulted in bar and channel shapes common in meandering or braiding rivers. Also, the

mechanisms of migration and reshape of bars resembled observations in �ume exper-

iments and nature. However, this study also revealed the limitations of the models

in simulating the interactions with the �oodplains. Both components of Figure 6.1

that are coupled to the �oodplains are poorly represented in the models. Bank erosion

was included in the three models used in this study, but in all models the mechanism

was represented in a highly simpli�ed manner. This resulted for example in very high

bank erosion rates in Nays2D, although this model contained the most advanced bank

erosion of the three models. Delft3D simulates bank erosion only due to vertical chan-

nel incision; it is unable to produces bank erosion due to lateral channel migration.

Also, bar-�oodplain conversion was either included in a very simple way (in Nays2D

and the IP-model) or not included at all (Delft3D), although it was found to be a cru-

cial component for sustained meandering. Vegetation encroachment and deposition

of �ne sediment in Delft3D will enhance the modeling of bar-�oodplain conversion

and is expected to enable high-sinuosity meandering in Delft3D. Also, the modeling

of anabranching rivers (Figure 1.5) and braiding rivers with islands requires properly

computed bank erosion and bar-�oodplain accretion.

Despite the limitations in the models used, the study showed that physics-based

morphodynamic models are useful tools to explore the bar and branch dynamics in

large braided sand-bed rivers, beyond existing situations and with total freedom of

boundary conditions. In the near future, enhancement of physics-based morphody-
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Figure 6.2: Examples of self-formed bars and branches in Delft3D using a low grid resolution
of 200× 80 m with two-dimensional �ow (a) and high grid resolution of 50× 20 m with three-
dimensional �ow (b).

namic models by addition and improving of processes will boost successful applica-

tion of physics-based morphodynamic models in fundamental science and engineering

practice. Also, increased computational speed will enable higher resolution computa-

tions, which clearly improves the results and adds realism (Figure 6.2). This approach

is diametrically opposed to the highly-reduced complexity modeling of Murray (2007)

and many others. The speci�c processes included in our three models were found to

be indispensable for the modeling of meandering and braiding rivers. It is important

that we use generic models that are not optimized for, or limited to a speci�c type of

river. The processes in meandering and braiding rivers are the same (Figure 1.5), thus

a single model must be able to simulate the morphodynamics of both types of rivers.

6.3 Recommendations for further research

This study demonstrated the necessity for further research to improve (1) our under-

standing of the interactive dynamics of bars, branches and bifurcations in meander-

ing and braiding rivers, (2) our understanding of the consequences and propagation

of disturbances, (3) the skills of physics-based models in simulating morphodynamics

in braided and meandering rivers, and (4) prediction of bar, branch and bifurcations

dynamics, particularly in large braided rivers.

We recommend to compare the conceptual models developed in Chapter 3 and

Chapter 5 in more detail with �eld observations. It is useful to determine under which

conditions bars and branches in nature follow the conceptual models, and under which

conditions di�erent processes occur. This requires �eld data that covers a network of

several bifurcations and bars, thus a data set at reach-scale. Furthermore, the temporal

resolution of the data must be su�cient to follow individual morphological units such

as bar-tail limbs and unit bars. At the same time, the period of measurements must

be long enough to capture bar migration, bifurcation instability and the initiation and

closure of branches. With such dataset, the discharge and sediment transport distribu-
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Figure 6.3: Example of application of model results for reconstruction of sedimentary archi-
tecture at x = 15 km within bar F of Figure 3.3.

tions through the channel network could be determined and linked to the migration

and reshape of the bars. A numerical model could be used to construct a detailed map

of �ow patterns based on the measured bathymetry. High-resolution remote sensing

techniques such as LiDAR to record the dry-land topography, and multi-beam to record

the underwater bathymetry, coupled with techniques to determine water depth using

satellite images, would provide the necessary data.

The use of �eld data to extensively calibrate empirical relations and parameters in

physics-based models is not recommended. An important argument for this, is that

calibration does not provide generic understanding of the process, and often su�ers

from underdetermination, with di�erent calibration settings giving the same result.

Fundamental research to improve the empirical relations and to improve understanding

of the physical meaning of empirical parameters, however, is most welcome.

Our approach of simpli�ed initial and boundary conditions, opposed to detailed

schematization of real-world river systems, is applicable for a wider range of settings.

