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Abgract

In a river, the local hydraulics, channel form and in-stream vegetation are
interdependent. Although water, sediment and vegetation processes interact, they
respond individually to flow characteridtics at different spatial and temporal scales.
This study employs a modelling approach that is based on the tendency of river
sysems to self-organise and produce emergence (emergent sructures) in scale
hierarchies. A hierarchical modelling strategy is proposed tha arranges separate
models describing vegetation and sediment dynamics at their appropriate scales, with
their interaction described through feedback between the models.

Prediction of the river state at time scales of decades, over arange of spatial scales, is
required for ecological river management to be more effective. However, river sysems
are complex, with complexity rooted deep in the river processes of water, sediment and
vegetation holding implications for their modelling. Dealing with complexity in river
geomorphological modelling is vital for achieving reliable predictions over decades,
especially when considering that small-scale processes must be described to achieve
this. Description of small-scale river form is not only required for river habitat
management, but also affects the rates a which river form a larger scales changes.
Hierarchy and non-linear theory provide a way to deal with the complexity of rivers by
separating the river system into parts, and enabling these partsto interact.

Appropriate models and modelling methodologies were chosen or developed to
represent the effect of interacting river processes of water, sediment and reeds at the
progressively nested (largest) reach scale, the channel-type scale and (smallest)
geomorphological-unit scale.

Exigting water flow models at the reach scale and the next largest channel-type scale
are used. The reach scale water flow model solves one-dimensiona (1-D) Saint-Venant
equations wheress the channel-type scale water flow moded is governed by two-
dimensiona (2-D) Saint-Venant equations.

The water flow model at the smallest organisational level chosen for modelling is the
geomorphological-unit scale. Water flow at the geomorphological-unit scale is not
based on the actua physics of water flow, but it does account for the smaller scale
variability of the water digtribution.
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The sediment model a the reach scale employs the Exner equation of sediment
continuity in combination with gravel-bed-load transport equations to determine
changes in bed elevation. At the channel-type scale, a Cellular Automaton (CA) model
describes sediment trangport through ariver. The CA represents the river as a lattice of
cells and predicts the volume of sediment stored in the cells. The sediment distribution
obtained from the CA model describes the habitat for reeds. At the geomorphological-
unit scale, acombination of existing formulationsis used to predict the dimensions and
growth of bed-forms representing sediment dynamics.

The vegetation models at the reach scale and the channel-type scale were developed
gpecifically to describe dynamics of common reeds or Phragmites Audralis. Reeds
were chosen for modelling because of the large role they play as geomorphological
modifiers. The reach scale model predicts the distribution of reed populations along the
lateral river bank gradient wheress the channel-type scale reed model is a CA model
that predicts the expanson of reed paiches. The vegetation model at the
geomorphological-unit scale is an existing model describing the growth of reeds by
integrating finite differential equations of reed biomass growth.

River process interactions affect river geomorphology across these organisational
levels. The models are integrated to provide feedback within a hierarchical modelling
gructure. Process models simulating sediment, water and vegetation dynamics within a
specific organisational level are coupled through sharing the same spatial scale. Models
of the same process producing patterns at various organisational levels are linked to
share model information across organisational levels. Trans-organisational modelling
linkage allows models to share outputs which provide boundary conditions and values
for model parameters at specific locations within the modelling domain. A hierarchical
framework allows prediction of small-scale geomorphology and accounts for its
variability a the large scale.

The modelling strategy is demondtrated by simulations based on hypothetical scenarios
of a gravel-bed river. The effect of sediment size and frequency of the flood event
moving sediment, together with typical channel geometry, is shown for these. The
modelling was computationally very intensive.



Results show that models focusing on only one organisational level can have very
different outputs from those produced by trans-organisational modelling. The
difference is due to emergence produced by dynamic small-scale processes that

manifest & large scales.

Emergence was found in changing flow resistance coefficients obtained from smaller
scale modelling. The flow resistance affected the river bed elevation at the reach scale.
Emergence was indicated by the channel aggrading more for modelling with the
inclusion of the effect of smaller scale river process interactions than without it.

These small-scale process interactions include water flow affected by bed-forms and
reeds. Bed-forms and reeds affected energy loss significantly and provided a strong
coupling between the flow and the river bed elevation. Hierarchica modelling
therefore allows for reliable river geomorphology modelling over a decadal time scale
by describing river complexity more redlistically.
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Chapter 1 — Introduction — The need for

trans-organisational modelling

1.1 Introduction

1.1.1 River management

River management is multi-objective, inherently interdisciplinary and is concerned with a
range of spatial and tempora scales. There isarange of ways in which river managers can
effect change in rivers. The introduction of environmental values has led to a shift from
reective river engineering to proactive sustainable management of rivers over decadal time
scales. However, in order to manage rivers, decision-makers need to know how ther
actions will affect other components of the complex, interconnected systems involving
water, sediment and biota. Managers need to consider effects of vegetation biomass
change and changing land use on sediment deposition rates and channel plan form change.
Managers need to understand what effect changes in timing and magnitude of water flows
have on ecosystem productivity and biodiversity. To reduce uncertainty, river managers
require prediction of the behaviour of the river patterns arising & various scales.

The complexity of rivers is well illustrated by the problems experienced by the Kruger
National Park (KNP) in managing the Sabie River. Development in the Sabie River
catchment changes flow and sediment regimes of the river (Birkhead and James, 2000),
meaking it more difficult for management to keep to its vision: “To maintain biodiversity in
all its natura facets and fluxesto provide human benefits, in a manner that detracts aslittle
as possible from the wilderness qualities of the KNP’. The changes in sediment and flow
regimes lead to adjusgments to river geomorphology with associated changes in aguatic
and riparian faunaand flora (Birkhead and James, 2000). Thereis intense pressure on KNP
management to understand and conserve the naturd role of aguetic sysems in the Park
(Rogersand Begthier, 1997).



Management of the Sabie River is further complicated by a highly diverse and mixed
bedrock alluvial geomorphological structure (van Niekerk et al, 1995). The high degree of
patchiness of different geomorphic units plays an important interactive role in influencing
gpecies digtribution patterns (Hupp and Osterkamp, 1985). The general sequence of
succession in KNP rivers progresses by open water and rock areas being occupied by
sediment which is colonised by reeds, followed by bushes and finaly by trees
(Rogers, 2002).

Phragmites reeds play a large role as a geomorphological modifier within rivers in the
KNP. In the Sabie River, for example, there is a high diversty of geomorphological
features due to a mixture of alluvial sediment and bedrock characteristics and a variable
flood regime. Among these geomorphic festures are sediment bars which are often
colonisad by reeds (Nicolson, 1999). When floods pass through bars covered with
Phragmites reeds the shear stresses on the bars will not be as high as with unvegetated bars
and they will therefore not erode (Jameset al, 20018). Reeds and other herbaceous
vegetation are pioneer species and provide a suitable habitat for the establishment of tree
gpecies (van Niekerk and Heritage, 1993). As a consequence, reeds are modelled in this

sudy.

1.1.2 Geomor phaogical prediction

River geomorphology is founded on the shapes or forms observed in rivers. The prediction
of the state of river geomorphology caused by modified land and water use is becoming
increasingly important in environmental management of rivers. Modified amounts of
sediment flowing into rivers, the flow regime and riparian vegetation cover can grestly
affect the river form on a decada scale. River geomorphology affects the river ecology
through changes in riverine habitat (Nicolson, 1999). Habitat and biota are affected and, in
turn, affect river processes over a range of scales (Nestler et al, 2005; Dollar et al, 2007).
Biological response may be directly relaed to hebitat a various scales
(Heritage et al, 1997) in which discharge is manifest as flow depth, velocity and boundary
dhear dress (Jameset al, 20018). Prediction of river state a timescales of decades is
required for ecological river management to be effective (Hooke et al, 2005).



The prediction period, however, is limited firstly through uncertainty about the water and
land use and secondly through the feedback that smaller scale changes have on larger scale
events, which becomes increasingly unknown over longer prediction periods. The size of
evolving bed-forms or whether there will, in fact, be vegetation growing in a reach in
future years, for example, can greetly affect river geomorphology. Knowledge about such
geomorphic modifiers decreases for prediction further into the future. Currently, predictive
capability regarding habitat is satisfactory at small spatial scales (metres) but insufficient at
large time scales (decadal) because of river complexity. The complexity of river processes
prevents current prediction a a large scale from including the effect of smaller scale
variability. In that sense, river complexity aso hinders the possibility of deriving smaller
scale habitat from large-scale river form and therefore makes habitat difficult to predict
over larger time scales This sudy employs a 10 year period over which simulations were
meade to show that the hierarchical modelling Srategy can improve modelling at these large
tempord scales.

12Aim

12.1 Mativation for sudy

Petterns forming a slow and large scales are constructed and organised by the interaction
of many smal and fast processes (Zhang et al, 2004). For example, the movement of
sediment particles, which are observed a a resolution of milliseconds and millimetres,
determines bed-form dynamics on the bed observed at a resolution of minutes and
centimetres. At even larger scales, sediment movement determines where sandbars are
formed. These are observed a a resolution of hours and metres. At dill larger scales,
sediment movement determines the channel plan form observed at aresolution of days and
tens of metres.

Although the individual components of rivers can in themselves be compley, it is easer to
describe them individualy. A river in its whole however, is more than the sum of the parts
and new or hidden properties may emerge that cannot be readily predicted from its basic
components (Haschenburger and Souch, 2004). For example, the movement of sediment



grains under the action of water sats up distinct bed-forms. The bed-forms affect water
flow to result ultimately in a particular channel pattern or arrangement, which in turn
affects how the grains within a river move. It is these emerging patterns that cannot be
discerned from the movement of sediment grains only. In order to simulate the behaviour
of rivers, it is necessry to understand not only how the individual parts behave in
isolation, but aso how they interact, to determine the behaviour of the whole river
(Malanson, 1999; Michaelides and Wainwright, 2004).

To determine the behaviour of ariver as awhole it is necessary to account for feedback
between organisational levels (Spedding, 1997; Harrison, 2001; Richards, 2001).
Figure 1.1 identifies a range of organisational levels and their related processes. The
diagram implies feedback between successve scales (Richards, 2001) and concerns
smaller scale heterogeneity affecting larger-scale modelling (Albert, 2000).

A
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Catchment Climatic, hydrologm
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Environmental adaptation land
Corridor L orenge
Aggradation/incision (s
wave migration storage changes);
M etapopul ation processes
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affecting age/speci eshcommunity
sructure
Bar form Bar growth & dissection;
Local succession processes
Hydraulic Roughness
Bed-form Recruitment processes
Gran

0.1 1 10 100 1000
Timescale (yr)

Figurell Representation of fluvial and ecological processes at different
organisational levelsof rivers (Richards, 2001)



Better geomorphological prediction depends not only on how well modelling describes the
patterns at a particular organisational level but also on how well feedback from higher or
lower organisationa levels can be incorporated (Dollar et al, 2007). Processes can be
unified across scales via so-caled nested models, which link models of similar river
processes but describe patterns a different scales, to share model output (Peola, 2001;
Lenaertset a, 2002). This can be achieved by the dynamical hierarchies concept, where
higher-order sructures are a product of the interactions and properties of the lower-level
components (Lenaerts et al, 2002; Dollar et al, 2007). Organisational models may produce
Spatial patterns which affect the way regularities at higher levels emerge (Harrison, 2001)
and can be linked through models describing emergent gructures, as described in
section 2.4 (Lane and Richards, 1997). This concept is reinforced by Harrison (2001), who
dates that rivers, as dissipative geomorphological systems, adjust form over various scales
through emergent structures affecting one another.

12.2 Objectives

The am of this study is to show that models providing feedback in a hierarchical
modelling framework deal better with the complexity of river morphodynamics than
disconnected scale-gpecific models. A hierarchical modelling framework allows process
interactions over various scales to be integrated by links that are able to transmit feedback
between models logicdly. It alows effective use of models representing small-scale
process to explan events a the lager gpatio-tempora scales where much
geomorphological prediction for environmental management is required. Hence,
modelling frameworks set up a coherent way to alow non-linear processes of water
sediment and vegetation to interact over arange of scales. The objective of this gudy isto
link models within a hierarchical modelling framework to smulate river form for a period

of 10 years

River morphodynamics are simulated to include Phragmites reeds interacting with water
and sediment processes, modelled using a hierarchical srategy. Patterns produced by these
process interactions a a range of scales are described by process models which are
progressively nested to account for smaller scale variability while ill allowing interacting

processes at sSimilar scales to provide feedback. The complexity of rivers necessitates



separate models for sediment water flow and vegetation processes a various scales to
alow “real time’ up-scaling, which is achieved by alowing models representing
large-scale processes (kilometres and years) to affect smaller scale process models (metres
and seconds) continuously, through boundary conditions. Small-scale models influence
material flows of larger scale models by adjusting model parameters

In order to achieve these aims, the specific objectives are:

1) To determine gppropriate models and modelling methodologies to represent the effect
of interacting river processes of water, sediment and vegetation at various organisational

levels;

2) To further the predictive capability of river geomorphological modelling by developing
an gpproach that incorporaesthe feedback amongst processes across organisational levels.

12.3 Approach

The hierarchical modelling strategy that allows trans-scale linkage of water sediment and

vegetation processes is shown in Figure 1.2 and proceeds as follows

1) At the reach scale, a water flow model drives a sediment model predicting bed
elevation. The bed elevation is fed back to the water flow model to determine the
resulting water flow digribution. The new bed elevations from the sediment model
together with the monthly flow depths from the water flow model are used. A reed
model a the same scale is usaed to determine the reed population distribution after
every year.

2) At the channd-type scale, a detailed flow mode drives the sediment model, which
predicts new bed elevations, updated in the water flow model to result in a new flow
digribution. The reed patch dynamics, determined a the same scale, affects the
resgance to water flow.

3) At the geomorphological-unit scale, an interpolated flow distribution allows bed
sedimentary characteristics to be etimated by a sediment model. At the same scale a
reed model determines reed growth according to the westher.

4) Thewater flow model at the reach scale provides the boundary conditions for the water
flow model to determine the intermediate flow digtribution a the channel-type scale.



5

6)

Reach-scale
Spatial extent - 1000m
Spatial grain - 100m

Channd-type scale
Spatial extent - 100m
Spatial grain - 10m

Geomor phological-unit scale
Spatial extent - 10m
Spatial grain - 1Im

Similarly, the sediment model a the reach scale provides the initial template for
predicting bed elevations at the channel-type scale. The reed model at the same scale
predicts the manner in which patches of reeds expand, based on the available habitat
provided by the reach scale reed modd!.

The water flow model a the channd-type scale provides boundary conditions to
determine the intermediate flow digribution at the geomorphological-unit scale. The
grain size is a0 transferred to lower organisational levels to determine sedimentary
characterigtics.

The reed model at the channel-type scale predicts the expansion of reed paches
according to biomass growth determined a the geomorphologica-unit scale. The
modelled sedimentary characterigtics a the geomorphological-unit scale affect shear
dresses which are averaged to determine flow resistance for water flow modelling at
the channel-type scale.

The shear stresses due to flow resistance at the channel-type scale are further averaged
to determine flow resisance values for water flow moddling at the reach scale.

Figure 1.2 Representation of the hierarchical modelling grategy used to incorporate

feedback between models across organisational levels



Chapter 2 — River complexity

Rivers are complex sysems exiging in states somewhere between order and disorder.
Order refersto the patterns arising from a multitude of processes. Ripples on the river bed
arising from sediment processes congtitute such patterns, for example. It is by virtue of the
development of such patterns that rivers are not completely chaotic, and a measure of
predictability does exist. Patterns arise asthe river gpproaches gability, which is afunction
of the availability, movement and organisation of water, sediment and vegetation through
time. The effect of these patternsis non-linear.

Non+linearity implies that it is difficult to create a modd that would describe patterns
observed over awide range of scales. It iseasier to bresk the river system up into different
parts and have a model for each part, but ignoring their interactions would result in
incomplete description of the whole-sysem behaviour. Hierarchy and non-linear theory
provide a way to deal with the complexity of rivers by breaking up the river system into
partsand alowing these partsto interact.

This chapter reviews what is thought of as complexity and exactly why rivers are
consdered to be complex sysems. It discusses how models of rivers unravel river

complexity and how complexity theory can help to achieve reliable river modelling.

2.1 Complexity and moddling

The root meaning of the word complexity is “interfolded” or “braided together”, implying
that a complex sysem is not easy to understand. Gell-Mann (1994) studied complexity and
st out to find out what condtitutes a complex system. He defined the term “crude
complexity” as simply the length of description. If a complex system, for example, were
described using words, it would take a great number of words to describe that system and
all its attributes. The grester the number of words, the higher the crude complexity of the



system. When a part of the system is well understood, the length of description of that part
can be shortened into asingle concept or even asingle word.

“Effective complexity” is the length of description using the separate parts aready
dhortened.  Effective complexity is a good way to determine how complex the sysem
modelsreally are and is discussed in more detail below (Gell-Mann, 1994).

Models demondrate a scientific understanding. While a complex system is an open
sygem, models usualy describe only a part of the sysem (Cilliers 2001). Often
mathematical equations are used to explain the part of a system using dependent variables
given independent variables. Gell-Mann (1994) gives the example of an ecologist counting
trees of a species used as independent variables. The ecologist may realise that for much
less effort, groups of these trees could be counted and would Hill provide the data
necessary to verify the model. Even large patches of tree species can be counted and till
verify the model. It is therefore, necessary to gecify a level of detall up to which the
sysem is described, whilst ignoring the finer detalls. This is known as coarse-graning.
Coarse-graining adapts the dependent variables, enabling the model to be more easily
described mathematically. Such a model is till able to explain how the system is
understood.

The way the model is coarse-grained will therefore result in some information being lost
but it would add to the underganding of the sysem since the effective complexity is
reduced. Effective complexity involves two aspects of a model. The first is how difficult it
is to formulate the model for the part of the system it is coarse-grained to describe. The
second is how difficult it isto gpply the model practically. Both become more difficult as
the system moves to an intermediate point between order and disorder and therefore
increases the effective complexity (Figure 2.1).

A brief model can sometimes describe a whole range of dynamic patterns. Compression of
patterns into a brief model is much easier for a very ordered system since one river
arrangement would not differ significantly from another. If the behaviour were very
disordered, paterns would not have to be reproduced and a brief model would also be
enough to recreate the same, almost random, behaviour (Gell-Mann, 1994). The ripple and



dune geometry model, described in section 5.8, for predicting the development of bed-
forms frominitial to an equilibrium state uses only a small number of equations. No more
than a few equations are used because of the ordered nature of bed-form behaviour.
However, their disordered nature produced by their varied and changing geometry makes
it difficult to reduce the number of equations. The model therefore has high effective
complexity.

Effective
complexity

v

< Orde Disorder >

Figure 2.1 A diagram showing the effective complexity varying as the sysem moves
towardsa state between order and disorder

A model may use only simple equations but the program procedure to run that equation
may produce complex behaviour (Wolfram, 1984). For example, the Cellular Automéata
modelling, described in section 5.5, used to model sediment bar dynamics, uses a smple
sediment routing formulation according to local bed dopes. The disordered nature of sand
bar development as flow moves in many directions makes it very hard to apply thissmple
formulation and requires much computer code. The modd therefore also has high effective
complexity.

2.2 Reasonsfor river complexity

The complexity of a system increases as the number of interacting processes increases
(Cilliers, 2001). Rivers are complex since their behaviour involves many processes.
“Process’ in rivers refers to the dynamic series of actions or operaions producing a

particular river arrangement or distribution of biota (Habersack, 2000).
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In ariver, the water, sediment and vegetation processes interact. Vegetation and river form
determine hydraulic conditions for a given discharge; hydraulic conditions and river form
define habitat for vegetation establisnment and growth; vegetation and hydraulics
determine form by controlling the movement, trapping and storing of sediment
(Figure 2.2) (Jordanova and James, 2003; Michadlides and Wainwright, 2004).

\4

Hydraulics
A

A\ 4

River form

» Vegetation

Figure2.2 Schematic showing sediment-hydraulicsvegetation  interaction
(Jameset al, 2001a)

Petterns produced by sediment, hydraulics and vegetation processes can be observed over
many scales within ariver (Montgomery, 1999). Scale determines the units gppropriate for
observing patterns. It is characterised by grain and extent, and defines the upper and lower
limits of resolution of the scale a which the model explains the process dynamics
(Dollar et al, 2007). Figure 2.3 illustrates bed-forms observed & an extent of about 1 metre
and agrain not much larger than 10 centimetres. Making the grain too large or extent too
small will result in no distinguishable pattern being discerned.

Figure 2.3 Ripplesobserved at a particular scale

As the range of scales over which observations are made increases, it becomes harder to
compress the patterns, produced by processes, into models. For example, patterns
produced by sediment process of a river can be found at a very large extent to include
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planform patterns such as meandering or bar development. Stand-alone models for
sediment dynamics do not exist over the entire range of scales over which these patterns
are discerned. Increasing the extent therefore requires an increase in the number of models
necessry to describe al the patterns that will be observed as a result
(Haschenburger and Souch, 2004). In order to simulate the full range of river behaviour,
separate models have to represent patterns produced by processes at al required scales
(Lenaerts et al, 2002).

Hence, the effective complexity of rivers & a particular scale is high but increases even
more as the extent increases and the grain decreases. Including interacting processes
increases the effective complexity of rivers even more. The effects of these process
interactions at the larger scales are non-linear. Non-linearity indicates that what happens at
a smaller scale cannot be summed to produce larger scale effects, i.e. superposition does
not gpply. Non-linearity is prescribed by complex systems (Cilliers, 2001) and is outlined
in section 2.4.

23 Hierarchical description

Hierarchies are useful devices for organising models at various spatial and tempora scales
or organisationa levels (Wu and David, 2002). Hierarchy theory allows aspects of riversto
fit into naturally occurring levels that share smilar time and space scales and interact in
sysematic ways (Jewitt and Gorgens, 2000; Harrison, 2001; Favis-Mortlock, 2004). The
higher levels are characterised by high perspective and low detail and the lower levels by
low pergpective and high detail (Lane and Richards, 1997; Jewitt and Gorgens, 2000). At
coarse scales the effects of local heterogeneity are averaged out or coarse-grained, o that
patterns appear to be more predictable (Wiens, 1998). Patterns forming at a particular scale
within the hierachy conditute an organisational level (O'Nelll et al, 1989,
Dollar et al, 2007) as shown by Figure 2.4.

Macro-reaches can be defined as stretches of river where flow and sediment regime
influences are sufficiently uniform to result in similar channel-types. Within macro-reaches

are a variety of channel-types (such as braided or meandering) and within each channel-



type are geomorphic units (Thorp et al, 2006). A channd-type is characterised by a
particular combination of geomorphic units (van Niekerk and Heritage, 1993) and
asumed to be representative of al similar stretches of the river. A geomorphic unit is a
sedimentary or bedrock sructure forming a feature in the river channel, e.g. apool or abar.

Geomor phology Hydrology Ecology
Drainage Basn Occurrence Landscape
Macro-reach Volume Ecosygem
Channd Type Discharge Community
Geomorphic Unit Velocity Organism
Particle Cluser Turbulence
Individual Particle

Figure 2.4 Hierarchical descriptions of levels of organisation that characterise the
geomorphological, hydrological and ecological subsysems of a river
(Dollar et al, 2007)

Vegetaion at different scales is adequately represented through the ecology hierarchy
(Barrett et al, 1997), and describes a plant population as a collection of interbreeding
plants. Vegetation responses are observed at the spatial and temporal scales considered
important by the experts sudying them. At one extreme end of resolution, vegetation could
be described as simply absent or present and at the other end by the number and size of
individuals of a particular species and their location within the reach. It is aso not practical
to model vegetation dynamics at time seps as small as hours because the changes in
vegetation ructure would be too small to have sgnificant effects on river form.
Sengitivity analyses show thet processes at very small time scales (such as plant growth)
can be neglected at larger temporal scale, since changes in population digribution would
gopear sagnant (Jewitt and Gorgens, 2000). Hydrology can be described at most spatial
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and temporal scales and can easily be related to both vegetation and sediment
organisational models.

Hierarchical descriptions can be integrated within a hierarchical framework asillustrated in
Figure 2.5, which integrates different river processes to describe river form dynamics at
various organisational levels.

Macro-reach scale
Spatial extent - 10000m
Spatial grain - 1000m

Reach scale
Spatial extent - 1000m
Spatial grain - 100

Channd-type scale
Spatial extent - 100m
Spatial grain - 10m

Geomorphological-unit sc&
Spatial extent - 10m
Spatial grain - 1Im

Micro scale
Spatial extent - 1m
Spatial grain - 0.1m

Figure 2.5 Representation of river form linked through a hierarchical framework
(adapted from Sear et al. 1995)

The extent of a lower organisational level is represented at the grain of a higher
organisational level. The organisational levels important for decadal geomorphology
prediction are loosdy the reach scale, channel-type scale and the geomorphological-unit



scale because at these temporal scales these organisational levels have the mog tangible
effects on geomorphological change. These organisational levels, however, should be
adaptable and not fixed because pattern determines scale and not the other way around
(Cilliers, 2001).

24 Non-linearity of river processes

24.1 Up-scaling

Up-scaling alows transference of small-scale variability to make large-scale predictions
(Spedding, 1997). Up-scaling is needed for river management to assessthe overall ecology
and not jugt a the scales where important biotic agpects are observed (Habersack, 2000).

Statigtical up-scaling focuses on how best to represent the spatial variability of small-scale
properties a the large scales, taking advantage of strongly linearizable smaller scale
properties. Statistical up-scaling embeds or reflects small-scale process effects but does not
explain the relevant processes. Statistical up-scaling produces smple lumped models
which may not be sufficient to capture the complexity produced by interacting river
processes. Such models may agree with patial behaviour but temporally ill be unable to
estimate geomorphological change to a consstently high level of accuracy (Haff, 1996).
This is primarily due to the non-linear large-scale effects of these small-scale river
processes. The non-linearity of river geomorphology is indicated through the presence of
slf-organisation and emergence within river sysems (Haff, 1996). Sef-organisation and
emergence form part of non-linear theory used to characterise complex systems
(Wu and David, 2002; Bogena and Diekkrtger, 2002).

A more effective up-scaing method than gaigica up-scaling is presented in this study.
This method uses a hierarchica modelling approach which is a “real time” up-scaling
where small-scale processes are are simulated concurrently and interact with the large-
scale ones This dynamic up-scaling approach uses the spatially averaged numerical
outputs of models representing small-scale process.

15



24.2 df-organisation

De Wolf and Holvoet (2004) proposed a working definition for self-organisation: “ Self-
organisation is a dynamical and adgptive process where systems acquire and maintain
gructure themselves, without external control.”

Sdf-organisation in rivers is closely relaed to the equilibrium  concept
(De Wolf and Holvoet, 2004). Equilibrium of river form is maintained by energy
dissipation to tend to a point where the inputs and outputs of mass and energy into sysem
are equa (Graf, 1988). The destabilisation of rivers typically occurs when the balance
between controlling factors becomes dtered. The controlling factors are discharge,
sediment load, size of bed materid, vegetation (riparian and/or upland species) and slope.

Any change in these controlling factors may result in new river form tending towards a
new equilibrium sate. It sets up a series of concurrent adjustments to seek a new
equilibrium (Leopold et al, 1964). Hack (1960), used the term "dynamic equilibrium”,
referring to a system in which there is a continuous inflow of materials where the form or
character of the system remains unchanged. Energy-dissipating functions are dependent on
flow resstance coefficients, which adjust the river sysem’s ability to balance the inputs
and outputs of water and sediment (Phillips, 1996).

In the self-organised gate of a fluvid system, the outflow would be equa to the inflow
with no change in river form patterns. Pushing the fluvia system into disequilibrium
causes the inflow and outflow of sediment to become different and adjust river form
patterns. The adjusment would be rapid at first but would dow down as the sysem moved
towards a sdlf-organised Sate.

Sdlf-organisation of river form can be observed a& various organisational levels
(Thorneand Welford, 1994; Eatonetal,2004) such as drainage networks, slope
morphology and bed-forms (Phillips, 1996). At the geomorphological-unit scale, ripples or
dunes sdlf-organise under the action of flowing water. A constant flow of water and
sediment for long enough will cause bed-forms eventually to develop a constant length and
height (Raudkivi, 1997). The bed-form might till move but the length would remain the
same. This dynamic quality is referred to as “self-organised criticality”. Self-organised
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criticality can be considered as a dynamic state of the pattern, describing the whole system,
which maintainsitself at a critical point (Bak, 1996, Fonstad and Marcus, 2003).

Bars may also self-organise critically by migrating within achannel. They may still appear
to move but the amount of sediment dored in the sysem remains unchanged
(Huang et al, 2004). At higher organisational levels, river geometry such as width, depth,
snuosity and longitudinal grain size digribution aso self-organise critically (Stelum 1996;
Sapozhnikov and Foufoula-Georgiou, 1996). It has been noted by Paola (2001) that this

dynamic behaviour of river form stabilises as vegetation colonises the resulting template.

243 Emer genceand emer gent structures

Emergence of river form patterns is important & various organisational levels
(Church, 1996). An emergent phenomenon is seen as a large-scale, group behaviour of a
sysgem, which does not seem to have any clear explanation in terms of the sysem's
condtituent parts (Schweber, 1993; Darley, 1993). De Wolf and Holvoet (2004) proposed a
working definition for emergence: “A system exhibits emergence when there are coherent
emergents at the macro-level that dynamically arise from the interactions between the parts
a the micro-level. Such emergents are novel with respect to the individual parts of the
sysem.”

A river may be consdered as an emergent phenomenon. From a purely reductionist point
of view, ariver could be viewed as a continually fed flow of water molecules. It would not
be considered ariver but rather water molecules in motion. To view the river in this light
would deny opportunities to increase the understanding of the river in its entirety, since
much of the explanatory power would be logt. Such an opportunity would be to describe
theriver as used by its biota To itsbiological inhabitants theriver is a persstent feature of
their environment. The river's emergence therefore lies not in the materials that drive the
process but rather in the collection of processesthat exists (Abbott, 2005).
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De Wolf and Holvoet (2004) compared self-organisation to emergence and noted that a
process can be characterised by self-organisation or emergence or both. Self-organisation
is mostly associated with emergence. Emergence can exis without self-organisation when
there is a micro-mecro effect but no increase in order. Sdf-organisation can exist alone
when there is an increase in order but no micro-macro effect. There are few similarities
between emergence and self-organisation, other than that both arise from dynamic
processes over time. Together, they congtitute an emergent structure and can be used to
integrate the many pats of complex sysems (De Wolf and Holvoet, 2004;
Inamdar, 2006). Micro-forms self-organise length and height to change flow resistance that
emerges a larger scdes. Bed-forms therefore display both self-organisation and

emergence and can be considered to be emergent structures.

In rivers, emergent sructures arise within organisational levels. Self-organisation & a
lower level can affect self-organisation at a higher level through emergent structures. An
example is the self-organisation of sediment bars observed a the channd-type scale. The
manner in which a bar self-organises or arranges depends on the effect thet other bars and
vegetation within the same channel have on water flow, i.e. bars and vegetation provide
feedback to create a particular pattern within the channdl. Hence, when the system is
viewed at the higher organisational level or, in this case, the channd-type scale, a
particular pattern emerges that is made up of sediment bars self-organising towards an
equilibrium state and becoming congtant if controlling factors also remain congant. It is
this emergent pattern that alows the channel-type to be classified. Figure 2.6 shows the
feedback between river processes a a lower level allowing patterns at the larger scale to

emerge.

From a reductionist point of view, river form can aso be considered to be made up of
sediment particles. However, that would exclude the way in which these particles are
ordered. Observation of sediment organisation at increasing scales revedls the emergence
of ordered patterns including bed-form, sediment bar and planform patterns. These patterns
are discerned at various scales and can be described from the top down, using emergent
laws. Baas and Emmeche (1997) summarised emergent laws as the general principles of

the regularities produced by emergent structures. Ripple and dune formation on river beds,
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for example, is an emergent phenomenon. These bed-form patterns can be described by
emergent laws such as van Rijn’'s (1984) empirical equations. These laws are used to
predict the length and height of bed-forms and the time it would take for these bed-forms
to develop. An emergent propaty stemming from micro-forms is roughness, which
determines how larger scale water flow is affected.

Vegetation

Figure 2.6 Process modds linked to produce self-organisation and emergence
(anemergent dructure) at a particular organisational level (Adapted from
Baas and Emmeche, 1997)

25 Conduson

Desaling with complexity in river geomorphological modelling is vital to achieve reliable
predictions over decadal time scales egpecially when consdering that small-scale
processes are required to achieve this It is largely the interacting processes of water,
sediment and vegetation that contribute to river complexity. The non-linearity of river
process interactions means that modelling has to alow for emergent Sructures a various
organisational levels It is therefore necessary to investigate the details of these interacting
processes and the particulars of the feedbacks that affect river form.
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The aim of this study isto further the predictive capability of geomorphological modelling
by developing an approach that is able to ded with the complexity associated with rivers.
In order to make better predictions over decada time scales, the interactions across scales
must be considered. The hierarchical modelling strategy links emergent structures forming
a various organisational levels by using the coarse-grained predictions of water flow
ressance at smaller scalesto make predictionsat larger scales. The predictions of material
flows of water, sediment and biomass at larger scales form the boundary conditions around
which the smaller scale predictions are made.

The following chepter describes river processes and the feedbacks affecting river
geomorphology, in order to determine the modelling that isrequired.
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Chapter 3 - Processes affecting river

geomor phology

River process interactions affect river geomorphology in various ways. These river
processes include sediment, vegetation and water dynamics. Knowledge of these processes
is essential for assessing the complexity of rivers and dealing with complexity is essential
for meking reliable predictions over decadal time scales. This chapter details process
interactions that should be included in river geomorphological modelling used for
prediction of river form and habitat at a decadal time scale.

3.1 Vegetation dynamics

3.1.1 Riparian vegetation

Rivers and sreams, aong with their adjacent floodplain areas, are referred to as riparian
ecosysems. Riparian sysems have been noted for their resilience, i.e. their ability to
recover quickly from disturbance (Gecy and Wilson, 1990). Riparian species have
developed response mechanisms, which allow them to adapt to a rapidly changing
geomorphology. Even if a flood deposts a layer of sediment carried from upstream, the
trees and reeds can quickly put out new shoots in this layer and continue growing on the
same site (Rountree et al, 2000).

Riparian zones have considerable impact on the flow resistance and transport of sediment
and therefore on the geomorphology (Baptist et al, 2002). At the reach scale, the flow
regime is the primary source of disturbance in riparian zones and is considered to be the
driving force behind riparian vegetation persistence and survival (Junk et al, 1989). A flow
regime can be defined by its main components of magnitude, frequency, duration, timing
and rate of change of discharge. Any flow regime has a natural range of variation in these
five characteristics, due to seasonal or inter-annual variation in runoff (Poff et al, 1997).
Other factors influencing riparian vegetation ae channel hydraulics, fluvia
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geomorphology and geotechnical considerations (Pollowy, 1998). As such, riparian zones

are diverse and complex biophysical sysems subject to disturbances a various scales.

Theriparian corridor acts as a disspative structure resisting water flow over various scales.
Riparian vegetation contributes to the dissipation of the kinetic energy of floodsthrough its
high flow resistance to water flow. The role of the vegetation in determining overall flow
ressance is of great importance (Bren, 1993). Dissipative effects of riparian vegetation
during floods vary with the discharge and gppear to vary according to the width of the
riparian corridor in comparison with the channel width (Baptist et al, 2002).

Riparian vegetation controls hydraulic processes at the geomorphological-unit scale
(Darby, 1999). Theflow field in the river adjusts to the vertical and horizontal structures of
the riparian vegetation (Tabacchi et al, 2000). This local control of riparian vegetation on
water flow gives it the ability to entrap and retain sediment. Sediment deposition in turn
provides Stes for riparian-vegetation colonisation (Fetherston et al, 1995).

3.1.2 Vegetation esablishment and succession

At the geomorphological-unit scale, water flow influences vegetation dynamics by
providing, or limiting, opportunities for processes such as seed production and dispersal,
germination, survival and growth. Vegetation interacts with hydrological processes from
the earlies stages of plant succession and can have significant impacts on hydraulic
processes, particularly during periods of low flow, as well as at the beginning or &t the end
of flood periods (Thorne et al, 1997).

Disturbances initisted by floods of different magnitudes are fundamental influences on
riparian vegetation. At the macro-reach scale, extreme floods act to reorganise the physical
river template by eroding and depositing sediment, readjusting channel geometry and
redigributing nutrients. Extreme floods also destroy established riparian vegetation and
deposit woody debris (Parsons et al, 2003).

At smaller scales, frequent flooding discourages the establishment of terrestrial vegetation
by surface eroson and scour and by the physiological effects of inundation
(Gregory et al, 1991). The timing of floods s critical for successful plant performance and



most species tend to have a lower flooding tolerance during growth periods
(Siebel and Blom, 1998). Thus, event timing is the critical parameter for the hydraulic
reoonse of riparian vegetation to flood events. The survival of riparian vegetation
therefore depends significantly on elevation above the active channel of the river
(Stromberg et al, 1993).

Through influencing river flow, geomorphology strongly influences spatial patterns of
riparian vegetation (James et al, 1996). Other factorsinclude light and nutrient availability,
0il texture, and biotic properties of the oil. Riparian vegetation demonstretes a
downgtream zonetion, which is greatly affected by the specific characterigtics of the
subgtrate present (du Plessis, 1997). Soils differ in their ability to support plant life in the
riparian environment. The varying hydrologic settings of riparian environments (repested
flooding and drying), can destroy soil structure in silt and clay soils When this happens
s0ils may become too dense, not alowing seeds to germinate, or to persst even if they
germinate, because the new roots are unable to penetrate through the compacted soil
(Pollowy, 1998).

Seeds are trangported and dispersed readily by wind and water and opportunistically
colonise aress of the channel that are abandoned or exposed at low flows (Johnson, 2000).
However, hydrology limits whet plants will grow and where. It isknown, for example, that
water levels required for successful establishment may be quite different from optimum
conditions for subsequent survival and growth and that the reponse to water levels may
vary among species (Mahoney and Rood, 1998). Vegetation that is not removed while
young, when the plants can be uprooted or buried by even minor flows, becomes stronger
and increasingly resistant to erosion and removal by the flow (Tal et al, 2003).

Periods of drought lead to areduction in flows that would otherwise flush out vegetation in
its early stages (Johnson, 2000). Droughts cause dropping of the weter table, which favours
the establishment of vegetaion that may not grow under norma conditions
(Rountree et al, 2001). The colonisation of newly deposited sediments by vegetation helps
to sugan high moisture levels in the upper sediment layers during dry periods
(Tabacchi et al, 2000).
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3.1.3Flow resgtance of vegetation

At the channd-type scale, riparian vegetaion successon determines the way hydraulic
processes are affected. A narrow strip of trees with sharp boundaries is expected to
increase turbulence a the internal and external edges, thus enhancing the resigance to flow
when the water level rises A patchy, heterogeneous vegetation profile may distribute
ressgance to transverse flow, increasng the latera spatial extent of turbulence
(Tabacchi et al, 2000). Vegeation affecting the roughness of a channel may aso influence
channel change by altering the way in which sediment is moved through a reach, since it
influences the velocity of the flow and the amount of energy available for trangporting
sediment (Dawson and Charlton, 1988).

The factors which influence the roughness of vegetation at both the channel-type scale and

the geomorphological-unit scale include:

n theheght of vegetation relative to depth of flow (Dawson and Roberson, 1985),

n the diameter, shgpe and surface texture of plant stems and leaves
(Kouwen and Li, 1980),

n the height and stiffness coefficient which is a composite parameter that includes the
density, eladticity, shgpe and flexibility of the vegetation
(Fathi-Maghadam and Kouwen, 1997),

n theform resistance and the dimensions of the plant patch (Petryk and Bosmgjian, 1975)
and

n the digribution ad density of sems within the plant paich
(Petryk and Bosmgjian, 1975).

Roughness can be extremely dynamic and change significantly in a short space of time
(Dawson and Charlton, 1988). The roughness of plants changes as water velocity changes.
Increasing velocity first leads to a rippled pattern in the vegetation with some turbulence
and then to flattening of plants with a reduction in turbulence. Patchy vegetaion of
differing height and flexibility increases the variability of the roughness coefficient
(Bromley et al, 1997).
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314 LargeWoody debris

Coarse or large woody debris in rivers presents large roughness eements that divert
flowing water and influence the scour and deposition of sediment. Dead logs can initiate
the formation of mid-channel bars (Malanson and Buitler, 1990) or create a change in river
form through log jams which cause the backing up of water in pools known as debris
dams. Woody debris may cause significant channel migration or widening, and increase
sediment sorage. However, the geomorphic effects of woody debris vary with river size
(Zimmerman et al, 1967).

Large woody debris in rivers results from trees that fall on banks or hillslopes. Processes
that initiate tree-fall include windthrow, bank erosion, channel avulsion, tree mortdity,
mass wasting and land-use practices, such as logging (Nakamura and Swanson, 1993). In-
channel debris affects the flow resgance, channel bank-stability, sediment routing and
gorage (Gregory, 1992).

3.2 Sediment dynamics

3.2.1 Sediment movement

River hydraulics affects sediment trangport processes, causing changes in channel form at
various scales (Richardson and Simons, 1976). Hydraulics is the branch of physics dealing
with the mechanics of water and is concerned with the energy of moving water. Inrivers,
hydraulics is the main driver of sediment transport causing erosion or depostion
(Pollowy, 1998). Sediment movement takes place through the action of hydraulic forceson
sngle grains of the riverbed. At the micro scale, a condition is reached where afew grains
here and there begin to move if water flow velocity over aflat surface of loose grains is
gradually increased (Raudkivi, 1976). Generdly, at higher velocities, transport of sediment

occurs.

Changes in magnitude, duration, and timing of river flows affect sediment movement.
Sediment movement includes erosion, trangport and deposition, which may be discrete,
episodic or continuous in time and isolated, patchy or uniform in space depending on the
scales of observation used. Sediment trangport capecity of a river is determined by the
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channel competence and the physical properties of the bed material (size, density and
shape) (Richardson and Simons, 1976).

Various factors affecting sediment transport are given in Table 3.1. A storm of given
magnitude may transport alarge volume of sediment, as suspended and bed-load materia,
wheresas a later storm of the same magnitude, may trangport less sediment, owing to the
other controlling factors being modified by the first gorm (van Sicle and Beschta, 1983).

The flow and transport processes in ariver are governed by the geomorphology and the
supply of water and sediment from the catchment. The supply of sediment from the
catchment varies spatialy and temporaly. External inputs will depend on the degree of
westhering and the frequency of overland and gully flow providing sediment to the river.
Vegetaive cover in the catchment also determines the sediment load delivered to the
channel (Nicolson, 1999).

Table 3.1 Factor s affecting sediment transport (Heritage and van Niekerk, 1995)

Discharge regime Flow volumes
Flow frequency
Flow duration

Sediment supply Land degradation rates
Sediment trandocation
In-channel sorage
Channel competence Channel roughness
Channel slope
Channel shape

Once sediment has entered the channd, it is generdly trangported dowly downstreamin a
gporadic manner by a number of separate flow events of varying magnitude. The transport
of sediment through a river reech depends on discharge and will therefore vary
considerably through natura hydrological variations (Birkhead et al, 1998). Changesto the
supply of sediment or the transport capacity of a river will eventually result in bed levels
rising as sediment builds up, or falling as sediment is removed. Local inputs from bank
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collgpse or disruption of a channel sorage area may lead to release and movement of
previoudy stationary material downstream (Meigh, 1987).

The ungeadiness in bed-load transport rates has resulted in the identification of discrete
quasi-periodic bed-load pulses (Hoey and Sutherland, 1991). Gomez (1991) regards
pulsing as diginct temporal fluctuations in the transport rate, which need not be of
gatidically significant regularity. These regular pulses may reflect the development of
dynamic sediment waves with length scales equivdent to the channel width
(Griffiths, 1993) and are asociated with scour and fill phenomena (Ashmore, 1988;
Whiting et al, 1998). Unsteady transport also occurs at the scale of ingantaneous particle
interactions with the flow a temporal and spatial scales corresponding with turbulence
(Williams, 1990). Such spatial and tempora organisation in bed-load may result in subtle
tempora changes in bed elevation and bed roughness, which may modify local hydraulic
conditions (Seminara et al, 1996).

32.2 Erodonand deposition

Eroson occurs when water flow removes particles from the riverbank and/or riverbed.
Eroson processes depend on the geotechnical properties of bank and bed material, for
example the presence or absence of cohesion and the other parameters (Thorne, 1990).

River bank erosion drives temporal changes in river planform. Increasing hydraulic shear
or increasing bank erodibility should result in increased rates of bank erosion and lateral
river migration. River channels will naturally migrate because of erosion on the outsde of
bends and deposition on the inside. Through these processes, the meanders will migrate
downdgream a a rate cortrolled by the water’s energy, the ability of the bank and bed
material to resst erosion, bank height and the radius of curvature of the meander. Variables
such as topography, geology and vegetation govern bank eroson (Howard, 1984).