For example, di�erent types of sediment could be applied: non-uniform sediment, with

cohesive sediment or gravel. Furthermore, online riparian vegetation encroachment

could be included, which we did in a very simpli�ed way in Chapter 4 but requires

more realistic rules. Habitat suitability modeling is another subject that would bene�t

from the capability and �exibility of high-resolution physics-based models. Another

application is reconstruction of sedimentary architecture of bars, islands and �ood-

plains (Figure 6.3), which provides important data about preservation of deposits and

potential storage of water and hydrocarbons (Van de Lageweg et al., 2013).

Another �eld of application is river management, for example addition for fairway

dredging or hydraulic structures such as groynes and bank protection. The application

of physics-based models for engineering purposes to simulate the bar and channel re-

sponse to measures in large dynamic braided rivers and for meander dynamics is still in

its infancy. However, our approach could be used to compare the morphological e�ects

of di�erent types of river management in large braided rivers, and based on this a set

of least-impact measures could be identi�ed, which could be compared with ‘standard’

engineering rules.
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Summary

Rivers are among the most dynamic earth surface systems. Some rivers tend to mean-

der, forming bends that migrate, reshape and contain bars in the inner-bends. Other

rivers form a complicated braided pattern of branches, islands and mid-channel bars.

Thorough understanding of the morphodynamics is important for proper river man-

agement to maximize safety, economic and social bene�ts, and preserve the ecosystems.

Although �eld and �ume data provided important insight into river behavior, their ap-

plicability is limited due to their small spatial and temporal coverage, or scale issues.

Therefore, we applied generic state-of-the-art physics-based morphodynamic models

to gain insight in the autonomous morphodynamics of braided and meandering rivers,

and their response to internal and external perturbations.

First, this study examined the formation and evolution of bars and branches in

braided rivers, applying highly simpli�ed initial and boundary conditions in the state-

of-the-art physics-based model Delft3D. The results show that the chosen set of bound-

ary conditions and physics in the numerical model was su�cient to produce many mor-

phological characteristics and dynamics of a braided river, but insu�cient for long-term

modeling. Furthermore, the results were sensitive to constitutive relations for sediment

transport, bed roughness and bed slope.

Second, the bar and branch dynamics within the braided rivers were studied in

terms of the stability of bifurcations and its coupling with bar and bifurcation dynam-

ics within the entire network. Asymmetrical migration and reshape of mid-channel

bars occurred in response to bifurcation asymmetry. In particular, bar-tail limbs grew

in response to local prevailing �ow, closing recessive branches and merging bars into

large compound bars. Next, water level di�erences between parallel branches caused

dissection of the large bars by cross-bar channels. This cycle of bar growth and dis-

section formed the basis for a conceptual model of bar and branch dynamics within

sand-bed braided rivers.

Third, the e�ect of upstream in�ow variation on meander planform and sustained

meandering, which theory and �ume experiments indicated as being signi�cant, was

studied using three physics-based models. Each of these models had speci�c processes,

such as �oodplain construction and bank erosion, important for meandering and mak-

153



Summary

ing them complementary. The results showed that initiation and sustaining of high-

sinuosity meandering were highly dependent on in�ow perturbation, whereas in�ow

perturbations in low-sinuosity meanders only had a small local e�ect. Furthermore,

high-sinuosity meandering required channel-�oodplain conversion in the inner-bends

that prevented chute cuto�s and enhanced �ow asymmetry.

Fourth, the e�ects of human-induced perturbations on the morphodynamics in

large braided sand-bed rivers, for example discharge variation attenuation, channel

con�nement, river training works and sand mining, were considered. The results

showed that the local morphological response ampli�ed instead of being damped, while

propagating downstream through the entire channel. Furthermore, discharge variation

attenuation and channel con�nement appeared to have limited in�uence on the general

bar pattern and morphodynamics.

This study demonstrated the interaction between bars, branches and bifurcations

within braided rivers, and the response of meandering and braided rivers to external

pressures and constraints. It also demonstrated how we can enlarge understanding of

the generic behavior of braiding and meandering rivers, and their response to pertur-

bations using physics-based morphodynamic models and proper boundary conditions.
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Rivieren zijn één van de meest dynamische systemen op aarde. Sommige rivieren

hebben de neiging tot meanderen, waarbij ze bochten maken die verplaatsen, van vorm

veranderen en veelal een zandbank in de binnenbocht hebben. Andere rivieren vormen

ingewikkelde vlechtende patronen van geulen, zandbanken en eilanden. Voor rivierbe-