Bed erosion can destabilise riverbanks by overstegpening the slope and undermining the
bank toe, particularly after the level of the active channel incises below the root zone of the
riparian vegetation, and/or after the channel erodes down to amore resistant subsrate. The
combination of increased energy within the channel and reduced bank-stability often leads
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to rapid bank eroson. Toe erosion refers to al incidents of bank undermining and collapse
due to water flow (ISPG, 2002).

Loca scour is erodon at a specific location that is greater than erosion found at other
nearby locations of the riverbed or bank. Local scour can occur on both the channel bank
and bed (Smons and Senturk, 1992).

Depostion is the progressive accumulation of in-channel sediment resulting in increased
channel bed elevation. Deposition is aresponse to channel sysem changes that reducesthe
channdl’s capacity to trangport the sediment delivered to it. Generdly, this occurs as result
of increased sediment supply, increased grain Size or diminished stream power (transport
capecity).

Erosion and deposition produce sorting of sediment. Since mogt riverbeds consist of grains
with a broad range of size fractions, sorting can produce variable sediment grading along
the river. Transported sediment generally increases in volume downstream but decreasesin
particle size. In an erosion process, fine particles are entrained more easlly and the bed
surface will become progressively coarser. Ultimately, an armour coat of large particlesis
formed, stopping further degradation. During the depostion process layers of sediment
will be deposited on the bed surface and the bed surface will be progressively finer. Loca
variations in geology and bank meaterial, as well as depostiona patterns, may result in
highly variable sediment character (du Plessis, 1997).

32.3River bank-gtability

Channel-width adjustment occursin awide variety of geomorphic contexts and is usually
accompanied by changes in other morphological parameters, such as channel depth,
roughness, bed materid composition, riparian vegetation, energy slope and channel
planform. The processes responsible for width adjustment are diverse and the adjustment
process itself digplays awide variety of spatial and temporal patterns.

Channel-width increase occurs through mass failure, resulting from bank ingtability. Mass
failure usually occurs by acombination of fluvial erosion of intact bank material and mass
failure under gravity followed by basal clean-out of disurbed meaterial. Mass failure isthe
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downward movement of large and intact masses of soil and rock. It occurs when the down-
dope shear stress (weight) exceeds the shear srength (resstance to weight) of the earth
material. Shear stress is the driving force from gravity and/or loads acting on the slope.
Shear drength is the characteristic of s0il (cohesive bonds between particles and
aggregates), rock and root dructure. Any cause that increases the shear stress or,
conversely, decreases the shear strength will cause a mass faillure. Most mass failures are
triggered by water sauraing a dlide-prone dope (Turner and Schuder, 1996).
Furthermore, mass failure can occur in combination with other mechanisms of failure such

astoe eroson or subsurface entrainment (ISPG, 2002).

Bank drainage enhances bank-stability and is effected by riparian vegetation; vegetated
banks are drier and better drained than unvegetated banks (Thorne, 1990). Vegetation can
also contribute to bank-gtability through canopy interception and evapotranspiration. These
effects lead to drier, better-drained banks with reduced bulk unit weight, as well as lower

positive pore pressures (Simon and Collison, 2002).

A critical condition for bank failure usually occurs during rapid draw-down of the water
surface elevation on the riverside of the bank. The reason for this is tha the riverbank
might become saturated during high-flow conditions and that the phrestic surface of the
infiltrated water in the bank does not recede a the same rate asthe water level in theriver.
This leads to excess pore water pressures within the soil of the bank weakening the soil
and providing cause for bank failure (Pollowy, 1998; Parkinson et al, 2003).

Riparian vegetation often enhances river bank-gability (Gregory, 1992). Vegetaion effects
on riverbank-gtability, however, are complex and vegetation cannot be classed as smply a
benefit or liability without detailed consideration of other factors, including the processes
responsible for retreat or advance, bank material properties and bank geometry and the
type, age, dengity and health of vegetation (Thorne, 1990).

3.24 Vegetation-sadiment inter action

Vegetation is an important agent in influencing fluvial geomorphology and sedimentary
processes because it affects local hydraulics that determine sediment transport. Vegetaion
offerslocal resstance to flow by increasing drag and reducing velocity, thus decreasing the
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dhexr dress avalable for eoson and trangport (Caollo e al, 2002
Jordanova and James, 2003). As vegetation dows water down, the tendency for sediment
to settle under the action of gravity increases and leads to build-up of sedimentary features
(Dawson and Charlton, 1988).

Vegetaion changes flow patterns and aters the way in which sediment moves down
through the channel (Nicolson, 1999). In-sream vegetation is therefore very effective in
promoting sediment deposition (Abt et al, 1994) since vegetation decreases the erosive
force of water (Pollowy, 1998). Boundary shear stressis proportional to the square of near-
bank velocity. Vegetation therefore reduces soil erodibility by retarding near-bank flow,
which reduces forces of drag and lift on the bank surface. Vegetaion aso damps
turbulence, which induces velocities 3x the mean for short sweeps (Smith, 1976).

Vegetaion plays an important role in trgpping fine material carried as wash load. Wash
load is sediment carried by the river, which is finer than that commonly found in the bed.
Wash load deposition can be significant on vegetated banks where dense strands or stalks
and stems damp turbulence and filter out fine material. The addition of fine materials may
increase the cohesion of the sedimentary deposits (Thorne, 1990).

Vegetaion can grow dense root networks that bind sedimentary festures and resist plant
removal by flood scour (Nilsson et al, 1989). Thus, vegetation acts as a sediment trgp and
confines erodible sediment particles, when the velocities do become higher the sand that
would have been eroded is now kept in place. Vegetation aso reinforces the soil to
increase its apparent cohesion (Waldron, 1977; Hicken and Nanson, 1984).

Deep-rooted plants associated with woody vegetation are able to withstand larger erosive
forces than grass and reed species can. More woody trees grow in areas where erosion
represents the dominant morphogenic force. In comparison, shallow-rooted species are
usually associated with aress of depostion; these species have roots that grow with the
accumulation of sediment (Haslam, 1978).



33River form

3.3.1 Effect of flooding onriver form

Floods may produce devastating impacts or only minor geomorphological changes.
Geomorphological changes caused by floods are related to the magnitude of discharge and
frequency of occurrence. Large floods are assocated with much grester shear stress and
dream power per unit boundary relative to the available ressance. They cause large-scale
channel modification or floodplain stripping. In zones where high shear stresses occur,
eroson may result with minima geomorphic impacts occurring elsewhere
(Magilligan et al, 1998; Parsons et al, 2003).

At the reach scale, the availability of sediment and the sequence of events may be as
important as flood magnitudes in determining the effects of flooding. Extreme floods are
also important geomorphologically because of their ability to erode the cohesive sediment
deposited as consolidated sediment at the macro-reach scale (Birkhead et al, 1998).

At the channd-type scale, increased flooding may result in channel incison. Channel
incison involves the progressive lowering of the channel bed relaive to its floodplain
elevation. Increased roughness can reduce conveyance over parts of the channel and force
the flow into a smaller area (Johnson, 1994). Increased roughness may result in higher
flow depths which can lead to greater flood potential as well as increased bed degradation
(Tsyjimoto and Kitamura, 1996).

3.3.2Vepetation— iver forminteraction

Vegetaion plays akey role in sabilising riverbanks, dissipating energy and maintaining a
gable channel form. Vegetaion colonises large areas of the sedimentary features in rivers
and plays an active role in determining the river form. Interrelationships of riparian
vegetation and river form are often illugtrated through the width-to-depth ratio of river
channels. One of the most striking changes that occurs with increasing vegetation is a
subgtantial reduction in the channel width, which can reduce the channel capacity and
increase the risk of flooding (Eschner et al, 1983). Also, increased vegetation density is
typically linked to a decrease in bank erosion and laterd migration rates (Smith, 1976).
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Bank-vegetated channels are narrower and deeper than unvegetated channels
(Cherlton et al, 1978). The width-to-depth ratios of rivers cutting through woodland are
generdly lower than those channels cutting through grassland (Zimmerman et al, 1967).
This can be attributed to the root depths of trees being deeper than those of grass and
increased resigting shear stress on the channel beds (Gregory, 1992).

At the macro-reach scale, vegetation has been recognized as a primary control on river
planform, particularly as a determinant of whether a river will adopt a braided or single-
thread pattern (Millar, 2000). For instance, vegetation is used to dter the stream flow
direction and induce meandering in  Sraight degraded river  channes
(Rowntree and Dollar, 1999). The vegetation around a bend effectively reduces eroson
and induces bank accretion and lateral migration (Beeson and Doyle, 1995). Studies have
shown that overdl behaviour of the sysem correates with vegetation type or density,
shifting between a single-thread channel and a multi-thread system as vegetation changes
(Goodwin, 1996; Ward and Tockner, 2000).

Vegetaion responds to changes in river form (James et al, 1996), 0 that vegetation
aurvival is significantly related to elevation. At the reach scale, the river form represents an
obvious environmental gradient, as flood duration decreases with increasing elevation.
Significant relationships have been found between vegetaion distribution and the elevation
of the morphological features in rivers (Gill, 1970; van Coller et al, 1997). Since such
gradients represent changes in flooding frequency and duration as well as water
availability, hydrology underlies these didribution patterns (Franz and Bazzaz, 1977,
Nicolson, 1999). Spatial distribution patterns of riparian plant species depend on the
interactions of hydrogeomorphic processes of the river with the topography
(Hupp and Ogterkamp, 1985). These vegetation distribution patterns are often described in
relation to the strong vertical and lateral gradients which characterise these riparian
sysems (Gregory et al, 1991).

At the channe-type scale vegetation digribution patterns are associated  with
geomorphological-units of channel bars channel shelves, the floodplain and terraces
(Hupp, 1988). The geomorphological-units thus strongly influence spatia patterns of
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riparian vegetation but riparian vegetation aso influences the evolution of geomorphic
units. At smilar scales vegetation affects river form through river bank-gability.
Vegetation increases river bank-stability through root binding of the earth and increasesthe
threshold shear dress needed to erode the sediment. Roots add tensile strength and
elagticity, which help to digribute stresses, thus enhancing the bulk shear strength of the
s0il. Root-permeated soil, therefore, makes up a composite material that has enhanced
grength (Thorne, 1990; Simon and Collison, 2002) although this effect remains poorly
quantified (Micheli and Kirchner, 2002). Woody vegetation may also lead to ingability of
banks due to undercutting: athough woody vegetation has deeper root systems than grassy
vegetation has, the shallow roots of grasses increase surface shear srength and therefore
enhance bank-stability (du Plessis, 1997).

The heterogeneity in the geomorphological sructure controls vegetation development
(Kalliolaand Puhakka, 1988) and is reflected in the digribution of different vegetation
types (Gregory et al, 1991). The edablishment of different vegetation types and their
growth is closaly related to the geomorphic environment (van Coller, 1993;
van Coller and Rogers 1996), often showing patterns of vegetation zonetion
(Furnessand Breen, 1980). Some species germinate only in particular geomorphic

environments (van Coller, 1993).

3.3.3 Effect of gedlogy onriver form

The form of ariver is influenced to alarge degree by the underlying geology and bedrock
lithologies which determine whether rivers are predominantly bedrock or sediment
controlled. The geology often produces complex fluvial geomorphological sructures as a
result of variable sediment deposition and erosion occurring down the course of theriver in
reponse to variable channdl gradients resulting from different bedrock lithologies
(Raudkivi, 1976; van Niekerk et al, 1996; Rountree et al, 2001).

The bedrock controls introduce additional variability into rivers owing to the sharp gradient
changes upstream and downstream of the bedrock controls. Additional bedrock influence on
geomorphological-units is present in such channels which will have an effect on both the



vegetation and hydrological characterigtics of the bedrock influenced sections of the river
(Rountree et al, 2000).

The geology of the catchment determines to a large degree whether the river is bedrock-
controlled or dluvia only. Bedrock-controlled river reaches are those which have
subgtantial proportions of the boundary exposed to bedrock, or are covered by a veneer
which is largely mobilised during high flows, so that underlying bedrock geometry strongly
influences patterns of flow hydraulics and sediment movement (Tinkler and Wohl, 1998).

Alluvial reaches generally have smaller water surface dopes than bedrock reaches. These
reaches contain sediment which may be eroded. The sediment size determines to a large
degree whether a river will be straight, braided or meandering. Alluvial reaches which are
fed by large amounts of coarse sediment develop ungable, wide, often braided channels,
whereas those with a limited coarse sediment supply develop stable, much narrower, often
meandering channels (Harvey, 1990). The mechanism of braiding streams involves multiple
channels that intertwine in a pattern and quickly rearrange themsealves. In some braided
systems, a large number of channels forms an intricate arrangement that changes in an
apparently random way while maintaining a gatigically seady sate (Paolaand Foufoula-
Georgiaou, 1991). Mid-channel bars are common on many active meandering gravel-bed
rivers. High sream power, unconsolidated banks, non-uniform flow, bed topography and
rapid rates of erosion and deposition characterise gravely braided rivers. Sediment supply
may be the mogt important control of channel pattern (Carson, 1984).

Channel responses in aluvia reaches can often be atributed to diginct causes These
include channd  migration, incison, laeral migration and  avulson
(Brewer and Lewin, 1998), which are most commonly observed in alluvial sysems that
arefree to adjust their channel boundaries.

In comparison with alluvia reaches, bedrock reaches accomodate morphological change at
very slow rates to increased levels of shear stressand stream power. High-magnitude flood
events may effect limited wear and polish but not large morphological change. The lope is
amost certainly well in excess of alluvial reaches. A relatively steep mean gradient is



consistent with the typical coexisence of gravel-bed and bedrock reaches and laterd or
transverse bars along the channd (Tinkler and Wohl, 1998).

The gradient of the river is arrested upstream of the bedrock outcrop, although when it
flows over the bedrock outcrop, the local gradient may become very steep. Such outcrops
are known as bedrock controls, since they exert a local controlling influence on the
gradient of both upstream and downgream aluvial sections of the river. Velocity is
increased owing to the seeply doping bedrock outcrop, and sediment load decreased
because much is deposited in the low-gradient, dow-flowing backwaters upstream of the
bedrock outcrop (Jameset al, 1996).

Transport capacity of grains over hard surfaces is larger than over loose grains of the same
Sze as those in motion. Bedrock therefore increases sediment transport owing to rebound
of sediment grains on hard bedrock. Unlike what takes place when grains impact on other
grains of similar size, much of the momentum of the impacting grains is not log to
frictional losses and small displacement of bed grains. As a result, downstream transition
from bedrock to dluvia bed can often be abrupt because of the sudden loss of mobility
(Howard, 1987).

334Bar for mation

There are three main causes of bar formation at the channel-type scale: a decrease in shear
dress, the widening of the channel and tributary entrances. These factors dl cause a flow
divergence. Channdl conditions that are likely to lead to Saionary bars appear to be
heterogeneous, coarse bed-load material, steep channel gradients, and shallow depths
(Lisle et al, 1991).

A combination of the following factors contributes to the crestion of these deposits and
prevents bar-head eroson (Lideet al, 1991):



n Coarse particles are carried into zones of decreasing boundary shear stress and are
sdlectively deposited to form a highly armoured surface layer.

n Shalow submergence of coarse particles further decreases their mobility.

n Mutual interference between large grains concentrated by sorting and deposition
enhances further accumul ations.

Mogt mid-channel bars are aresult of flow divergence (i.e. channel widening causing loss
of energy and depostion of a smal shoa which divides the channel in two). Flow
divergence is often caused by an obstruction, e.g. alog or tree (Hicken, 1984), or reagtant
coarse depodits, typicaly at the head of a bar. Figure 3.7 illugtrates the sequence of mid-
channel bar development. The resistant coarse deposits deflect flow and sediment transport
around the bar and thereby stop bed-load transport over the bar surface downgtream
(Figure 3.7 - A).

There is usually a spatiad gradation in size from the upstream to the downstream end, but
thisis less marked in early sages of bar development when material is very coarse and in
latter dageswhen it is predominantly sand (Figure 3.7 - B) (Hooke, 1997).

Vegetation influences and is influenced by the sedimentology and sedimentation of a bar.
A bar provides conditions for the establishment and growth of vegetation, i.e the
occurence of vegetation is the result of the bar as well as the cause. However, vegetation
does play arole in the subsequent growth and development of existing bars that have been
colonisad (Figure 3.7 - C) (Hicken, 1984). Without vegetative stabilisation bars may form
in theriver and later be eroded by high flows. Bars will not be eroded until the vegetation
has died or been stripped out by floods (Figure 3.7 - D) (Rowntree, 1991).
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Figure 3.7 Mid-channd bar formation (Hooke, 1997)

Over a period of several years, depending on the channel, flow on one side of a mid-
channel bar may become more dominant and the bar can evolve assymetrically to become
asde bar (Figure 3.8) (Hooke, 1997).

Many types or variations of bars can be present in ariver a the same time. The variations
reflect thelr pogtions within the channe (i.e. mid-channel or dde), their stages of
development, and their shapes (i.e. whether they are longitudinal or transverse). Bar type
depends on sediment supply and river gradient (Hooke, 1997).

37
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Figure 3.8 Different types of alluvial bar. Increasing stability from mid-channd bar
to scroll bar (Hooke, 1997)

34 Conduson

This chapter reviews river processes and the feedbacks affecting river geomorphology in
order to arive a fuller description, and thus highlights the complexity of river sysens.
Rivers can be considered as complex because not only do they include many interacting
processes, but these processes interact to change river geomorphology at various etial
and tempord scales. The river processes of water sediment and vegetation are complex in
themselves, holding implications for their modelling.

The organisational levels associated with a hierarchical description of rivers which are
identified to be important for decada prediction are the reach scale, channel-type scale and
the geomorphological-unit scale. Apart from extreme floods resetting riparian corridors at
the macro-reach scale, the organisational levels mainly associated with changes in river
form at a decadal time scale are observed at the reach scale, the channel-type scale and the
geomorphological-unit scale.



To model geomorphic changes over decades, the processes that must be described include:

n

n

n

Flood flows &t the reach scale

Vegetation esteblishment and growth a the geomorphologica-unit scae, vegetation
successon at the channel-type scde and vertica distribution of vegetation at the reach
scae

Resstance to water flow a various scaes since different vegetation and channel
competence characteristics comeinto effect at different scales

Eroson and depostion processes, using gppropriste sediment transport rates
appropriate to various spatial scales including local scour a the geomorphological-unit
scale

Bar formation caused by flow diversion and therefore flow in two directions as well as
sediment bar formation dynamics a the channel-type scale

The effect of vegetation on flow resistance, particularly at the channel-type scale since
vegetation plays alarge role in flow diversion and sediment trapping

Bedrock affecting river form

Geomorphological-unit scale sediment characteristics affecting water flow and
therefore also sediment transport rates

River bank-stability, especially when cohesion plays arole in bank substrate

The following chapter explains how these individual processes can be modelled. River

geomorphological modelling has to alow for feedback between interacting processes.

Chapter 6 provides evidence of the extent to which feedback of interacting processes is

included in modelling.
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Chapter 4 — Geomor phological

modelling

This chapter discusses modelling used in river geomorphology. It reviews the available
modelling methods and details of modelling identified processes a particular scales in
order to select the best modd for each organisational level for each individua process
affecting river form. Since these processes are complex in themselves, the best models are
those that smplify the dynamics they simulate but il provide realistic results. The review
identifies the mog suitable models for predicting river form change over decadal time
scales and the gaps where suitable modelling of particular processes at particular scales
does not exist. Where suitable modelling does not exist, the review guides the selection of
the mogt appropriate modelling method and provides insight on the type of model

formulations required.

More detail isgiven to certain existing models, including the following:

1) Modes not employed in this sudy but deemed to be important, as ascertained in
Chapter 3, for redlistic modelling of river geomorphology over decades These include
3-D CFD modelling, seedling recruitment modelling and bank-<tability modelling.

2) Those adapted to provide the models used in this sudy, for example the braided river
model of Murray and Paola (1994).

4.1 Moddling methods

4.1.1 Physical moddlling

Modéelling of river processes and interactions may be carried out usng physical modelling
techniques. In river geomorphology, scaled physical models have been used primarily to
investigate sediment processes. Physical models allow the development of channel patterns
and the effects of flow structure and bed-load transport on channel geometry to be studied.
Physical models alow water flow and sediment movement to be examined in detail over



ghort reaches. Sediment processes that can effectively be simulated in a physical model
with a movable bed include suspended load, bed-load, density currents, scour and
deposition, and channel shifting, widening and meandering. Physical models can also be
goplied in studies of the feedback between channel morphology and bed-load transport, in
mechanisms of anabranch avulsion and processes of fine-grained sediment deposition
(Julien, 2002).

Experiments can be carried out in miniature laboratory models or scaled physical models
to reproduce ariver system at asmall scale. Scaled physical models alow complex natural
processesto beinvestigated in a controlled and simplified environment. In order to creste a
redistic physical model of the river system, scaling must be agpplied to ensure that the
sysgem characterigtics are correctly represented. Scaling is based on the concept that
complete similarity between model and prototype is achieved when the modd displays
geometric, kinematic, and dynamic similitude.

One example of physical modelling application is micro-scale loose bed hydraulic models.
The United States Army Corps of Engineers has developed micro-models which are
extremely small physical models. Such a model consists of five components: a hydraulic
flume, a modd-channel insert, an eectronic flow controller, synthetic bed sediment and
pervious seel mesh, for replicating dikes and other river-training structures representing
the reach to be studied. Flow and sediment are recirculated though a submersible pump
(Gainsand Maynord, 2001).

Such micro-models have been used for channel response studies, such as establishing
auitable alignment, depth and width for navigation channels. Other channel response
gudies include improving flow conditions at bridges for example. These studies, however,
focus mainly on reducing maintenance in river channels. The models are aso used to
evaluate the likelihood of success of various channel control alternativesto obtain adesired
channel configuration. They are also used to identify the overall flow patterns and channel
form s0 that both surface velocity digributions and associated channel adjustment, are
obtained (Gains and Maynord, 2001).
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Since hierarchical modelling can be applied contextually only as computer programmes,
physical modelling serves mainly as a tool for calibration and verification of computer
programs. Physcial models may provide data sets for computer programmes using, for

example, rule-based models or artificial neural networksto make predictions.

4.1.2 Numerical modelling

Numerical models are developed to mimic the behaviour of natural systems as accurately
as possible and allow representation of natural phenomena observed at a particular scale.
This involves the condruction of a numerical modd based on a hypothesis using
identified variables and smplifying assumptions and boundary conditions
(Thomas and Huggett, 1980). The primary source of error in numerical model predictions
are the assumptions that are required to express the model mathematically. Numerical
modelling demands a greet deal of knowledge about these processes

The identification of the appropriate variables for inclusion in a numerical model and the
relationships between those variables is, to a certain degree, an inductive process.
Dependent variables form the output obtained from relationships with independent
variables or events that appear to contribute to explaining the phenomenon
(Baker and Twidale, 1991). The model is calibrated to get dependent variables to be
consstent with measured variables of the sysem. This is followed by verification to
compare model predictions with field and experimental data (Thomas and Huggett, 1980).

Numerical models describe river processes using equations varying from relatively smple
to highly complicated relationships, accounting for a wide range of interactions and
organisational levels. River geometry and other parameters representing the river sysem
aso vary from very simpligic to highly complicated. An appropriate intersection of
process and environment description is obtained to provide realistic smulations and model
samplicity (Michaelides and Wainwright, 2004).

A numerical modd is often presented as a sequence of procedures alowing one spatia or
tempord step to be followed logically by another. The accuracy and reliability of
numerical models applied to river geomorphology depends largely on the effectiveness of
the numerical methods employed and the user’s experience and skill. One gpplication of
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numerical models in representing fluvial sysems is known as Computational Fluid
Dynamics, which isdiscussed in detail in the following section.

4.1.3 Computational fluid dynamics

Computational FHuid Dynamics (CFD) models are used to dImulate increasingly
complicated cases They represent flow and sediment dynamics in 1, 2 and 3 dimensions
and simulate detailed processes such as non-equilibrium trangport of sediment with non-
uniform composition exchange between bed-load and suspended-load sediment movement
in unsteady flow. CFD models can predict changes in bed elevation resulting from spatial
differences in the predicted sediment flux fields, which are computed through numerical
solution of the sediment continuity equation. The sediment continuity equation is usually
smplified by neglecting either the longitudinal or the transverse sediment flux difference
terms. These smplifications allow these models to describe phenomena at larger scales
more regligticaly but limit their validity at smaller scales. For example, sream-wise and
transverse sediment flux terms are significant in describing near-bank and bed topography
changes at the geomorphological-unit scale (Darby and Thorne, 1992).

One-dimensona (1-D) models are used mainly to smulate long-term sediment transport
processss in the general flow direction and are generally gpplied a the reach scale. Two-
dimensional (2-D) and three-dimensional (3-D) models are used in studying local and
detalled phenomena a the channd-type scale or the geomorphological-unit scale.
Depth-averaged 2-D models resolve horizontal variations and provide many more details
like the influence of changing cross-sections and irregular side boundaries. These are used
for solving many practical problems over shorter river stretches, such as flow around
sediment bars or near structures.

Many CFD models include grain-size sorting modelling, which employs the mixing layer
theory. The mixing layer is the layer of bed material where sediment transport, for given
grain-size of bed material and flow condition, occurs. The mixing layer or the active layer
interacts with the bed surface or the inactive layer. During a depostion process some
sediment particles will leave the active layer and enter the inactive layer. During the scour
process, some paticles originaly in the inactive layer will enter the active layer.



According to this procedure, the thickness of the active layer is set equal to a presdected
number of layers times the geometric mean of the largest size class used in the simulation.
The active layer is defined as the bed material layer that can be worked or sorted through
by the action of the flowing water (Lee and Hsieh, 2003).

1-D sediment routing procedures ignore transverse sediment fluxes and require various
assumptions concerning the distribution of predicted changes in bed elevetion across the
channel cross-section (ASCE, 1998a). For example, Osman (1985) assumed that the bed
level change is didributed evenly over the entire crosssection. In contrad,
Alonso and Combs (1986), utilized various assumptions to distribute the scour and fill of
sediment more redigticaly across the section.

Kassam and Chaudhry (2002) developed a 2-D model to predict the time variation of bed
deformetion in aluvia channel beds. The model uses depth-averaged unsteady water flow
equations along with the sediment continuity equation. It employs a body-fitted coordinete
system and uses an unsteady flow equation. The effective Stresses associated with the flow
equations are modelled by using a congtant eddy viscodty approach. The model was used
to investigate the process of evolution and stability of bed deformation in circular bends
with uniform particle size.

Recently, several 3-D models for water flow and sediment transport have been developed.
Some of these 3-D models also have the capability to predict the evolution of the channel
bed. van Rijn (1987) proposed a quasi-3-D model in which the sediment transport is
calculated in 3-D, while the horizontal mean flow is obtained solving the 2-D depth-
averaged flow equations. His model assumes a vertical logarithmic velocity profile, which
is valid only for gradudly varying open channel flow. Gesder et al. (1999) developed a
mobile-bed module for sand rivers. It accounted for the movement of non-uniform
sediment mixtures through bed-load and suspended load. Their modd is also capable of
smulating bed evolution processes, such as aggradation scour and bed-material sorting.

Wu et al. (20008) proposed a fully non-hydrostatic 3-D finite volume model, which
included modules for both the suspended sediment and bed-load transport. Their modelling
of the bed-load improved on the non-equilibrium method proposed by van Rijn (1987).
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Wu et al. (2000a) also produced a 3-D CFD mode solving the full Reynolds-averaged
Navier-Stokes equations. The modd simulated suspended-load transport through the
general convection-diffusion equation with an empirical settling-velocity term. Bed-load
trangport is smulated with a non-equilibrium method and the bed deformation is obtained
from an overall mass-balance equation. The suspended-load model is tested for channel
flow situations with net entrainment from aloose bed and with net deposition.

CFD modelling isthe mogt accurate way of modelling the complicated flow phenomena of
water and sediment in rivers. However, it is very computationally intensive and the
required computational effort increases with the increasing amount of detail that the
models have to account for a decreasing scales. Numerical cellular automaton (CA)
models of fluvia geomorphology are smplified or relaxed adaptations of the equations
and numerical solutions of CFD modelling. Thisincreasesthe speed at which these models
run and therefore considerably increases computational efficiency. This also alows
numerical CA models to be applied at larger scales. The increase in computational speed
and simplicity also allows these models to include sediment processes between cells,
allowing river form at smaller scales to be accounted for (Coulthard et al, 2007).

4.1.4Rule-basad moddling

In rule-based models, the interactions between components of a sysem are not based
grictly on established equations, but aso, or exclusively, on rules that can take several
forms. Rule-based models can be: 1) abgtractions of basic physicd laws, 2) syntheses of
analyses, models, or observations of dynamics at scales smaller than those tregted in the
model; 3) based on observations of the naturd system on relatively large scales, and/or 4)
based on physical insight and intuition (Murray, 2003). Rule-based models enable the use
of many variables, and because of their coarse-grained nature they can be used to describe
generd trends at large scale. By temporarily setting aside variables that are significant at
smaller scales, they serve as powerful tools for genera interrelaionships at larger scales
(Ebertand Mitchell, 1975). Rule-based modelling is therefore most appropriate for
modelling vegetation dynamics a larger scales. Rule-based models are qualitative but,
owing to the computational nature of the hierarchical strategy employed in this study, they



have to make quantitative descriptions. Expert systems are used to meke quartitative

descriptions.

An expert system is a computer-based system that employs rule-based modelling to reason
using expert knowledge. Expert systems are built primarily for meking the experience,
underganding and problem solving capabilities of the expert in a particular subject area
available to the non-expert. A typical layout of an expert sysem consists of a knowledge
base, a database and an inference engine. The inference engine assigns a numerical vaue
to the rule vaiables to dlow computetion of an expert's prediction
(Anderson and McNeil, 1992). A fuzzy expert system is an expert sysem that uses fuzzy
logic for inference of the rules (Klir and Y uan, 1995).

Fuzzy logic is viewed as a formal mathematical theory for the representation of uncertainty
and deals with the concept of partia truth or truth-values between "completely true' and
"completely falsg' (Bezdek, 1993). Fuzzy models alow working with imprecise or
“fuzzy” information and exist in the form of rules (Kaufmann and Gupta, 1985). A fuzzy
expert systemis shown in Figure 4.9.

Fuzzified inputs

Crigp numerical ) Crigp numerical
inputs Fuzzy conclusons outputs
] LY Inference LY
— mechanism L
A
—> —>
——————— > \ Rule-base f ittt
> \ 7 >
\ /
Fuzzification Defuzzification

Figure 4.9 Fuzzy expert system (Passino and Y urkovich, 1998)

Artificial neural networks (ANN) offer an approach different from rule-based modelling.
They try to provide atool that programs itself and learns on its own. Neural networks are
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gructured to provide the ability to solve problems without the benefits of an expert. They
can seek patterns in data and are sdf-learning mechanisms which don't require the
traditional expertise on formulating models for prediction (Anderson and McNeil, 1992).

ANN allow predictions to be made based on a data set. Such a data st includes the
information that can characterize the problem. It also requires an adequately sized data st
to both train and test the network. Note, however, that they involve an empirical skill and
intuitive feel to creste an gppropriate network to alow predictions to accord with data
With an undersanding of the basic nature of the problem to be solved, a decision on
creating the network can be made (Anderson and McNell, 1992).

ANNSs have been gpplied to larger scale geomorphological problems concerning prediction
of cachment sediment yield (Sarangi and Bhattacharyaa, 2004), landslides
(Ermini et al, 2005) and river network charactertics (Strobl and Forte, 2007). ANN are not
used in this sudy but would offer agood way to make large-scale predictions of vegetation
population dynamicsif agood data set were available.

415 Cdlular Automata moddling

A cdlular automata (CA) modd consgs of a cdlular grid where the state of each cell is
updated in time steps, according to a set of simple determinigtic local interactions, relating
the state of the cdll to adjacent or neighbouring cells. The local interactions can be
described with numerical formulations (e.g. Murray and Paola, 1994) or can be rule-based
(e.0. Chenet al. 2000). The state of each cell changes in each time step, according to the
imposed rules involving states of neighbouring cells.

CA moddling simulates spatial pattern formation, which arises from the interaction
described by rules defining tansfer between the cells (Packard and Wolfram, 1985). The
goplication of these loca rules creates larger scale patterns, which are not apparent when
examining the rules for the interactions between cells. Although the concept of CA models
is basic, the interaction between the cells can give rise to complex non-linear behaviour
(Wolfram, 1984) and can demondtrate highly redigstic physical behaviour
(Malanson, 1999). Wolfram (1984) identified five key factors which briefly define cellular
automata
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n They consist of discrete cells

n They evolvein discrete time steps

n Each cdl can take on afinite set of possible states

n Thestate of each cell evolves according to the same deterministic laws

n Thelawsfor cdl evolution depend only on interactions with immediately neighbouring
cells

CA models are inherently spatid and ae an effective means of smulating
geomorphological processes that change through time. CA models can represent self-
organising processes within a 2-D framework or lattice of grid cells. The atial nature of
geomorphological processes and the ease of applying gridded data are well suited to CA
models.

Favis-Mortlock (1996) used a CA mode to investigate the evolution of rill networks. The
rill model described by him shows a degree of self-organisation by forming a channel
network. The model smulates the impact of individual raindrops or ‘run-off packets on a
semi-arid hilldope. These packets of rainfall erode the hillslope according to a gream
power law and are routed to the lowest neighbour. Simulated planform and rill spacing
compare well with field measurements.

Luo et al. (2003) described a smple CA mode that Smulates first order processes
associated with sediment erosion. The model describes sediment eroson by iteratively
applying a st of simplified rules to individual cells of a digital topographic grid. The
model implements a rainfall event of a random size & a random location within a grid.
Runoff from the rainfall event moves sediment from each cell to its lowest neighbour
according to a sediment transport equation. This transport rete is dependent on the
elevation difference between two adjacent cells. The model alows both erosion and
deposition of sediment, depending on the difference between sediment input and output of
a cel. When all runoff from a rainfall event has been routed across the grid a new
raingorm with arandom areais applied a another random location and the whole process
is repesated (Luo et al, 2003).



Jmmenez-Hornero et al. (2003) described a 2-D CA model that is coupled with a
Bathnagar, Groos, and Krook (BGK) version of the lattice Bolzmann model. The erosion
and transport components of the model are coupled to the water flow. If the flow at any
point is high, solid particleswill be picked up and displaced, wheressiif the velocity is low,
the particles will either settle or remain at rest. Once flow is established, the number of
particles that do not leave the site is determined on the basis of a probability calculated
from the velocity components.

4.2 River processmoddling

4.2.1 Sediment trangport and bed evalution
3-D CFD moddling

In chapter 3, sediment and water processes at the geomorphological-unit scale were
identified as important for prediction of river geomorphology at decadal time scales.
Three-dimensional (3-D) CFD modelling provides what are considered sate-of-the-art
means to Smulate fluvial processes at these smaller scales. The large computational effort
needed to solve the 3-D CFD modelling equations described in this section hasreaulted in
the use of dtenative, less computationaly-intensive modelling to account for

geomorphological-unit scale sediment and water processes.

Wang and Weiming (2004) provided details of 3-D model equations for river
sedimentation and morphology modelling. A 3-D flow field can be described by the
following Reynolds-averaged continuity and Navier-Stokes equations:

fu,

=0
= (4.2)
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where u; (=1, 2, 3) are the velocity components. F; includes the external forces, including
the gravity force per unit volume, p is the pressure and t;; are the turbulent stresses, which
is determined by using aturbulence model. p isthe fluid density.
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For the shallow water flow, the pressure is assumed hydrostatic and all the vertical
components of fluid acceleration can be ignored, yielding the quas 3-D governing

equations as
fu, v, w_ (4.3)
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where u, v and w are the velocities in the x, y and z directions respectively and f is the
Coriolis coefficient.

The hydrostatic pressure assumption brings significant simplification to the full 3-D
problem of equations (4.1) and (4.2). However, this assumption is valid only for gradually
varying open-channel flows. A full 3-D model without the hydrostatic pressure assumption
is used in the regions of the rapidly varying flows, such as flows around bridge piers The
3-D models developed by Wang and Adeff (1986), and Casulli and Cheng (1992) are
based on the hydrogtatic pressure assumption while those developed by Wu et al. (2000a),
and Jaet al. (2001), are not.

The turbulent shear stresses in 2-D and 3-D models are determined by turbulence models.
Mog of the common turbulence modd for river flow is based on the Bossinesq' s eddy

viscosity concept:
- fu, O
Gt LT S, (4.6)

where K is the turbulent kinetic energy, which is omitted in the zero-equation turbulence
models. v; is the eddy viscosity usually determined by the parabolic eddy viscosity mode,
the mixing length model or the linear k-¢ turbulence moddl (Wang and Weiming, 2004).

The 3-D flow drives the sediment transport as shown in Figure 4.10. The sediment
trangport is divided into suspended-load and bed-load, and hence the flow domain is
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divided into abed-load layer with a thickness o, and the sugpended load layer above it with
athickness h — d,. The exchange of sediment between the two layers is through downward
sediment flux (deposition) & arate of Dy and upward flux (entrainment) from the bed-load
layer a arate of Eqy. The distribution of the sediment concentration in the suspended-load
layer is determined by the following convection-diffusion equation:

Figure 4.10 Flow configuration (Wang and Weiming, 2004)
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where ¢ is the local concentration j of the k-th size class of suspended load. w is the
Sitling velocity. djz is the Kronecker delta with j = 3 indicating the vertical direction. At
the free surface, the vertical sediment flux is zero and hence the condition applied is

4.
iﬂi'kwskck:o ( 8)
s. 1z

At the lower boundary of the suspended sediment layer, the deposition rate is Dy = w«Cok
while the entranment rate Ey is

Bo = o = WuCi 4.9
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where cy is the equilibrium concentration &t the reference level z = z, + J, which needs to
be determined using an empirical relation.

The bed change can be determined by the exchange equation:

oAz, 6 1
—+ =D, - E, +—1\q, -
S1t o bk bk Ls( b b ) (4.10)

- p'n)
where Ls is the non-equilibrium adaptation length for bed-load transport and gy is the
bed-load trangport under equilibrium conditions. The bed-load transport ¢, is simulated
using a formulation which is a function of flow hydraulics, bed composition and upstream
sediment supply. These bedload trangport formulations have varying levels of complexity
in smulating non-equilibrium transport (Rahue and Holly, 1989; Wu et al, 2000a;

Wu and Vieira, 2002).

The overall sediment mass-balance equation integrated over the water depth his
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where Cy is the depth-averaged sediment concentration; and Oux and Ouy are the
components of the total-load sediment-transport in x- and y-directions with anc and ony
being the direction cosines of the bed shear sress (Wang and Weiming, 2004).

Local scour

Determination of local scour or scour a the geomorphological-unit scale is a highly
complicated 3-D flow problem and requires the use of the 3-D CFD modellng equations
described above because of the ability to present detailed flow characterigtics required at
this scale. These flow characteritics include downward flow, localized pressure gradient

fluctuations, vorticity and turbulence intensity.
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Richardson and Panchang (1998) obtained local scour by firgtly, modelling the water flow
field around an obstacle. The flow field provides the bed shear stress used to assess the
potential eroson. The shape and size of the scour hole were predicted by including
movement of the bed-load which forms anew geometry after some iteration.

Olsen and Melazen (1993) smulated the scour process around a cylinder. They calculated
sediment concentration for the bed elements with van Rijn’s (1987) deterministic formula
Based on continuity for the bed sediment, eroson and depostion are calculated.
Olsen and Melasen’s approach does not predict the scour hole depth when it reaches
equilibrium. Olsen (1996) corrected this and used bed shear stress to compute the bed
changes over along time step with steady flow. This gave a scour hole shape very similar
to what was obtained in a physical model study.

Hoffmans and Booij (1993) presented a scour model for the flow in atrench based on the
solution of the 2-D Reynolds equation and the convection-diffuson sediment transport
equation. The sochagtic method proposed by van Rijn (1987) computed bed-load and
sugpended-load.

FHWA (1995) used appropriate sediment transport capacity formulas formulated
especially for scour modelling, in conjunction with 1-D, 2-D and even 3-D flow models, to
predict the maximum scour depth a the structures. These models smulate the details of
the erosion process around in-stream structures epecially under unsteady flow conditions.
Empirica formulas determined the scour caused by particular in-sream structures
(FHWA, 1995). Jiaet al. (2001) and Wu and Wang (2004) provide examples of existing

sediment trangport formulas that smulate local scour near in-stream sructures.

4.2.2 Channd sedimentaogy and planform

At the reach scale to the channel-type scale, the river is continuoudy evolving as fluvial
sediments are transported through a moving bed or through suspended sediment transport.
Numerical models account for sediment stores which adjust to changes in flow and
sediment regimes causing channel aggradation and degradation. Models a these same
scales simulate environmenta sedimentology of river environments and stream planform
characterigtics.



Channd aggradation and degradation

Channel aggradation and degradation is often modelled numerically using both width- and
depth-averaged 1-D or 2-D models over a grid of cells. At each time gep, trangport
capacity of the existing bed grain size digribution and sediment supply are used to
compute the bed elevation and new grain size distribution. Operating over larger temporal
and spatial scales there are a number of models designed to describe the river geometry
and channel elevation change. These models are not concerned with the fine detail but only
the general position and size of the channel.

Wiele and Franseen (2000) described a model that predicts the effects of variations in
water discharge and sediment supply on deposition rates and magnitude. The model
determines the effect of channel shape when aggradation and degradation changes occur.
The modd was developed to sudy bank erosion, bar formation and gtability in gravel-bed
rivers and has subsequently been extended to include suspended sediment transport.

The flow field is caculated with the vertically-averaged momentum and continuity
equations for open channel flow. The modd employs a 3-D advection-diffusion related to
the local shear velocity quantifying the turbulent mixing. The product of the velocity and
sugpended sediment concentretion is integrated vertically to caculate the local suspended
sediment discharge. Calculation of the sediment transported as bedload includes the effect
of loca bed dope on trangport rates. In areas with sufficient sediment thickness, local
roughness and kin friction are calculated using the method of Bennett (1995) thet relates
bed-form dimensions to flow conditions and sediment size. In aress with little or no
sediment, local channel roughnessis calculated as a function of the spatial variability in the
channel topography. Local change in bed elevation is then calculated using sediment
continuity. The system is fully coupled as the bed changes induced by depostion or
eroson affect the flow which, in tun influences sediment transport
(Wiele and Franseen, 2000).



Braided river models

Traditionally, researchers have opted for physical models to sudy braiding in gravel-bed
rivers. Parker et al. (1982) performed experiments to model the transport mechanism of
poorly sorted gravel a a scde of 1:10. Ashmore (1988) used small-scale physical models
to examine channd forms and processes in braided gravel sreams He conducted
laboratory modelling of braided river morphology and bed-load trangport in river trays.
Hoey and Sutherland (1991) developed a generic modd a a scale of between 1:30 and
1:50 to examine braided channel morphology and bed-load transport of braided gravel-bed
dreams. Leddy et al. (1993) studied mechanisms of anabranch avulsion using a 1:20 scale
model of the braided gravel-bed. Warburton and Davies (1994) determined variability in
bed-load trangport and channel morphology, ina1:50 braided river moddl.

Murray and Peola (1994) modelled braiding using a simple non-linear relationship
between flow strength and sediment transport with sediment flux increasing linearly with
flow strength. The elevation of each cell is changed as sediment is moved downstream, cell
by cell. Murray and Paola s model organises itself to form avisually realistic smulation of
a braided channel. Flow strength is measured by bed shear sress, velocity, or the stream+
power index, which is discharge multiplied by slope. Murray and Paola’'s moddl is a CA
model that predicts braiding based on how river form and flow pattern interact through
mutual feedback. During each time step, water is routed downstream from row to row
within a rectangular grid. Water flow in a cell Q, is digributed among the three
downstream neighbour cellsi asa function of the topographic gradients S:

Q=Qs"/as’ (4.14)
j

where Q; is the discharge from the cdll in quegtion into cell i and the sum is over the
downstream neighbours. If none of the three downstream immediate neighbours is lower
in elevation, the water is distributed to dl three cells in a smilar way, with more water

flowing where the slopes are least negative (Murray and Paola, 1997).

Sediment transport fluxes Qs are calculated as function of flow gradient and discharge
described by:



Q =K(Q(s +C,)- Th" (4.15)

where K, Cs and m are congants. m is based on empirical data on sediment transport
according to dream power using reach-averaged slopes Th is a sediment trangport
threshold. Since water depth is not defined in the model, Murray and Paola (1997) used
bed slope as an approximation to water surface slope. C;, however, ill allows water to
flow over regions with negative bed dopes causing sediment transport. Bed evolution
occurs as cells in the model grid, representing the bed surface, change eevation
(Murray, 2003).