heer is het belangrijk om deze morfodynamiek te begrijpen. Hiermee is het mogelijk om

de rivieren maximaal te benutten en tegelijkertijd de risico’s te beperken. Veldonder-

zoek en stroomgootproeven hebben al veel inzicht gegeven in het gedrag van rivieren,

maar zijn ook erg beperkt: ze beslaan een beperkt oppervlak, zijn momentopnames,

of hebben schaalproblemen. Daarom hebben wij state-of-the-art computermodellen

gebaseerd op fysica toegepast, en gebruikt om inzicht te krijgen in de morfodynamiek

in vlechtende en meanderende rivieren. Hierbij hebben we vooral gekeken naar de

morfologische reactie op intrinsieke instabiliteit en interne en externe verstoringen.

Ten eerste is gekeken naar de ontwikkeling van zandbanken en riviertakken in

vlechtende rivieren. Hierbij hebben we sterk versimpelde intiële condities en rand-

voorwaarden gebruikt en deze toegepast in Delft3D. De resultaten tonen aan dat de

combinatie van de randvoorwaarden en de fysica in het model voldoende is voor het

produceren van een groot aantal karakteristieke morfologische eigenschappen en dy-

namiek van vlechtende rivieren. Tegelijkertijd is gebleken dat het onvoldoende is voor

lange-termijn modelering. Bovendien laten de resultaten zien dat het model gevoelig

is voor empirische relaties voor sedimenttransport, bodemruwheid en helling van de

rivierbedding.

Ten tweede is de koppeling tussen de stabiliteit van bifurcaties en de dynamiek van

zandbanken en geulen op de schaal van het vlechtende geulennetwerk onderzocht.

Het resultaat laat zien dat asymmetrische bifurcaties voor asymmetrische vervorm-

ing en migratie van zandbanken zorgen. Vooral de groei van de typische ‘staarten’

aan de benedenstroomse kant van de zandbanken wordt gestuurd door lokale domi-

nante stroomrichting. Hierdoor worden niet-dominante geulen afgesloten en groeien

zandbanken aan elkaar, waarbij grote zandbanken ontstaan. Vervolgens zorgen wa-

terstandsverschillen tussen naast elkaar liggende geulen voor stroming over de zand-

banken, waardoor de grote zandbanken weer opgesplitst worden. Op basis van deze
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cyclus van groei en opsplitsing van zandbanken is een conceptueel model gemaakt voor

de dynamiek van zandbanken en geulen in zandige vlechtende rivieren.

Ten derde is het e�ect van bovenstroomse instroomvariatie op riviermeandering

onderzocht, gebruik makend van drie op fysica gebaseerde computermodellen. Elke

van deze modellen bevat speci�eke eigenschappen die belangrijk zijn voor meandering,

zoals oeveropbouw en oevererosie. Hierdoor vullen de drie modellen elkaar goed aan.

Het resultaat toont aan dat de initiatie en continuïteit van hoge-sinuositeit meandering

in sterke mate afhankelijk is van verstoringen op de bovenstroomse rand. In tegen-

stelling, de verstoringen hebben slechts een klein lokaal e�ect in lage-sinuositeit me-

anders. Bovendien is voor hoge-sinuositeit meandering oeveropbouw nodig waarmee

bochtafsnijding voorkomen wordt en de stroming naar de buitenbocht wordt geduwd.

Ten vierde is onderzoek gedaan naar de invloed van menselijke verstoringen op

de morfodynamiek in grote vlechtende zandrivieren, zoals afname van afvoervariatie,

oeverbescherming, kunstwerken en zandwinning. Het resultaat laat zien de morfol-

ogische aanpassing in benedenstroomse richting uitbreidt en tegelijkertijd toeneemt.

Daarnaast blijken afname van afvoervariatie en oeverbescherming een relatief klein

e�ect te hebben op het bankenpatroon en de morfodynamiek.

Deze studie heeft laten zien hoe zandbanken, geulen en bifurcaties in vlecht-

ende zandrivieren interacteren en reageren op verschillende typen verstoringen. Ook

hebben we de morfologische reactie van meanderende rivieren op externe verstorin-

gen en het belang van oeveraangroei laten zien. Daarnaast hebben we laten zien hoe

we ons begrip van het gedrag van vlechtende en meanderende rivieren, en hun reac-

tie op verstoringen kunnen vergroten door gebruik te maken van op fysica gebaseerde

computermodellen en de juiste randvoorwaarden.
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