In order for the sediment-transport process to maintain its dynamic behaviour indefinitely,
agravity-driven component of sediment trangport that moves noncohesive sediment down
lateral slopes was introduced. This is accounted for by a *lateral transport’ rule, based on
that of Parker (1984), where sediment flux per unit width gg is transported down lateral
dopes S:

gy =(@+m)/m ./t 2 Sq, (4.16)

M is the dynamic coefficient of Coulomb friction, r is the ratio of lift to drag, t. is the
critical value of bed shear stresst, and ¢ is the flow-driven sediment flux per unit width.

Figure 4.11 shows the routing of water and sediment fluxes, described above, to and from
a given cell. The modd produced a congantly migrating channel whose form and
magnitude remain similar, displaying a form of dynamic equilibrium. The model also
produces a non-linear sediment discharge, predicting pulses of sediment even though the
water discharge is constant. The model predictions compared well with a laboratory-
modelled river (Murray and Paola, 1997).



Figure 4.11 Water and sediment routing in the Murray and Paola (1994) braid
model. A given cdl receives and digributes water from its neighbouring cells. Water
flux is shown by blue arrows, direct sediment flux by yellow arrows and lateral

sediment transport by brown arrows

More recently, braiding has been modelled using the shallow water approximation of the
Navier-Stokes equations (Murray, 2003). McArdell and Faeh (2001) developed a model
that produces braiding including the emergence of mid-channel bars to form flow-dividing
islands. They solved partial differential equetions for water flow in a complex, radically
changing channel, using ‘wetting and drying’ of model nodes. These flow equations were
coupled to asediment trangport equetion.

M eander modds

A few anaytica models have been developed to predict the bed deformation in river
bendss. These models include tha of Kikkawa e a. (1976),
Zimmermann and Kennedy (1978), and Odgaard (1981). Such models are based on the
balance of the dominant forces acting on a sediment particle moving along a radically
inclined bed. The forces are fluid drag and particle submerged weight. When these forces
become equal, an equilibrium transverse bed dope is achieved. These anaytical models,
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however, are gpplicable only to reatively simple bend flow conditions and do not provide
the time variation of bend development.

A number of 2-D numerical models have been developed for computing bed deformation
in meandering channels. These include those of Struiksmaetal. (1985), and
Shimizuand Itakura ~ (1989). The numerical model developed by
Shimizu and Itakura (1989) is used for the computation of time-independent 2-D bend
deformetion in aluvia rivers. Their model can be gpplied to channel geometry that can be
modelled as a series of circular bends with constant width (Struiksma et al, 1985). In
addition, their model is @pplicable only to deady flow conditions.
Shimizu and Itakura (1989) developed a 2-D model to caculate bed variation in channels
under steady flow conditions. In ther model, the governing equations of flow and
sediment trangport are solved in a cyclical coordinate system, which is valid only for a
specific geometry.

Johannesson and Pearker (1989), presented a physically-based mode for meander
dynamics, which was used to predict meander wavelength. Howard (1996) combined a
meander evolution model based on that of Johannesson and Parker (1989) with a
floodplain sedimentation model. He used this moddl to investigate the interaction between
meander bend migration and floodplain sedimentation, and lithology. Stalum (1996) used
a smilar meander model to sudy the self-organising properties of an evolving meander
train. He showed that such a system evolves towards a state of self-organised criticality
resulting in sinuosity fluctuating through time. Nagata et al. (2000) presented a model that
can be used to investigate both bed deformation and bankline shifting in 2-D meander plan
form. The basic equations are used in a moving boundary-fitted coordinate system. They
included a new formulation for non-equilibrium sediment trangport to reproduce the
channel processes.

Demuren and Rodi (1986) used 3-D simulations of the flow in meandering channels.
Demuren (1989) extended this work to calculate suspended sediment transport.
Demuren (1991) included a smple model for bed-load transport and calculated the flow
and sediment trangport in a 180-degree laboratory channel bend. Olsen (2003) used a fully



3-D non-hydrogtatic model to predict the formation of the meandering pattern in an
initidly straight aluvial channel. His algorithm accounts for wetting and drying caused by
channel erosion and deposition. Modules for both the sugpended load and the bed-load

were incorporated into the code.

4.2.3 M oddling gable channd mor phology

River form, at the reach scale to the channel-type scale, can depend largely on riverbank
failures and the long-term stability of riverbanks There are various models that smulate
the mechanisms whereby channel processes cause bank collgpse. Such models predict the
location of erosion and therate of bankline shifting at critical locations.

Bank-gability modeling

The modelling employed in this study gpplies to non-cohesive sediment where the stability
of the bank is accounted for by a smple formulation based on the angle of repose of
sdiments. Bank-stability modelling is important for redisic modelling of river
geomorphology, as determined in Chapter 3, to include the effect of cohesion of fine
grained sediments and the roots of vegetation.

Simon and Curini (1998) and Simon et al. (1999) produced a model to determine the
gability of riverbanks. Their modd is based on the wedge failure type models of
Osmanand Thorne (1988) and Simon e a. (1991). The model of
Osman and Thorne (1988) employs an agorithm to analyse the stability of banks and
calculates the factor of safety between the forces that drive and resist mass-bank failure.
The model accounts for the geotechnical properties of the bank material, including soil
shear strength (cohesion, angle of internal friction and unit weight) and postive and
negative pore-water pressure (Simon and Curini, 1998; Simon et al, 1999). In addition to
positive and negative pore-weater pressure, the model incorporates layered soils, changesin
s0il unit weight based on moisture content and external confining pressure from
greamflow (Simon and Curini, 1998). Simon et al. (2000) proposed a more sophisticated
bank-gtability and toe erosion model, which considers wedge-shaped bank failures with
several diginct bank meterial layers and user-defined bank geometry.
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The wedge failure andysis entails use of the Mohr Coulomb Limit Equilibrium Criterion
for the saturated portion of the wedge and the Frediund et al. (1978) criterion for the
unsaturated portion. In the unsaturated portion of the bank pores are filled with water and
with air so that pore-waer pressure is negative. The difference (1a - Hw) between the air
pressure [, and the water pressure in the pores ,, represents matric-suction . The
increase in shear strength due to an increase in matric suction is described by the angle ¢”.
Incorporeting this effect into the gandard Mohr Coulomb equation produces
(Fredlund et al, 1978):

S, =c+(s - m)tanf'+(m - h, Jtanf?® (4.17)

r

where S is shear dress a failure, (o - a) iS net normal sress on the failure plane at failure.
The value of ¢° is generally between 10° and 20°, and increases with the degree of
saturation. It atains a maximum value of ¢’ under saturated conditions. The effects of
matric suction on shear Srength are reflected in the gpparent or total conesion ¢’ term.

Negative pore-water pressures (positive y) in the unsaturated zone provide an apparent
cohesion over and above the effective cohesion, and thus, greater shearing resistance. In
addition to this gaic model, there is also adynamic version that uses atime series of pore-
water pressure values to calculate the factor of safety (Simon et al, 1999). The model was
run using the smulated flow conditions as a driving input. The predicted bank profile was
calculated on a daily basis and imported into the bank-stability model so that the stability
of boththe initial and the predicted bank profile could be assessed.

The bank-stability model used by Simon et al. (2003) incorporates the hydraulic effects of
bank-toe erosion which increases the applicability and accuracy of the model in predicting
critical conditions. A 2-D hydrology model is used to evaluate the effect of the simulated
flow regime on streambank pore-water pressures. The bank-stability and toe-erosion
model is used to invegtigate the effects of high flows on bank-toe scour and resulting bank
geometry.

The bank-stability and toe-eroson model predicts the change in channel geometry that will
result from exposure of bank and toe materials to flows of a given stage and duration. It



calculates eroson of cohesive soils using an excess shear-gress gpproach from the model
of Partheniades (1965):

e =Kto—1)° (4.18)

where ¢ is the erosion rate in mvs. k is an erodibility coefficient in m/N/s; (z, — 7o) isthe
excess shear stressin Pa. 1 is the average bed shear stressin Pa. rcisthe critical shear stress
in Pa; and a is an exponent (often assumed = 1.0). The measure of material resistance to
hydraulic stresses is a function of both z. and k. k can be esimated as a function of .
(Hanson and Simon, 2001): k = 0.1, %° (4.19)

Resistance of non-cohesive materias is a function of surface roughness and particle size
(weight) and is expressed in terms of the Shields criterion (Simon et al, 2003).

River widening and bank erason modeling

Bank eroson is the primary cause of river channe widening and meandering
(Chang, 1980a). Many moddls make use of process-based and/or probabilistic bank-
gability models to estimate the locations and sizes of active bank failures along streams
(Darby and Thorne, 19964). Inclusion of a method to predict the hydraulic shear erosion of
cohesive bank materials is important in width-adjusment modelling because erosion
directly influences the rate of retreat of the banks and also steepens the bank profile and
promotes retreat. Widening models that attempt to account for river eroson of cohesive
bank materials ae often based on empiricaly based methods (i.e.
Arulanandan et al, 1980).

Models of non-cohesive bank erosion employ sediment trangport modds in the near-bank
zone, causing widening of river banks with homogeneous vertical sructure One such
model isthat of Li and Wang (1994), which simulates the bank eroson mechanism using a
heuristic procedure. When bank dope exceeds the angle of repose of the boundary
materials, a heurigic slumping model maintains an angle of repose onto the flow plain
surface. Sediment above the failure plane is removed downslope, forming a deposit with a

linear upper surface.
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Mog cohesive bank width adjustment modelling approaches have been based solely on
andlyss of planar failures Mass fallure of cohesive bank materia, however, is
discontinuous. Mass wasting algorithms for cohesive banks include that of Osman (1985),
who accounts for the bank profile geometry associated with naturd eroding river banks
that are destabilised through a combination of lateral eroson and bed degradation
(ASCE, 1998b). Darby and Thorne (1996b) developed a numerical model of bank eroson
that introduces rotational slip and planar failure of the bank and applied it to modd the
geomorphological behaviour of anatural river.

4.2 AEquilibrium appr caches

Exigting methods describing equilibrium river morphology entail the use of regime theory,
power laws, extremal hypotheses and tractive force methods to describe a river at the
mecro-resch to the reach scale. These have been used to predict equilibrium river
geometries. In general, width adjustment occurs smultaneously with changes in river
geometry, roughness, slope, channel pattern etc. These adjust as the river approaches a
dynamic gate of equilibrium. Definition of the various forms of equilibrium is dependent
upon the spatial and tempora scale under which theriver is considered (Graf, 1988).

Regimetheory and Power law approach

Regime theory is based on the tendency of ariver sysem to obtain an equilibrium Sate
under congtant environmental conditions. Regime theory is based on empirical equations
derived from regression of observed stable channel properties, such as width, depth, dope
and meander length on flow and sediment properties. The theory suggests that principal
channdl characteristics remain stable for a period of years and that a change in the
hydrologic or sediment regime results in eroson or deposition. River reaches that are “in
regime’ are able to move their sediment load through the system without net erosion or
deposition and do not change their average shape and dimensions unless the long-term

flow regime changes (Hey, 1997).

Geomorphologigts have used data from natura rivers and laboratory flumes to develop
power law hydraulic relations between channel top width, average depth, average velocity
and bank full discharge (Leopold and Maddock, 1953). The regime equations of
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Lindley (1919) and Blench (1969), are the mog widely known. Semi-analytical work by
Julien and Wargadalam (1995), has atempted to refine the regime approach within a
framework based on the governing principles of open channel flow. These hydraulic
geometry relations described adjustable characteristics of the river in terms of independent
and dependent variables when the river is neither aggrading nor degrading. Rivers
described as being "in regime" are considered "stable’. Equations describing river
geometry for stable mobile gravel-bed rivers were presented by Hey and Thorne (1986).
Additional equations and discussion on stable river morphology were presented by

Hey (1997).

Regime theory does not provide dimensionally homogeneous equations and their vaidity
is limited to the catchments and data from which they were derived. Regime theory can
give large errors when equations are applied to conditions that differ from those for which
they were derived. Furthermore, regime equations are applicable to sysems that have
achieved equilibrium between sediment and water flow conditions (Brownlie, 1983).

Extremal hypothesis approach

Extremal hypotheses argue that a river moves towards a state that is the most efficient.
Although such a state may never be reached, ariver is congtantly adjusting itself in that
direction (Chang, 1985). Extremal hypotheses predict channel geomorphology, using
equations for sediment transport and aluvial friction in combinaion with a third
relationship to predict regime or equilibrium geometry. The third relationship is used to
maximize or minimize a parameter, such as stream power, energy dissipation rate or
sediment concentration.

Extrema hypotheses that have been introduced and tested include minimum entropy
production (Leopold and Langbein, 1962; Langbein, 1964), minimum energy dissipation
rate (eg. Brebner and Wilson, 1967; Yang and Song, 1979, Yang et al, 1981,
Songand Yang, 1982; Yang, 1987), maximum sediment transporting capecity
(e.g. Fickup, 1976; Farias, 1995; Qing Huang et al, 2002), minimum sream power
(Chang, 1979; Chang, 1980, Chang, 1980b; Millar and Quick, 1993;
Millar and Quick, 1998), maximum friction factor (Davies and Sutherland, 1980;



Daviesand Sutherland, 1983), and minimum Froude number (Jia, 1990;
Yalin and Silva, 1999; Yalin and Silva, 2000).

Extremal hypotheses represent a general principle within the fluvial system and allow the
slection of a sngle preferred cross-section out of many possibilities The theoretical
judtification of extremal hypotheses lacks convincing physical explanation. The predictions
based on extremal hypotheses, however, agree with a wide range of observations
(Knighton, 1998).

Tractiveforcemethods

Tractive force or mechanistic methods use the basic laws of mechanics to obtain
expressions that specify the geometry of stable channel cross-sections. The theory is
founded on a fluid momentum balance to obtain the boundary shear stress and stability
criterion for the sediment particles that make up the channel perimeter. Tractive force
methods assume that the channdl is sraight, that thereis negligible secondary flow and thet
sediment is non-cohesive and does not vary within the channel. With these assumptions a
cosine profile is predicted for the gable cross-section (ASCE, 1998h).

4.25Moddling spatial vegetation inter action

For effective river management to be achieved it is important to model not only riparian
vegetation dynamics but how the vegetation dynamics affects its habitat. Modelling
riparian vegetation is different from modelling vegetation that is not riparian in that it is
ubject to a continually changing geomorphology and hydraulic regime. However, the
resources that vegetation requires for establishment are the same. These resources include
available sunlight, water, substrate and substances present in the soil. Plants use the
resources available to sprout, survive, grow, and reproduce themsalves and the resources
aso affect how the different individuals compete for them (Bandini and Pavesi, 2004).
Mog spatio-tempora vegetation models are described using partial differential equations
(Berger and Hildenbrandth, 2000) but Chen et al. (2000) showed that the CA approach is
good for modelling vegetation.



There are several examples of models predicting vegetation adjusment to aterations of
hydrological regimes in regulated rivers (Rood and Mahoney, 1990; Auble et al, 1994;
Richter et al, 1997; Friedman and Auble, 1999). These models are usually generated from
long-term data of the reaction of vegetation dynamics to hydrological variation
(Johansson and Nilsson, 2002). The interaction of riparian vegetdion on its habitat,

however, islessknown.

Riparian vegetation changes its habitat by changing sediment transport indirectly owing to
its effects on flow resistance. Sediment transport equations that describe sediment transport
through vegetetion are sparse because the interaction between sediment transport and
riparian vegetation is to a large degree unknown. The effects of vegetation on sediment
trangport are validated by field and laboratory measurements to inform numerical
modelling (Houwing et al, 2002; Madsen et al, 2001; Teeter et al, 2001; Jordanova and
James, 2003).

Seedling recruitment modelling

The vegetation modelling used in this sudy does not require detailed seedling recruitment
modelling but, as discussed in Cheapter 3, this process is an important process when
vegetation establishment occurs primarily through seedlings and therefore it is described

here in more detall.

Scott et al. (1996) developed a seedling recruitment model that predicts establishment and
aurviva conditions necessary for cottonwood seedlings. The model determines the effects
that hydraulic and geomorphic processes in river channels have on seedling recruitment.
The modd takes account of the physical requirements for seedling recruitment so that
establishment occurs on stes that are bare, moist and relatively safe from physical
disturbance.

The recruitment model couples with descriptions of geomorphological processes such as
meandering, narrowing and flood depostion to produce different spatial and temporal
patterns of riparian forest. The model deals with sediment deposition and erosion, which
often produce or remove recruitment sites (Auble and Scott, 1998).



The operation of the modd isillustrated below. Theillustrations use typical bank geometry
to show how tree recruitment patterns arise. Combinations of flood disurbance and
uitable moisture conditions each year are produced in the wetted zone set out by summer
pesk flow and late summer base flow. No year-to-year change occurs when seedlings
germinate in a zone adjacent to the channel which is disturbed by flooding (Figure 4.12)
(Auble and Scott, 1998).

Some combination of flow variability and channel change that is different from the No
Year-to-year change cae in Figure4.12 is necessary to produce successful tree
recruitment. Peak floods produce bare, moist surfaces that are high above the channel bed
and therefore relatively safe from future fluvial disturbance. Figure 4.13 shows a scenario
reeembling low flow years where flooding does not affect seedling establishment.
Figure4.14 shows the inclusion of geomorphologica change in mode predictions
(Auble and Scott, 1998).
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First year: i
Normal peak Peak
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Flooding mortality Drought mortality
I
Futureyears:
No change
Peak
Base

Figure4.12 No year-to year change in seedling recruitment due to germination

falling in a zone where flooding occurs (Auble and Scott, 1998)



Germination
z7//////////////////

Firg year:
Flood peak

Seedling establishment

Futureyears. Flooding mortality

Normal peaks

Figure 4.13 Seedling esablishment in a zone where germination is unaffected by
flooding and drought (Auble and Scott, 1998)
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Figure4.14 Incluson of geomorphological change affecting seedling germination
(Auble and Scott, 1998)
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Growth and mortality moddling

Growth and mortality modelling of riparian vegetation gpplies to the geomorphological-
unit scale but in a special verson of the GSTARS growth and mortdity modelling is
upscaled to represent the vegetation state at larger scales. GSTARS is a geomorphological
code and will be discussed in more detall in the following section. The vegetation model is
an addition to the 1-D dmulation of river hydraulics, sediment trangport and
erosorn/deposition of the GSTARS model. The model simulates the processes of
vegetation growth and mortdity as a function of species type, changing river stage,
groundwater level, rate of root growth and the potential for scour velocity. The model
asumes that vegetation will begin to grow a dl points above the wetted channel that are
free of exigting vegetation (Wiele and Franseen, 1999).

The model gpplies a gpecies-dependent growth rate to the plant roots and stem and tracks
theroot depth in relation to the groundwater level. If root growth is such that the roots stay
below a faling capillary fringe caused by groundwater lowering, then the model assumes
the vegetation can continue to grow. Otherwise, the model assumes that vegetation dies
from desiccation. The model also takes account of the plant mortality due to drowning,
velocity scour and burial. Furthermore, the model accounts for the initial vulnerability of

seedlings becoming more resigant to plant stresses with time (Wiele and Franseen, 1999).

Cdlular Automaton vegetation moddling

Currently, the application of CA modelling is used mainly to model the growth and spatial
evolution of single plant species a the channd-type scale. For  example,
Aassine and El Jay (2002), developed an approach based on coupling of alocal model for
smulation of vegetation growth with a spatial evolution of vegetation described by CA
modelling. The model takes account of local biomass growth, using partial differential
equations. For describing the spatial evolution of vegetation, a CA modd is used that
employs ‘trangtion rules . For each cdllular automaton, the ‘trangition rules’ describe how
the loca growth dynamics affect gpace-time evolution of vegetation
(Aassine and El Jay, 2002).



Bandini and Pavesi (2004) however, presented a two-dimensiona (2-D) CA model that
smulates the evolution of heterogeneous plant populations, which include different
perennial species in woods and forests. They used CA to modd the interactions among
gngle individuals and their associated competition for the resources available.
Baltzer et al. (1998) also used CA to Sudy vegetation dynamics of entire populations.

Rule-based vegetation modeling

Baptist and Mossalman (2002) developed a rule-based model to determine the succession
of three riparian vegetation types and the flow resistance caused by the vegetation at the
reach scale. The model employs knowledge rules that are obtained from literature reviews.
The knowledge rules are based on the suitability of environmental factors for vegetation
growth and on directions and rates of vegetaion succession. The rules are gpplied to every
cell in a computational grid. The model predicts the path and rate of succession of the
vegetation based on inundation time, the grazing intensity and changing river
geomorphology. The input variable specified for inundation time includes the effects of
inundation frequency and groundwaeter level (Baptist and Mosselman, 2002).

The vegetation mosaic is subdivided into low-lying, middle-lying and high-lying
inundation classes based on their inundation time. Hence, changing geomorphology in the
river changes the inundation classes of the vegetated cells leading to a shift in the way that
succession takes place (Baptist et al, 2002).

Sadiment trangport and vegetation

To date, studies for the effect of vegetation were mainly at the geomorpological-unit scale
based on modelling of the drag force of vegetation and its effect on the bed shear stress
(Li and Shen, 1973; Tsujimoto, 1999; Bing et al, 2001). Laboratory analyses that were
done on sediment trangport through vegetaion include Abt e a. (1994),
Prosser et al. (1995) and Jordanova and James (2003).

Baptist (2003) carried out a laboratory experiment in which turbulence characterigtics and
sediment transport were measured through submerged flexible vegetation. Measured
profiles of velocity and turbulence were analysed and simulated with a 1-D flow model to
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obtain estimates of the bed shear stress. The analyss of the bed level profiles gave rise to
the hypothesis that the sediment transport through vegetation is mainly in the form of
suspended transport. The increasad turbulence levels in between the vegetation are cgpable
of picking up the sediment more effectively and thus bringing the sediment in sugpension
(Baptist, 2003).

4.3 Geomor phic moddling codes

43.1 One-dimengonal codes

One-dimensona (1-D) sediment trangport models have become increasingly useful
predictive tools to assess aggradation and degradation within channels Where long-term
predictions are required numerical models are the only way to smulate aggradation and
degradation of the channel bed (Rathburn and Wohl, 2001). The 1-D models CCHELD,
FLUVIAL-12, HEC-6 and CONCEPTS apply at the reach to channel-type scale and are
discussed below.

CCHE1D

The CCHELD sediment transport modd has been widely applied to the simulation of
genera sediment trangport in rivers and reservoirs CCHELD simulates ungteady flow and
nonuniform sediment trangport in channel networks and can handle sediment selection,
bed material hiding, exposing and armouring. This model can predict channel aggradation
and degradation patterns as well as the sediment trangport characterigics CCHELD
smulates channel widening by modelling the river eroson at bank toes and the consequent

bank mass failures.

The CCHELD sediment transport model adopts the non-equilibrium gpproach for the totd-
load transport. The flow and sediment calculations are decoupled but a coupled procedure
is adopted in the sediment module to solve the nonuniform sediment transport, bed change
and bed materia sorting equations smultaneoudly. The sediment transport capacity can be
determined from the formula of Wu et al. (2000b), the SEDTRA module
(Garbrecht et al, 1995), the modified Ackers  ad White  formula
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(Proffit and Sutherland, 1983) and the modified Engelund and Hansen formula
(Wu and Vieira, 2002).

FLUVIAL-12

FLUVIAL-12 is an erodible boundary model that can model changes in bed elevation as
well as channdl width and topography induced by channel curvature. This model has five
major components (Chang, 1998):

n Water routing,

n Sediment routing,

n Changesin channel width,

n Changesin channel bed profile,

n Lateral migration of the channel.

The sediment routing component for the FLUVIAL-12 model has the following major

features (Chang, 1998):

n Computation of sediment transport capecity using a suitable formula for the physica
conditions.

n Determination of actua sediment discharge by making corrections for sorting and
diffusion.

n Upstream conditions for sediment inflow.

HEC-6

HEC-6 (Thomas and Prashum, 1977) is one of the most widdly used commercially
available sediment trangport models. The model predicts scour and deposition within rivers
and reservoirs. In river applications, HEC-6 smulates uniform changes in riverbed
elevation over the entire width of the channel to account for eroson and deposition under
subcritical flow. The model does not amulate lateral channel changes such as meander
migration or lateral changes in bed slope. The governing equations in HEC-6 include the
energy equation and conservation of mass for water and sediment. The modd takes into
account the effects of sediment gradation.

HEC-6 makes use of a discharge hydrograph, which is presented as a sequence of seady

flows of variable duration. Water surface profiles are calculated for each flow using the
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dandard-¢ep method to solve the energy and continuity equations. Friction loss is
calculated by Manning's equation and expansion and contraction losses can be calculated.
Geometry of the river system is represented by cross-sections which are specified by
coordinate points and the distances between cross-sections. HEC-6 raises or lowers cross-

section elevationsto reflect depostion and scour.

Using continuity of sediment bed elevation changes are calculated with respect to time
along the study reach. Inflowing sediment loads are related to water discharge using
sediment-discharge curves. Sediment loads are provided at the upstream boundaries of the
river reach, tributaries and local inflow points. HEC-6 allows a different gradation at each
cross-section. Sediment is routed downstream for each time step after the backwater
computations are made.

CONCEPTS

The National Sedimentation Laboratory has developed the Conservational Channel
Evolution and Pollutant Transport Sysem (CONCEPTYS) to smulate the evolution of
rivers. CONCEPTS smulates unsteady 1-D flow, graded sediment trangport and bank-
eroson processes in river channels CONCEPTS includes varying boundary roughness
along a cross-section. It can predict the dynamic response of flow and sediment trangport
to in-stream hydraulic structures and computes channel evolution by determining bed
elevation changes and channel widening. CONCEPT S simulates transport of cohesive and
cohesionless sediments, both in suspension and on the bed, and selectively by size classes.
For graded bed materia, the sediment-trangport rates depend on the bed material
composition. For cohesive bed, meterial erosion rates are calculated following an excess
shear-gress approach. The depostion rate is based on local shear gress and particle fall
velocity (Langendoen, 2000).

CONCEPTS simulates channd-width adjustment by incorporaing the fundamental
physical processes responsible for bank retrest: firstly river eroson or entrainment of bank-
material particles by flow, and secondly, bank mass failure due to gravity. Bank material
may be cohesive or non-cohesive and may comprise numerous soil layers. CONCEPTS

72



performs gability analyses of planar dlip failures and cantilever failures of overhanging
banks (Langendoen, 2000).

43.2 Multi-dimengonal codes

Multi-dimensional models employ 2-D and 3-D and helical flow modelling coupled with
mobile bed calculation. Helical flow isrepresented by quasi-2-D models which employ the
dream tube concept developed to reflect the effect of lateral variations of the channel
geometry. The following multi-dimensional models are discussed below: CCHE2D;
GSTARS2.0; SEC-HY 11 and Mike 21C. These models gpply to the channel-type scale.

CCHE2D

CCHE2D isadepth-averaged 2-D mode for flow and sediment trangport in rivers. Similar
to CCHELD, CCHE2D includes nonuniform sediment transport modelling and bed
material hiding, exposing and armouring. The model is able to smulate channel widening
and meandering by considering the effect of secondary flow on main flow and sediment

movement.

CCHE2D has two versons. One is based on EEM (Efficient Element Method) and the
other FVM (Finite Volume Method). In both versions of CCHEZ2D, the nonuniform totd-
load transport is smulated using the non-equilibrium approach. The sediment trangport
capacity is determined by the formula of van Rijn (1987), the formula of Wu et al (2000b),
the SEDTRA module (Garbrecht et al, 1995), the modified Ackers and White formula
(Proffit and Sutherland, 1983), or the modified Engelund and Hansen formula
(Wuand Vieira, 2002). The effect of secondary flow on the main flow and sediment
trangport in curved channelsis considered in both versions.

The EEM-based verson adopts a fully decoupled procedure for flow and sediment
trangport while the FVM-based version adopts the semi-coupled procedure smilar to that
used in CCHE1D mode. The FVM-based CCHE2D model is capable of smulating the
geomorphological change because of vegetation growth in the river. The vegetation effects
are consdered by including the drag force in the momentum equations and by the

generation and dissipation of turbulent energy in the k-¢ equations.
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GSTARS20

The GSTARS computer mode (Generalized Stream Tube modd for Alluvia River
Simulation) was first developed by Molinas and Yang (1986), to smulate the flow
conditions in a semi-2-D manner and the change of channel geometry in a semi-3-D
manner. The governing equations are based on energy and conservation of mass for water
and sediment. GSTARS is able to specify the number of sream tubes at each cross-section
(Rathburn and Wohl, 2001).The GSTARS model was revised and enhanced by
Yang et al. (1998) to bereleased as GSTARS 2.0.

GSTARS 2.0 is a quas-2-D model that utilizes a stream tube concept to accommodate
differential scour and depodtion over the width of a cross-section. It employs stream tubes
as conceptual tube-like surfaces whose walls are defined by streamlines. In GSTARS,
hydraulic parameters and sediment routing computations are made for each stream tube,
alowing the position and width of each stream tube to change. In this way, vertical and
lateral variationsin cross-sectional elevation are smulated.

Sediment routing, bed sorting and armouring computations are performed independently
for each stream tube. The model has 13 trangport functions for particle sizes ranging from
clay to slt, sand, and gravel, including non-equilibrium transport and flows with a high
concentration of wash load. The model is able to predict variations in channel width
according to the theory of totd stream power minimization (Chih and Francisco, 1998).

Mike21C

Mike 21C is a generalised numerica modelling sysem for the smulation of the
hydrodynamics of vertically homogenous flows and for the smulation of sediment
trangport. Mike 21C predicts a 2-D free surface and sediment trangport in rivers where an
accurate description of flow along the banks as well as helical 3-D flow is important. The
model can for example deal with sedimentation of water intakes, outlets, bridge tunnels
and pipdline crossings

Helical flow is calculated in connection with sediment transport to enable prediction of
bend scour, confluence scour and in formation of point bars aswell as dternating bars. The
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model alows for both bed-load and suspended-load trangport. After each time gep, the
eroded bank material is included in the solution of sediment continuity equétion
(http:/mww.dhigroup.conv Software/WaterResources MIK E21C.aspx).

44 Conduson

This chapter gives a review of various modelling methods thet can be used to describe
river processes and existing models of river processes at various organisational levels.
CFD modelling in this study will be employed for water flow at various scales but
numerical CA modelling will be employed to model sediment and vegetation
processes a the channel-type scale to add flexibility to the modelling, which is
required for the hierarchical strategy employed. CFD modelling of water flow & this
scale provides the required accuracy and therefore it would not be necessary to develop a
rule-based model, for example, to determine water flow a the channe-type scale.
Rule-based modelling would be most suitable for vegetation population modelling at
the reach scale but for vegetation growth dynamics a the geomorphological-unit
scale, numerical modelling is more appropriate. The models used and developed within
this gudy are described in Chapter 5.

The river geomorphological modelling packages reviewed in this chapter do not consider
all the processes which affect river form, especially vegetation. These modelling packages
also do not consider many of the processes operating at various organisational levels and
therefore lack the predictive capability for river form a decadal time scales Not only is
small-scale river form required for river habitat management, but it dso affects the rates at
which river form changes at larger scales.

Effective integration of models for various interacting processes & various scales has to
alow for feedback, which is vital for accurate smulation of rivers over a decade. Few
models simulate interactively the impacts of flow on plants in river channels and thelr
feedback effects (Hooke et al, 2005). Modelling integration is discussed in Chapter 6.
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Chapter 5 — Hierarchical modelling

In this chapter, each of the hierarchically nested models representing sediment, water and
vegetation processss is described. Models are chosen or developed to gpply a the reach
scale, the channel-type scale and geomorphologica-unit scale. These models have to be
linked to alow feedback between models. Figure 5.1 illustrates the process models
described in this chapter and aso the feedback between these process models.

Trans-scale modelling linkage refers to the feedback across organisational levels and is
applied through roughness coefficients and boundary conditions. A critical aspect of trans-
scale linkage is to determine flow resistance coefficients. These resstance coefficients are
gpecific to the models chosen to represent water a various organisational levels used in
this sudy. Flow resistance formulations also have to incorporate the effect of sediment and
vegetation processes on water flow. Trans-scale linkage therefore requires further
explanation and is discussed in the following chapter.

Exiging water flow models at the reach scale and the channel-type scale are used. The
reach scale water flow modd solves one-dimensiona (1-D) Saint-Venant equations
whereas the channel-type scale water flow modd is governed by two-dimensional (2-D)
Saint-Venant equations. The water flow model a the geomorphological-unit scale is not
based on the actud physics of water flow but does account for the smaller scale variability
of the water distribution.

The sediment model at the reach scale employs the Exner equation of sediment continuity
in combination with the gravel-bed-load transport equations to determine changes in bed
elevation. For the channd-type scale, a cdlular automaton (CA) model was developed
using the modelling concept of Murray and Paola (1994). At the geomorphological-unit
scale, a combination of exiging formulations is used to predict the dimensions and growth
of bed-forms representing sediment dynamics.
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Figure 5.1 Hierarchical modes of sediment, water and vegetation processes across the
reach scale, channel-type scale and geomorphological-unit scale. Downward arrows
represent feedback through boundary conditions and upward arrows represent
feedback through model parameters Horizontal arrows represent feedback between
water, sediment and reed processes

In this sudy a shallow gravel-bed river was chosen to be modelled, which alows the
important river process of river bank-stability, as outlined in Chapter 3, to be smplified.
Another important river process identified in Chapter 3 is local scour, which is ignored
within the modelling in this sudy. Local scour is a process at the geomorphological-unit
scale which requires greast computational effort and since the hierarchical modelling is
inherently computationally intensive, local scour is ignored. Ignoring local scour may be
acceptable since it is caused by the acceleration of flow and by vortices resulting from flow
around an obgtruction and it will therefore be assumed that no obstructions are present in

the modelling scenarios.

The vegetation models a the reach scale and the channel-type scale were developed
specifically to describe dynamics of common reeds or Phragmites Australis. Reeds were
chosen for representing the effect of vegetation because of the large role they play as
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geomorphological modifiers. Thisisa large smplification but is justified because the goal
of thisthesis, which is to deal with river complexity in order to make reliable predictions,
will nevertheless be achieved. The reach scale modd predicts the digribution of reed
populations along the river bank gradient whereas the channel-type scale reed model is a
CA model that predicts the expansion of patches within the population. The vegetation
model a the geomorphological-unit scale is an existing model describing the growth of
Phragmites Augtralis by integrating finite differential equations for biomass growth.

The gpatiad modelling resolution is 100 m for the reach scale, 5 m for the channdl-type
scale and 0.25 m for the geomorphological-unit scale. The models are decoupled and run
a asynchronous time geps. Table 5.1 gives typical time seps used by each of the
individual models.

Table5.1 Typical time stepsused in the modelling at the various organisational levels
for the vegetation, water and sediment hierarchies

Vegetation Water Sediment
organisational organisational organisational
hierarchy Hierarchy hierarchy
Reach scale 1 year 15 seconds 1 minute
Channel-type scale 20 days 0.2 seconds 5 seconds
Geomor phological- 1 day - 0.1 s=cond
unit scale

Model eguations and procedures were implemented in a MS-Excel workbook with Visual
Basic for Applications (VBA). Modelling code is provided in the Appendixes.

5.1 Reach scalewater flow

5.1.1 One-dimengonal Saint-Venant equations

The dynamic model is governed by the 1-D Saint-Venant equations for open-channel
flows with low sediment concentration:

1T;A\+E:O

T X (5.1
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where x and t are the spatial and tempora axes respectively; A is the flow area; Q isthe
flow discharge; y iswater surface elevation; g isthe gravitational acceleration; and S isthe
friction dope.

51.2Flowredgance

The friction slope is defined as
nZQZ
in which R, and n are respectively, the hydraulic radius and Manning's roughness

S = (5.3
coefficient. The Manning's n is gored at each computational node representing a cross-
section within the reach.

5.1.3 TheMacCar mack method for solving 1-D flow

The equations are solved using the MacCormack method for solving finite difference
equations. The MacCormack method is explicit, so tha the value of each variable is
calculated entirely from previously calculated values (Chaudhry, 1993).

Using the MacCormack method, each variable is calculated twice for each time step. Inthe
first caculation, called the predictor step, depth, y', and velocity, u’, are calculated with
backward differences with respect to both x and t. In the second calculation, caled the
corrector step, depth, y~ and velocity, u” are calculated using forward differences of the
predictor sep with regpect to x and backward differences of the predictor sep with respect
tot. Thefina values are the arithmetic mean of the predictor and corrector values.

The following equations are given by Chaudhry (1993) and have been de-composed into
finite difference equations

A=A [[;)t(((uA)t t(ua)t) (5.4)

(ua); = (uA);* - % ((u2A+ gAy)tj'l - (u2A+ gAy)tJll)+ g xA>Dt >(SO -'S, )‘Jl (5.5)
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5.1.4 Sability Condition

The time interval Dt and distance step Dx is determined to ensure gability. The gability

condition for most explicit finite difference methods is dated as
_lulze

C, = £1
" Dx (5.9
D
where C,, is the Courant Number (Chaudhry, 1993), and c is calculated from:
C=NOY (5.10)

Stability is ensured by increasing Dx or decreasing Dt for a maximum value of the

numerator u+ C.

5.2 Reach scale sediment flow and bed devation

52.1 Modd overview

The 1-D reach scale sediment model computes the change in river bed eevation h, based
on total bed material load. The reach has length L over which bed sediment with grain size
D and submerged specific gravity sistransported. Initialy the channel has a uniform slope
S Thebed elevation at the downstream end is assumed to be fixed. Changing the sediment
feed rate Gy & the upstream end forces bed elevations to aggrade or degrade to move
toward an equilibrium state over timet.

52.2Inter mittency

Most geomorphological change occurs during floods and flooding, which typically occurs
only over a small portion of time throughout a year (Figure 5.2). This portion of time is
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referred to as the Intermittency | of the river (Paola et al, 1992). Intermittency allows the
time step to be increased to provide the total period over which the bed elevation changes.

After averaging over many floods, the relation between cumulative time in which the river
hasbeeninflood tr and actud timetis  t; =1t (5.12)

The mode is driven by input provided by the 1-D water flow model, which simulates the
flood flows. These floods are episodic events and their duration, together with
intermittency, determines their effect & the decadd time scales.

Intermittency = 0.03 for small flashy rivers
Intermittency = 0.1 for largerivers

A «—Flood

Q

Low flow

\

Figure5.2 Idealised hydrograph associated with intermittency

1 2 3  Time(years)

5.2.3 Bed elevation computation

The Exner equation of sediment continuity takesthe form

-1y __ 99, (5.12)

P7qt X
where q, refers to the bed-load sediment transport rate during flooding, h denotes bed
elevation, | , denotes the porosity of the bed deposit and t denotes time. Averaging over
many floods, equation (5.12) is changed to

fh _ 19
A1) = (513)

The numerical solution scheme for the Exner equation is described below.
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524 Numerical soution scheme for the Exner equation

Figure 5.2 shows the numerical solution scheme for solving the finite difference form of
the Exner equations. The reach is assumed to have length L and divided into M

sub-reaches, each with length Dx which is given by
Dx = L
M (5.149)

A ghost node is introduced to provide boundary conditions for backward difference

goplications.
AX
+—>
O @ @ @®----------- o—0—©
Ghost i=1 2 3 M-1 M i=M+1

A

v

Figure 5.3 Numerical solution scheme for the Exner equation of sediment continuity

ThisdefinesM + 1 node with the positions

X =(i-)Dx,i =1.M +1 (5.15)
asnoted in Figure 5.3. The initial bed elevations h; are given as
h.=S(L-x), i=1.M+1 (5.16)

S denotes the initial bed slope of the river. h is determined at all nodes alowing
computation of the Shields number t” a all nodes using equation (5.35). From the known
values of t; the sediment trangport rate gy; can be computed from equation (5.22). The
new bed elevation at the next time gep is then given from a discretized version of
equation (5.13).

_ 1 Daq, L _
o =Nl o D 1=LM Al (5.17)
p

h|

where Dt denotes the time step and
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un 'I[au tl-a) Dx I
Dx { oy Dqt,i-l =M +1 (5.18)
X

In equation (5.18), a, is a coefficient that can be s&t between O and 1. The settinga, = 1
yields a pure upwinding scheme, which gives stability & the cog of accuracy. a, = 0.5
yields a central difference scheme, which gives accuracy at the cost of gability.

525 Sdiment feed

The bed-load sediment transport rate o, in m?/s is associated with the annual sediment
yied G; intons/year given as
s = 0yBl T, (5.19)

where t, denotes the number of seconds in a year. Similarly, specifying the sediment feed
rate Gy & the upstream end of theriver givesq, as

q - th
° rBl,t, (5.20)
52.6 Sediment trangpart

The modd implements the surface-based bed-load trangport equaions of
Wilcock and Crowe (2003) developed for gravel-bed rivers described below. The
equations and procedures recognise the role of the armour layer in regulating bed-load
trangport rates. The sediment transport include equations used apply the surface grain-size
characterigics as inputs.

The bed-load transport reations use a dimensionless parameter W as a function of the
trangport sage

f=— (5.21)

where 7 isthe Shieldsstressand 7 , is the reference Shields stress that produces asmall but
measurable transport rete. Bed-load transport rae per unit width q, is determined
according to W

Wru”
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(522
where sisthe specific gravity of sediment determined from

s="'s (5.23)
r
where ps is the density of sediment taken as 2650 kg/m®,  is the density of water.

U" isthe shear velocity determined from:

U" =,/(s- )gDgt " (5.24)

where Dy is the midpoint of the distribution corresponding to the value for which haf the
sediment is finer is the median grain size W is is determined from relations described in
Section 5.2.8.

52.7 Grainszecalculation

Representative samples of the bed surface-layer are required in order to develop a
cumulative frequency distribution of the available grain sizes. Sample values are entered
into the modd as a cumulative frequency digtribution of the percentage of particles finer

than agiven size D in millimetres.

For convenience, a @-scale is also used to represent grain size. The @-scale varies with the
base 2 logarithm of the grain size:

@ =log.D (5.25)
where D isin millimetres.

The model caculates trangport rates on the basis of discrete values of the grain size
digribution D; where the subscript i refers to an individual percertile of the grain size
digribution. Sediment transport parameters are calculated from the full grain size
digribution of the sample using individual values for each size class. Let Dy, D, ..., Dna
be the grain sizes associated with each of the N size classes, and let f;, fy, ..., faeg be the
fraction of the mass represented in each Size class. The mean values of D; , @ and f; for

each class are calculated as follows:



D =,DD., =2 +2<bi+1 T (5.268,b,C)

here the subscripts i and | + 1 refer to adjacent size classes. The values obtained from

equation (5.25) are used to estimate additional parameters, s ; =2, s = \/ éiN:l(cbi - c_b)2 f

@ f, (5.27ab)

Qo

I
=LY

and Dgzz? &=

whered is the arithmetic mean in @ units, Dy is the geometric mean grain size in
millimetres, ¢ is the arithmetic standard deviation in @ units and oy is the geometric

gandard deviation in millimetres.

52.8 Thesurface-based rdation of Wilcock and Cr owe (2003)

Wilcock and Crowe (2003) developed a trangport relation based on the full grain size
digribution of the bed surface including the sand. This relation includes an additional
function that accounts for the non-linear effect of sand content on gravel transport rates.
The basic form of the equation is as follows

W' =0.002f ° for f <135 (5.28)
45
w =148 08940 for f3135 (5.29)
f0.5 Q
. N
where t ri =t r50§e£g ! t P ét ri fi (530a’b)
Dy g i=1

and an empirical function that accounts for the variation in sand content
t ., =0.021+0.015exp(- 20F,) (5.31)
where Fs is the percent of sand on the bed surface.

The exponent in the hiding function b is calculated from

b= 0.67

) s . 2
1+ expaS- D'g (5:32)
e Dg

where D isthe mean grain size of the bed surface. The reference shear stress for D isfound
using the Shields #ressrelation

t

t =1
" (s-1)gD (5:33)



52.9 Computation of theshear dress

The normal-flow formulation for boundary shear stress t, and Shields number (Shields
sress) t” arethe parameters used to compute sediment transport where

t,=ruU?=rgds, (5.34)
and
R T dS;

rRgD, RD, (5.35)

where S isthe friction slope and d is the flow depth.

In order to calculate § the water surface elevation y average flow velocity U and bed slope
Sarerequired at each computational nodei a interval distance 4x for the reach described
by a numerica solution scheme.

2 JUad® (UL

i+1 - i-1 <

29 ; 29 ;

S, :g 95 & 9e,s (5.36)
: 24X

Values for these variables are obtained from the 1-D flow model described above.

5.3 Reach scalereed population dynamics

53.1Modd overview

The population distribution of common reeds (Phragmites Audtralis) up the river bank
gradient & the reech scale is predicted by a fuzzy expert sysem. Fuzzy-rule-based
modelling is well suited to prediction of the patterns of reed populations at the reach scale
as affected by the flow regime since it is able to ignore the variation produced by smaller
scale reed dynamics.

The model takes advantage of reed population data obtained by experienced scientids, as
shown in Figure 5.4. The data are converted into a rule base for describing reed biomass
affected by various flow regimes and related numerically using fuzzy logic. Fuzzy logic
provides realigic numerical values for prediction, using rules that describe a dataset. It
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provides a way of transforming linguigtic variables such as the words “Low”, “Medium”

and “Large’ into numerical results

Fuzzy-rule-based modelling extends the dataset to be generally gpplicable to intermediate
and wider ranges of circumstances. This is especidly important given that reeds a
different eevations up along the river bank are affected differently by the same flow
regime. The model aso applies fuzzy-rule-based modelling to the prediction of reed
biomass for flow regimes that are not included in the dataset.

The model runs a an annual time step and determines the percentage maximum biomass
density of reedsthat can potentially grow in a particular substrate. Hence, the reed biomass
that can potentially grow & a given elevation on the river bank is determined. Rules are
developed based on the maximum biomass density specified in the dataset. The maximum
biomass density used in the model is particular to subgtrate within the reach and is
gpecified by the user.
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Figure 5.4 Reed growth according to seasonal variation of water level in relation to
ground level. Shootsare not drawn to scale (Karunaratne et al, 2003)

Fuzzy logic is applied through the inference process. The general inference process
proceeds in three steps. Fuzzification, Inference and Defuzzification. The inference
procedureis outlined below.
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The mode utilizes relationships for reed biomass density (kgDWT/n¥) and the yearly flow
regime, which is represented by the yearly average flow and flow variability. The flow
regime reflects the effect of the climatic regime (precipitation and temperature) and
catchment controls on runoff on riparian vegetation. Under harsh flow conditions, reeds
become stressed and develop to only a fraction of the full potential biomass densty. Flow
variability plays arole in reed expansion by supplying reeds on different elevations with
water. Reeds require periodic inundation to supply water and nutrients to dluvial substrate
of the bar. Variable flow depth is also important for seedling establishment & various
elevations.

The average flow depths determined by the 1-D water flow model for every month of the
year provide the mean yearly flow depth Have. These monthly average flows are also used
for obtaining the coefficient of variance, COVy (COVy = gandard variance of flow depth/
Have). The COVy is useful when comparing data obtained for different flow regimes The
resultant COVy is compared with thet obtained from the data set using the inference
procedure as st out by fuzzy logic.

The approach is novel and provides convincing outputs for reach scale reed population
dynamics. This model has not been verified. Verification would require a wider range of
flow variability and a longer period over which reed biomass is grown in the laboratory.
The model also requires verification in terms of the maximum biomass density for a
particular subgrate



5.3.2Inferencepraocedure

Fuzafication

To perform inference, each rule must first be quantified with fuzzy logic. It alows
conversion of numerical inputs into fuzzy membership functions. This process is termed
fuzzification. Under fuzzification, the membership functions defined by the input variables
are goplied to their actud values to determine the degree of truth for a condition. To
specify rules, linguistic descriptions were obtained from expert knowledge, which are
needed for the inputs and their characteristics (Passino and Yurkovich, 1998). It is
necessary to define gppropriate membership functions for the input- and output variablesto
congruct the rule base and to specify the fuzzy operators as well as the methods for
calculating rule response and defuzzification. All of the membership functions assigned to
each input variable are combined to form a single fuzzy membership function for each
output variable (Klir and Folger, 1987).

Inference

In the inference gep, it is firg required to determine the extent to which each rule is
relevant to the current Situation as characterised by the inputs. Thet is, the applicability of
each rule is determined together with the conclusions reached. Based on the applicability
of the individual rules the repone of the system is cadculaed
(Passino and Y urkovich, 1998).

Next, al the rules are checked for their degree of truth (DOT). In the inference sub-
process, the truth-value for the condition of each rule is computed and applied to the
conclusion part of each rule. This results in one fuzzy membership function to be applied
to each output variable for each rule. For the evaluation of the fuzzy AND-operaor in the
rules the Min-Inference Method is used. The Min-Inference Method uses the lowest
membership thet is achieved for any condition within a given rule (Fischer et al, 2003).
The output membership function is cut off & aheight corresponding to the DOT computed
as the minimum DOT for dl the rule conditions. Different rules usudly return different
DOTsrdating to different conclusions. In order to combine all these individual results, the
fuzzy membership functions for the conclusions must be known (Klir and Folger, 1987).
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Defuzafication

Owing to the overlap of fuzzy input variables several rules with different DOTs can apply
to a given condition. Therefore, a Defuzzification Method is specified, which defines how
the conclusions of the corresponding THEN-parts are aggregated. Defuzzification Methods
transform fuzzy outputsinto crigp values (Schneider and Jorde, 2003).

In the mode, the Centre Of Gravity (COG) method is used. In the COG method, the crigp
value of the output variable is computed by finding the variable value of the COG of the
membership function for the fuzzy value. If the output membership functions are not
symmetric, then their centres, which are needed in the computetion of the COG, will
change depending on the membership value of the premise
(Passino and Yurkovich, 1998). Simple geometry showsthat the digance to the centreis

L= Lcreﬂ tw

(5.37)

for an asymmetrical triangle which peaks at 1 and has awidth of w, shown in Figure 5.5.

w

"l
Figure5.5 Asymmetrical triangle, which peaksat 1 and hasawidth of w

The distance to the centre of the area formed when the triangle is chopped off at a height of
hisequa to Leenre as shown in Figure 5.6.
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Figure 5.6 Diagram indicating the disancesto the centre of gravity

where
L — L1A1 B LzAz
centre IA& _ ’A2 (538)

The height h isthe value of the DOT that is applicableto aconclusion, where

L1=a+g+c (5.39)

I_2:a+b+c- ha+2hb- hc (5.40)
3

A =05(c- a) (5.41)
and

A, =05(c- a+ha- hc)(1- h) (5.42)
The centre of gravity method computesthe crisp valueto be

ucrisp - é. Lcentrei A (543)

aA
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5.3.3Read biomass-devation data

Deegan et al. (2007) ran an experiment to determine variations in biomass (gDWT) of P.
Audtralis subjected to different water levels fluctuating a different elevations They
applied four amplitude fluctuations: Static; £0.15 m; £0.30; and +0.45 with water levels at
0.2; 0.4; and 0.6 m above bottom of an experimental pond. The results are shown in
Figure 5.7. The data set shown in Table 5.2 which is used to develop rules for afuzzy logic
model were obtained directly from Figure5.7. The dataset indicates the percentages of
biomass obtained and maximum potential biomass taken as 400 gDWT. The experiment

ran for 100 days.
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Figure5.7 Final biomass (gDWT) of reeds after being subjected to four amplitudes of
water level fluctuation (gatic, 15, 30 and 45 cm) at three evations (20, 40 and 60 cm)
(Deegan et al, 2007)
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Table 5.2 Data s&t used to determine the rule base for finding the per centage of total

biomass dendty given average flow depth and flow variability

Data | Hae(m) COVy | Min | Biomassdensty M ax
line (%) (gDWT)
1 0.01 0 112 232 360
2 0.01 1108 52 188 296
3 0.01 2216 152 212 236
4 0.01 3323 48 116 152
5 0.2 0 212 288 440
6 0.2 55 104 244 384
7 0.2 111 224 272 304
8 0.2 166 72 136 176
9 04 0 216 328 416
10 0.4 28 140 256 332
11 0.4 55 304 400 440
12 04 83 244 292 316
13 0.6 0 176 244 280
14 0.6 18 176 248 292
15 0.6 37 232 332 456
16 0.6 55 268 308 340
17 0.8 0 52 80 92
18 0.8 14 56 92 112
19 0.8 28 72 140 192
20 0.8 42 64 80 88
21 1 0 20 36 40
22 1 11 36 60 68
23 1 22 36 72 96
24 1 33 8 12 12
25 12 0 20 28 32
26 1.2 9 12 16 20
27 12 18 4 4 8
28 1.2 28 0 0 0
534Rulebase

The relationships between biomass dengity, Hae and COVy are expressed as rules
describing reed growth according to flow regime. Linguigtic variables define rules to form
the knowledge base of the system. These variables as used in the rules are divided into
low-resolution states gppropriate to model the reeds at the reach scale.
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The rules are usually of form: “if A, then B” where A and B are fuzzy membership
functions, which in turn specifies to wha degree a daement would be true
(Klir and Yuan, 1995). A forms the condition that describes to what degree the rule
goplies, while B is the conclusion that assgns a membership function to the output
variable.

Membership functions are used to quantify linguistic variables. Membership functions
consst of fuzzy numbers. They have a pesk or plateau with a maximum membership of 1.
The membership function is increasing towards the pesk and decreasing away fromit. The
value zero is usad to represent complete non-membership. The value one is used to
represent complete membership and a value in between represents an intermediate degree
of truth (DOT) (Kaufmann and Gupta, 1985). The values obtained from the data in Table
5.2 are used to determine the range and DOT of the membership function for the

conclusion to therules.

Table 5.3 shows the rules used. The firgt rule provides that if Hae="“Very Low” and
COVy = “Zero” then the membership for % maximum biomass dengty starts with
DOT =04 28 %, DOT =1 at 58 % and endswith DOT =0 & 90 %.

For the most part, the definition of a membership function is subjective rather than
objective. At the very leas, experts amply draw or otherwise specify different
membership curves gppropriate to a given problem. Membership functions are defined
using fuzzy numberswith avariety of different shapes (Schneider and Jorde, 2003).

The percentage of maximum reed dengity as a conclusion is, therefore, described by
linguigtic variables. The number of rules used depends on the number of linguistic
variables. The rules alow precise as well as imprecise informetion as input data to be
processed (Klir and Folger, 1987). The number of linguigtic variables can be related to the
time step that is used in the model. The smaller the time step, for example, the smaller the
observed changesin reed cover would be and the greater would be the number of linguistic
variables. An increase in the number of linguigic variables leads to an increase in the

number of rules.



Table 5.3 Rule base for finding the percentage of total biomass dengty given average
flow depth and flow variability

Range of DOT of 1for %
Rules Have (M) COVh (%) | % maximum maximum biomass
biomass density density
1 Very Low Zero 281090 58
2 Very Low Low 13to 74 47
3 Very Low Medium 3810 59 53
4 Very Low High 12to 38 29
5 Very Low Zeno 5310 110 72
6 Very Low Low 2610 96 61
7 Very Low Medium 5610 76 68
8 Very Low High 18to 44 A
9 Low Zeo 5410 104 82
10 Low Low 35t083 64
11 Low Medium 7610 110 100
12 Low High 61to 79 73
13 Average Zero 4410 70 61
14 Average Low 441073 62
15 Average Medium 58to 114 83
16 Average High 6710 85 77
17 High Zero 13t0 23 20
18 High Low 14t0 28 23
19 High Medium 1810 48 35
20 High High 16to0 22 20
21 Very High Zero 5to 10 9
22 Very High Low 9to 17 15
23 Very High Medium 9to 24 18
24 Very High High 2103 3
25 Very High Zeo 5to8 7
26 Very High Low 3to5 4
27 Very High Medium 1lto2 1
28 Very High High 0to0 0

To derive the maximum potential biomass density from values for given conditions (Hae,
COW), firg the truth-values of the IF-parts are computed. Figure 5.8 shows the fuzzy
membership function used for Hae and includes what the imprecise expressons “Very
low” or “High”, mean numerically. The information that is used to describe change in
potential reed population distribution has linguigtic variables such as “Very Low” Hae
which is between 0.01 and 0.4 or “High” Hae Which is between 0.6 and 1.0.
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Figure 5.8 Membership functionsfor Average Y early Water Flow Depth

The mode gpplies variable membership functions as values for COVy as Hawe iNCreases.
The membership function for COVy therefore changes to specify new values for the
linguigtic variables of “Zero”, “Low”, “Medium” and “Large’ appropriate to Hae as for
example shown in Figure 5.9 and Figure 5.10.
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Figure 5.9 Membership function for flow variability (COVy) for Hae =“Very High”
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Figure 5.10 Member ship function for flow variability (COVH) for Hae ="“Very Low”

Thereault for each rule istherefore a DOT between 0 and 1, which is obtained for each of
the applicablerules.



535Modd Output

In order to show atypical output from the reach scale reed model at a given cross-section
in the river, the following inputs for monthly water flow depths in Table 5.4 were used as
an example. The model uses the Hae and COVy obtained from these deta to determine the

percentage of the maximum biomass density that can possibly grow a agiven elevation.

Table 5.4 Monthly flow depths at a point within the reach and associated Yearly

Average and Covariance

Month | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Have | COVY
z(m)

0 18 17|16 | 14| 13 | 13|14 16 |16 |17 |18 |18 |158| 12

10 08/07| 06 04| 03 03|04/ 06|06]07)08)|08|058| 33

The monthly water flow depths are measured from the bottom of the river bed &t z=0
which gives Hae = 0.58 m and COVy = 33 % a elevation z = 1 m above bed. The
gpplicable membership for Hae = 0.58 misshown in Figure 5.11.

For Low yearly flow depthsa DOT = 0.08 is obtained and for Average yearly flow depths
the DOT = 0.92. FHgure 511 shows the membership function for Flow variability
interpolated linearly according COVy and the rules shown in Table 5.3. The minimum,
maximum and peak values for the membership of each conclusion to the applicable rules
in Table 5.3 areobtained by linear interpolation using Hae and the datain Table 5.2.

Therulesin Table 5.3 show that for Low yearly flow depth and L ow flow variability Rule
10 applies and for Low yearly flow depth and M edium flow variability Rule 11 applies.
The range of the applicable membership of flow variability for Rule 10 sartsa COVy =0
to COVy = 36.9 with DOT =1 at COVy = 18.5. COVy for DOT = 1 are determined from
linearly interpolating the values from datalines 10 and 14 in Table 5.2 based on Hae lying
between 0.4 m and 0.6 m. Similarly, the membership range is obtained from data lines 9,
13, 11 and 15. Figure 5.12 shows that for Low flow variability a DOT = 0.24 is obtained
and for Medium flow variability the DOT = 0.76. Rules 14 and 15 gpply in the same way
for Average yearly flow depth.
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Figure 5.11 Membership function for Average yearly water flow depth. The DOTs

for Hae=0.58 m areindicated by thedashed line

Flow variability
< 1 '
E 076 ------------------------------ p - LOW
5 ' —— Medium
8 :
D 02AF - F e T
g .
O 1 T T T * T T 1
0.0 10.0 20.0 30.0 40.0 50.0 60.0
COV (%)

Figure 5.12 M embership function for Flow variability associated with Hae = 0.58 m.
The DOTsfor COVH of 33 % areindicated by the dashed line

COVH = 33 % a devation above bed z = 1 m gives, for Average yearly flow depth, a
DOT = 0.16 for flow variability being Low and a DOT = 0.84 for flow variability being
Medium. Figure 5.13 shows the membership function for the % of maximum biomass
which isthe conclusion to the applicable rules.

Rule 10 provides a minimum DOT of 0.08 and a membership range of % of maximum
biomass ranging between 54.1 and 103.9 with DOT =1 at 81.9. The values are obtained
fromdatalines9, 13, 10, 14, 11 and 15. Rule 11 aso gives aminimum DOT of 0.08 where
Rules 14 and 15 gives minimum DOTs of 24 and 76 respectively. Defuzzification of these
values gives Reed biomass of 66.7 % of the Maximum Reed biomass as shown in Figure
5.14.

Figure 5.14 illustrates a typical output from the reach scale reed model a 0.25 m intervals
up along the river bank. The dataset provided a maximum potential biomass of 400 gDWT
which gives a maximum biomass of 268 gDWT allowed to grow a z= 1 m above theriver
bed.
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Figure 5.13 Membership function for % Maximum reed biomass associated with
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Figure 5.14 Typical model output providing the vertical distribution of percentage of

the maximum Phragmites biomass dendty along the river bank. In the example

above, a value of 66.7 % of the maximum possible biomass obtained at elevation

aboveriver bedz=1m



54 Channd-type scalewater flow

The water flow model a the channel-type scale provides average flow depth and the
magnitude and direction of velocities in two dimensions (2-D). The model drives the
sdiment modd, which in turn determines the distribution and flow of sediment
accordingly. The model employs 2-D Saint-Venant equations and accounts for the
ressance to flow specific to the channel-type scale.

54.1 2-D Saint-Venant equations
fH 1 l
—+—(UH)+—(WH)=0
it H) g ) (544)
E+U E+VE:-gﬂ—z‘”- gs, + L 13?% t_>°<9+ila?—| t—xyg (5.45)

Tt X Ty 1 HIXE r g HIy% r 5

ﬂ+Vﬂ+Vﬂ=-gﬂ—z’“- gS, + 1 1?4 tﬂ%ilé‘ﬁ t_Wg
g Hive T o (549)

it X Ty X Y H X
where H isthe height of the water surface, U and V isthe depth average velocities in the x
and y directions. Thefriction terms, 7, 7y, 7y, Sx@nd Sy are described below.

The Saint-Venant equations in the form of classical finite differences equations are solved
using the MacCormack integration scheme. This method ensures second order precision in
both space and time. It is written for a staggered grid, ensuring a resolution that is suited to
mass and momentum conservation. The MacCormack integration scheme for 2-D water
flow simulation on staggered mesh is described below.

54.2 Bed friction moddling

The hydraulic head losses due to bed friction, S and S, are expressed as energy slope
components in the x and y directions. The friction dope terms depend on the bed shear
dresses which are assumed to be related to the magnitude and direction of the depth
averaged velocity. In the x direction, for example:

_ty _AUZ+V?
S od U (5.47)
rgd gdc,
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where 7, is the bed shear stress in the x direction and ¢ is the nondimensional Chézy
coefficient. ¢ isrelated to the effective roughness height ke of the boundary and the depth
of flow d (Steffler and Blackburn, 2002) using:

c, = 5.75|og§[2i% (5.48)
Ke g

ke is dependent on grain size and bed-form size which is obtained from models at the
geomorphological-unit scale. The formulations used to determine k. are described in
Section 6.3.2.

54.3 Turbulent shear Sressmoddling

Depth-averaged transverse turbulent shear stresses are modelled with a Boussinesg type
eddy viscosty formulation. For the depthraveraged shear dresses, the Boussines)
assumption is expressed by the following equation:

t AUs 2, (5.49)
=u,gc—t+t—= (550)

Ui ﬂyé 3 (5.51)

where v is the eddy viscosity coefficient. The turbulent kinetic energy k is estimated
through the trangport equation:

k= cq/cu(w/ lg) (5.52)

where |y isthe turbulence length-scale. |4 is assumed to be proportional to the water depth
d:

ly=0.1d (5.53)

where ¢, = 0.09 and ¢y = 0.17 are congtants (Nadaoka and Y agi, 1998).
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The eddy viscosity coefficient v, is assumed to be composed of three components. a
congtant, abed shear generated term, and atransverse shear generated term.

2 2
H UC+V +e32H\/ﬂU U, Vo,V

n,=e +e, te—+—+2— (5.54)

X Iy Txg Ty

S

where g, & and e; are user-definable coefficients.

The default value for e, is 0. This coefficient is used to stabilize the solution for very
shallow flows when the second term in equation (5.54) may not adequately describe v for
the flow. The default value for & is 0.5 but values of 0.2 to 1.0 are reasonable. Since most
river turbulence is generated by bed shear, this term is usually the most important. For
deep flow, or flows with high transverse velocity gradients, transverse shear may be the
dominant turbulence generation mechanism. When grong recirculation regions are
important examples, e; becomes important. The third term is essentially a 2-D horizontal
mixing length model. The mixing length is assumed to be proportional to the depth of
flow. A typical value for e;is 0.1 (Steffler and Blackburn, 2002).

54.5 TheMacCa mack Method for solving 2-D flow

The gatid discretisation makes use of a staggered "marker-and-cell” (MAC) mesh
(Harlow and Welsh, 1965). Figure 5.15 presents the MacCormack scheme for solving 2-D
flow. The MAC mesh allows the velocities U and V to be defined for positions situated at a
middle disance between the points where the bed level z are defined. These values z, are
given for points located at the centre of squares formed by 4 points where the water-level
value z is defined. This location enables an easy esimation of the bed level value a any
point of interest (z, U, V), using a linear interpolation method. The MAC mesh provides a
good coupling between the velocities and the water depth ensuring a very good mass and
momentum conservation (Ferziger and Peric, 1996). The discretisation includes associated
gability criterion and boundary conditions.

In order to facilitate the programming, the fractional indices from Figure 5.15 are replaced
by entire values. Additionally, the value of the viscosity, v is defined at the same locations
asthewater level z
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Each equation described above is then discretised with a computational cell centred on the
location where the value varying with the time is defined. The first order derivativesin the
momentum equations are written using in alternation a forward and a backward difference
operator, corresponding respectively to the predictor and the corrector seps of the
MacCormack scheme. The first order derivativesin the continuity equation and the second
order derivatives (diffuson terms) are written using centred difference operator. The value
of avariableisinterpolated from adjacent values (Bousmar, 2002).
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Figure5.15 Staggered "M AC" mesh définition for 2-D shallow-water flow modelling

Accordingly, the discretised continuity equation (5.44) writes at the node (i, j):

7.
Wy 2 (he,
it Dx ’

ij+iVi,j+ T ij Vi,j

Uiy, - Ht’jUi’j)+$(H." \Y/ HYV .)=o (5.55)

where HY;; and HY}; stands for interpolated values of the water-depth a the definition
pointsof U and V:

HUl

i :E(Zi—l,j +Zi,j)' %(Zbi,j +Zbi,j+l)

(5.56)

103



HiL,JJ :%(Zi,j-l-'- Zi,j)- %(me * Zb“lvj)

(5.57)

and where the temporal derivative TH; /1t becomesfz, /it , asthe bed level z, remains

condant.

The momentum equations (5.45) and (5.46) and the shear-stress equation (5.47) are
discretised in a similar way. For the predictor gep (forward difference operator), these

equations write:
U. .
%+§Ui,j(ui+l,j - Ui,j)+$\/i,nj](ui,j+l- Ui,j)

- ig(ziyj - Zi-l,j)- 0S5k

+§§g HLIJ(ZF| Ui J(Ui+l,j - Ui ) 2HIZlJ ti- l,J(UiyJ' ) Ui-lvj))

1 1 ﬂ_ z _EHZ k 0

DXH <3 LT g L i-lyJB
g%% _ |BJ+1UtriT,]j+1(Ui,j+1' Ui ) HI Ui, J(U ) U‘vj‘l))
lyJ
DXLD}/%(HFJHUEJH(\/LJH- Vi—1,J+1) HP Ui, J(V V"“))
¥ (5.58)
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1)

=. ig(;,j - Z,j.l)' OSy;

Dy

+D(1Dy%(H3Ljug;M(uw-uiﬂ,j_l) HEur U -U0)
B b v ) e b, )
+§%§ Hl" (2H2u, V- V) 2HE 0 V-V )
Dly 1|VgéH|Jk” —Hfj_llﬁ,j.lg

(5.59)

where the values of Sy; and S j are estimated using equations (5.49), (5.50) and (5.51)
with the velocity values (U; j, V'i,j) and (U™}, Vij) respectively;

n 1
U/} :Z(Uij +U; o tU +Ui+l,j—l)

(5.60)
m_ 1

Vi,j 4(\/ +V| i+l +Vi—l,j +Vi-1,j+1) (5_6]_)
m 1

uti,j :Z(utij +uti,j—l+uti—l,j +uti—l,j—l) (5-62)

H%; and H®,; stands for interpolated values of the water-depth at the definition points of z
and z,.

1
Hijz =4," Z(Zblj 25 1 ¥ Gy +Zbi+1,j+1) (5.63)
1
HuB:Z(Z,j +Z,j-1+4.1,j+4-1,j-1)' % (5.64)

The discretisation of the turbulent kinetic-energy trangport equation (5.54) is obtained
smilarly centred onthe z point:
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(5.65)

The 2-D MacCormack scheme employs the following condition (Y ulistiyanto, 1997):

1
U +,/gH +V+ gH N 2u, N 2u,
Dx Dy (X (Dyy

Dt £
(5.66)

The no-dlip condition is used to assign a zero velocity value at the wall and provides a
fictitious node behind the wall. The value Uj-=., @ this fictitious node is obtained thanks to
Taylor-series developments (Peyret and Taylor, 1983) thet give

1
Uj:-lzé(Ujﬂ' 6Uj:o+8uwa||) (5.67)

where U, = 0 isthe velocity at thewall.

55 Channd-typescalebar evolution

55.1 Sdiment routing
The channel-type scale bar evolution modd is a cellular automaton model which routes
sediment based on numerica rules for the sediment storage faes of upstream and
downgtream cells. A certain volume of cohesionless sediment is fed into the first row of
cells representing the upstream end of the river. The amount of sediment fed into the
model depends on the sediment inflow rate and the time step that is specified by the user.
The sediment inflow rate is obtained from the reach scale sediment model described
above. Sediment moves cell-by-cell according to sediment flow relationships between

cells. Figure 5.16 showsthe procedure for routing sediment.
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The flow chart in Figure 5.16 shows the modelling procedure. The model requires water
flow velocity, flow depth, height differences between upstream and downstream cells,
sediment inflow, local dope and 2-D flow direction for each cell in the cellular grid. Each
cell in the grid receives a sediment inflow sarting upstream. The water flow velocity and
depth are used to determine the potential sediment that can be stored within the cell or
dorage dae S, The S for the cell together with the sediment inflow from the upstream
cellsand height differences between upstream and downstream cells are used to determine
how much sediment would flow out of the specific cell. The out-flowing sediment is
allocated to the downgtream cells according to local dope. Thisis repeated for al the cells
within the cellular grid. The procedure is repested for the next time step and is carried out
for the duration of the flood.

< Run sediment bar \:
/

modd

A 4

Calculate potential

Flow velocity and depth

> sorage
\ 4
Sadiment inflow
Calculate outflow to
downstream cells
Local Sope
Flow direction
v
Isit the Check angle of

final cell? reposefor each cdll

Figure 5.16 Flow chart of the procedure for the sediment modd at the channd-type
scale
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Iteration begins when sediment entersthe upstream end of the cdllular grid and ends when
outflow has been calculated for the cells a the downstream end of the grid. There is no net
loss or gain of sediment as sediment remains budgeted for during smulation. Sediment is
routed dong the flow direction within a computational cell. Figure 5.17 shows sediment
routed in the direction of the flow moving sediment from upstream cells to three
downgtream neighbours.

o
/

Direction of flow

Figure5.17 Movement of sediment through a cdl in a rectangular gridded
computational domain

55.2 Sediment allocation accor ding tolocal dope

The amount of sediment that will flow from the upstream to a downstream cell dependson
the fraction of the local slope between the upstream and downstream cell and the sum of
the dopes of adl the downstream cells to which sediment would flow
(Murray and Paola, 1994). Downstream from a cell may be in any direction following the
direction of water flow as simulated by the 2-D flow model described above.
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m
O, = ' Outflow
' m+m, +m,, (5.68)

O isthe sediment flow to a particular downstream cell. Outflow is the total sediment that
flows from an upstream cell. m, m.; and m., are the weighted factors indicating relative

dope vaues. When considering the three downstream cells to which sediment may
possibly flow, alower downstream cell will have alarger fraction of the total outflow from
the upstream cell allocated to it.

In rivers, water can flow uphill when the surface dope is positive and there is enough
momentum (Murray and Peola, 1994). This means tha if one or more of the dopes are
negative, flow of sediment may still occur. Because slopes can be negative, sediment
moving towards upstream cells is achieved by adding the lowest negative slopeto the other
dopes, meking the lowest slope equal to zero and other slopes positive. The sediment
outflow for uphill flow is then alocated the same way as for when flow is smply
downhill, i.e. according to the fraction that the slope to the downstream cell makes to the
total of all the downstream cells.

55.3 Sediment storage

Sediment gorage is ideal for modelling sediment organisation at the channel-type scale
since sediment supply is often limited. Sediment flow is determined based on how much
sediment can potentially be stored.

Sediment Continuity states that the input from upstream and the sediment trangport Qs can
be used to solve the change in storage 4Storage:

DStorage = Qq,, - Qg (5.69)

James et al. (2001b) introduced an aternative modelling method that applies sediment
continuity as an inverted equation:

Qsout = sin ~ Dsorage (570)

This form of the equation requires sediment input from upstream and a calculated storage

to determine the amount of outflow. It dlows for lower resolution modelling to be used to
make predictions a much coarser scales
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The volume of sediment that can potentially be stored in acell or 4Sorageisrelated to the
flow depth and shear velocity in that cell. It is therefore possible to determine the storage
dae S after a given time, based on the amount of sediment removed from a cell. The
sediment inflow and S; are used to determine the full possible outflow to a downstream cell
asshown in Figure 5.18.

Outflow = Inflow—S

Inflow

Figure 5.18 Sediment outflow determined from the Storage State Ss and the sediment
inflow for a given cell

The S is the elevation difference between the upstream and the downstream cells
disregarding sediment flowing in and after sediment has flowed out. The S is determined
from the change in cell volume after sediment is removed according to a bed-load transport
equation to arrive at the lowest possble elevation of the cell after atime step At usad by the
cellular model.

_ G4t
§== " (5.71)

where g is the bed-load transport in n/s and Ax are the cell length and width in metres. It
is assumed the effect of the energy dope remains unchanged during At.

Op is determined by the Bagnold equation (Bagnold, 1980). The Bagnold equation gpplies
since it represents a statement of the bulk displacement of sediment by the shearing action
of the water. The Bagnold equation is described below. The formulation simplifies to such
a degree the actua physics of the grain movements under the influence of water flow that
it can be regarded as no more than a scale correlation.

110



55.4Bagnad sempirical bed-lcad formula

The Bagnold empirical bed-load formula is used to predict the amount of sediment that
will be transported within a computational cell described in section 5.5.1. His bedload
formulation reads as follows (Martin and Church, 2000):

,.3/2

. 1 . & w-w 09 -2/3 -1/2

= C o= D/D .
Ib S_llb_ref 8(\/\/' Wo)ref 5 (d/dref ) ( / ref ) (5 72)
where

i, « =0.L(W-w,), =05d, =0.1D, =0.0011 (573
wherein iy, is specific bedload transport rate in kg/mv/s, sisthe specific gravity of sediment,
o= pgdV = U is specific dream power, p is fluid dengty, g is the acceleration of
gravity, d isflow depth, S is the energy gradient of the flow, U is the mean velocity of the
flow, 7 is shear gress exerted by the fluid at the bed. «, is critical specific sream power, D
is characteridtic particle size denoted in mixtures by Ds.

w, =5.75((t.).(s-1)r }'*(g/r )"*D*?log(12d / D) (5.74)

(') is the Shields entrainment number. The threshold stream power for bedload transport,
o depends on depth and grain Size. The value of w, critically affectsthe trangport rate asiit
dictatesthe lowest value of stream power at which trangport is detected.

The volumetric bedload transport rete is determined as

ib
= 5.75
Uy p S(l- p) (5.79)
where p isthe porosity of the bed material.

555 Angleof repose

After amodel iteration, the angle of repose rule is implemented (Nield et al, 2002) in order
to smulate bank erosion and not alowing unnatural seep dopes to develop. The angle of
repose is the critical angle at which sediment moves down hill. The model alows
avalanches to occur so that height differences between cells are lower than the angle of
repose gipulates. Each cell collgpses, allowing sediment to move to neighbouring cells and
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dopes between neighbouring cellsto be a the angle of repose. This angle of repose rule is
not implemented within cells occupied by reeds, in order to smulate cohesion provided by
roots van Rijn (1993) provided angle of repose values for sable channels as seen in
Table5.5.

Table5.5 Angle of repose for various sediment sizes (van Rijn, 1993)

Sediment 9ze (D) Angle of
(mm) repose

(degrees)

<1 30-35

5 32-37

10 35-40

50 37-42

> 100 40-45

5.6 Channd-type scalereed expanson

56.1 Modd overview

The reed model at the channd-type scale combines both the top-down effect of the flow
regime as well as the bottom-up effect of reed growth determined by the climate. It is a
cellular automaton model that predicts expansion of reeds according to their propensty to
soread primarily by growth of surface runners and underground rhizomes. Expansion
occurs through interactions based on biomass density of reeds among cells within a
cellular grid. The model attempts to deal with Phragmites growth as characterised by
(Philipsand Field, 2005):

1) Initial establishment

2) Unredricted development

3) Redtricted development by water or other patches of Phragmites

Expansion accords with a specific reed front advancement rate. Reed front advancement
rates were obtaned from a Phragmites paich sudy done by
Avarez-Cobelas and Cirujano (2007). They gave reed front advancement rates as high as 9
m/month for the summer to as low as 0.3 mymonth in winter. The time step is determined
from the Reed front advancement rate and the cell length At.
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At = Ax/(Reed front advancement rate) (5.76)

Reed expansion depends on the growth rate. If the threshold biomass density is reached
within At, the associated reed front advancement rate will be achieved. Hence, reeds would
expand to neighbouring cells a every time step should the reeds grow denser than the reed
density threshold within that time step.

The reed modd at the geomorphological-unit scale provides the growth rate specific to the
time of year. The growth rate is specific to a cell because the onset of reed growth for each
cell may be different. Cells may therefore be at different gages of the growth cycle
affecting their expansion rate. In addition to the growth cycle, the air temperatures,
radiation for photosynthesis and sun angle for a particular month of the year give rise to
variable growth rates and thus variable expansion rates.

The effect that water level fluctuations in the river have on reed expansion is provided by
the reach scale reed model, giving the percentage of maximum reed density for a particular
cell elevation. The maximum reed density is specified by the user. By limiting the biomass
density within a cell, the threshold biomass density may not be reached and so reed
expansion hdlts.

56.2 Modd outputs

Particular cell elevations provided in a sediment bar simulation at the channel-type scale
provides a particular arrangement of maximum possible biomass density. For each of the
5by 5m cells a maximum possible biomass dengity is obtained using the result of the
reach scale reed model. The outputs of the reach scale model provided in Figure 5.14
multiplied by a maximum reed biomass density of 6 kg/n? dry weight were used for
determining the maximum possible densities shown in Figure 5.20. Reed expansion was
smulated according to the maximum possible densities and the elevation above the river
resulting from the sediment distribution given in Figure 5.19.

Figure 5.21 shows a sequence of smulated reed expansion given for the maximum reed
biomass alowed for the cells shown in Figure 5.20. The top down constraints from the
reach scale reed model are also evident in confining reed expanson. Depending on the
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time of year and when growth within a cell sarted, the reed biomass within that cell will
grow & arate provided by the geomorphological-unit scale reed model. The modelling in
this study used the temperature values shown in Table 5.6 as indication of summer and
winter months.

Chamnel type scale sediment distribution
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Figure 5.19 Sediment digribution provided by a smulation of the sediment model at
the channd-type scale

Table 5.6 Monthly average daily temperature

Daily Average
Month | TemperatureT
(©)
4
8
10
14
18
20
22
20
18
16
11
6

RiB|lo|o|~N|o|usw|N(-

[EY
N
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Irradiance, sun angle and average daily temperature specified to change every month
therefore affects the reed growth rate a a particular time of year. These values are
described in further detail in section 5.9.3, because they are pecific to the reed growth
model a the geomorphological-unit scale. Figure 5.21 shows that biomass density and
biomass expansion decrease during the winter months because irradiance, sun angle and
average daily temperature are lower.

Maxinmim potential biomass
density Biomass
dersity
(gDWin')
W 5-h
W 4-5

- | m 3-4

. =iy o323

L
iy
!

BE== ol-2

O0-1

Figure 5.20 M aximum potential biomassfor given cdl elevations

The growth events also occur a different times of the year, resulting in an even more
varied growth rate. This growth rate determines how fast the threshold biomass density of
2.6 kg/n? dry weight within a cell is reached and therefore how fast expansion occurs.
Figure 5.21 illugratesthis, with reed expansion decreasing during winter months at the end
of the year. Once this threshold density is reached, rhizome biomass is transferred to
neighbouring calls with smaller biomass densities.
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Figure 5.21 Typical reed expansion at the channel-type scale. Rapid growth of reeds
during summer monthsincreases biomass density quickly, allowing expansion, which
dows down during winter months when reed growth decreases Expanson occurs

after a biomassdensity of 2.6 kg/m? dry weight isreached
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The moddl only smulates expansion of reeds assuming no occurrences of reed removal
through mortality, washout and being covered with sediment. These can be implemented
by the user. The modelling in this study does not require a mechanism for removing
biomass in cells since the biomass will start as stripped out and it will be assumed that no
extreme flood, which may remove reed biomass from the reach, will occur during the

period of smulation.

5.7 Geomor phological-unit scalewater flow

5.7.1Modd overview

The geomorphological-unit scale water flow model uses boundary conditions provided in
terms of flow velocities and depths by the 2-D water model at the channel-type scale to
interpolate flow velocities and depths at a0.25 m resolution.

Spatial variability of flow at small scales produces non-linear changes to resstance to flow
emerging at larger scales (Bathurst, 1982). It is therefore necessary to predict the water
flow digribution a the geomorphological-unit scale. State-of-the-art models of bed-forms
and <in friction require detaled flow modelling to make predictions
(Coleman et al, 2006), since roughness depends on both the geometry of bed-forms and
skin friction. The bed-forms and skin friction modelling used in this sudy do not require
detailed three-dimensional (3-D) water flow modelling such as that described in section
4.2.1. Bed-form and skin friction is esimated from larger scale flow characteristics, which
for determining river evolution over decadal time scales is acceptable.

A steady gae was therefore assumed to produce smple finite difference equations that are
olved iteratively, using the residual method. The Jacobi resdual method was used to
interpolate intermediate values for the flow digtribution. These values are used to
determine the bed-form for each 0.25 by 0.25 m cell a the geomorphological-unit scale
(Section 5.8). The method is described below.

The water flow distribution determined using this method is a first gep toward reliable
smulation for water flow at the geomorphological-unit scale. The model has the ability to
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deal with obstacles such as large boulders or atree by tregting the obstacle as a boundary
and specifying boundary flow characteristics.
5.7.2 Theresdual method

Two-dimensona steady-state flow is solved by assuming that the flow characterigtics
between adjacent cellsvary linearly.

X
1 j+1
y A ll'l’J
-1 -
Ay
i Volumeelement
ij1 i i ij+1
' i i ® I -
Ay ;
) i+1,
+1 ®
B AX S AX

Figure 5.22 Volume element of a general interior cdl i, for two-dimensonal flow in

rectangular coordinates

The flow characterigics at an interior cdl then smplify to:
+ X

i,j+1

Xi1 +X ., +X ., -4X
X =X, 4 (5:77)

1] 1] 4

Initial approximate values are given to X;;. At each stage in order to make further iteration,
each X;; is updated. Updating proceeds sequertially. The updated value X is based on the
previous iterate, where X denotes flow depth, d, velocities, U and, V in the x and y
directions. The model can be extended to three-dimensional flow in such a way that the

interior nodes have six neighbouring nodes ingead of four and introducing velocity W in
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the zdirection. It would also require boundary conditions specified at the water surface and
bed.

5.8 Geomor phological-unit scale bed-form development

The bed-form geometry is determined for each 025 by 025 m cel a the
geomorphological-unit scale from the shear stress obtained from the water flow model
described above. Colemanet al. (2005) formulated a power law relating bed-form
geometry (lengths or heights) to time, assuming that flow is sub-critical.

§P - Pé_gt_f (5.78)

The relation describes ripple or dune growth with time to approach equilibrium size at
equilibrium time te with P denoting ripple or dune length Ly, or height H,. i refersto initial
gae of the bed-form. The exponent y for bed-form length:

g, =0.14D%* (5.79
and bed-form height:

g, =022D>% (5.80)
where

D. = Dgg(:; 1)g ; (5.81)

D is characterigtic particle size denoted in mixtures by the median grain size Dsy. The
initial length is given by Coleman and Melville (1996):

L, =175D°%" (5.82)
and initial bed-form height is determined from (Engelund and Hansen, 1967):

Hy =—% (5.83)
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f represents the flow resistance due to the sediment grains and is determined by the
Colebrook-White formula for turbulent flow (Chanson, 1999) expressed by the following
equation.

1 & k 251 O

= =-20logg - S+ T (5.84)
Jf g33.71DH Re /T 4
6—2.42&D O
Ripples 1, =208 10°6, 2 £22 5.85
PP s b 65
..—3.5&,[ 01-12 D &
Dunes t, =205 102820 L 2 EDO (5.86)
Sds §6.).5 .5
where equilibrium bed-form height, Hpe
03& 00
_Olld(fag— C1- exp 05§ 1@25 ' (5.87)
do &
and equilibrium bed-form length, Lye
L, =7.33d (5.89)
where
f
U.=—U? 5.89
5 (5:89)
t,=ru. (5.90)
t. :t—b
r (s- 1)gD (5.91)
and
(Chanson, 1999).

(). is the Shields entrainment number determined by the following relations
(Cao et al, 2006):



9
- (5.93)

s For  R<<6.61 (5.94)

t.). =0.045 For Rs>282.84 (5.95)
1+(0.0223R & "

t.). = b+ 3 09468 )0.6769) For  6.61>Rs>282.84 (5.96)

5.9 Geomor phological-unit scalereed growth

59.1 Modd overview

The reed model a the geomorphological-unit scale provides reed biomass density to the
channel-type scale reed model, which isused to smulate reed cover expansion. This model
aso provides the flow resistance atributes (fem spacing and diameter), which is
correlated to the shoot biomass determined in the model. The flow resistance formulations
are described in section 6.3.2.

The moddl of Asaeda and Karunaratne (2000) was selected to model the growth of a
monospecific stand of P. Audralis. Biomass of shoots, inflorescence, roots, old rhizomes

and new rhizomes were described using finite differential equations:

1B, .
:ht =Phg-Rg "Dy + (1'Xfrac)frhi Rhif - &g FauBayw = & fon Phgy

(5.97)
- pfrachht + kfracPhsht)ff - frtGrt

ﬂBri — I
ﬂ—th =-Ry -Dyy - T RUIf +y o fo€aBa + Vi fpheph Ph, (5.98)
B, _

ﬂt - 'Rn - Dn + (1_ yfrac)esht fsht Bsht + (1_ yfrac)eph fph PhSht (599)
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5.100

1B, _ G,f,-R,-D, +X,, f,, Rhif ( )
bl

B,
it

= Rp B Dp Koo T PRy + Prrac T By (5.100)

frac

where B, and b, are biomasses in gram ash-free dry weight with a representing subscripts
aht, rhi, n, rt, and p which are shoots rhizomes, newly-formed rhizomes roots and
panicles, repectively. kiac and prac ae the fractions of contribution of the current
photosynthesis and accumulated shoot dry matter to the formation of panicles. Rhif isthe
mobilization of sored material from rhizome to roots and shoots during the initial stage of
growth. X4 IS the fraction of Rhif alocated for root growth and the rest for shoots. Yiac IS

the fraction of shoot assmilates for old rhizomes.

The factor f, is made 1 when a growth event occurs or O when the event ends. For
example, fii = 1 when rhizomes dynamics occur. The occurrence of growth events and
parameter values are given in Figure 5.23 and Table 5.7 repectively. The equations were
s0lved using the Fourth order Runge-Kutta integration.

5 b tp fr te tf i3 tbn
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Figure 5.23 Growth events and average air temperature used as inputs to the reed

growth modd




Table 5.7 Parameters used in the reed gronth mode at geomorphological-unit scale
(Asaeda and K arunaratne, 2000)

Parameter Value | Units
Maximum spedific growth rate of roots at 20C° (gn) 0007 | gg” per day
Specific respirdion rate of rootsat 20C° (Ryy) 0.007 | gg* per day
Specific respirdion rate of shoots at 20C° (Ry) 0002 | gg” per day
Speific respiration rate of old rhizomes a 20C° (Ry) 0.002 | gg”per day
Specific respirdion rate of new rhizomes at 20C° (R,) 0003 | gg” per day
Spexific respiration rate of panidesat 20C° (R,) 0.003 | gg* per day
Specific mortdity rate of shoots from ty-t, at 20C° (y4y) 0.0025 | gg” per day
Specific mortality rate of shoots from tp-tsat 20C° (y«) 0.003 | gg’per day
Specific mortality rate of shoots after tsat 20C° (y4;) 01 | g9’ perday
Specific mortdity rate of panicles from tp-tsat 20C° (y,) 0.003 | gg* per day
Specific mortdity rate of panicles after tsat 20C° (y,) 0.04 | gg” perday
Specific mortality rate of rootsa 20C° (yy) 0.0002 | gg* per day
Specific mortality rate of old rhizomes at 20C° () 0.0002 | gg” per day
Specific mortality rate of new rhizomes at 20C° (y,) 0.0002 | g™ per day
Fraction of current photosynthesis trand ocation to below ground structures (eg,) 042
Fraction of shoot assimilates trandocation to below ground structures (egy) 0.026
Fraction of shoot assimilates trandocation for old rhizomes (Vi«) 0.6
Fraction of shoot assimilates trandocation for inflorescence (Prac) 0.0003
Fraction fo current photosynthesis trandocation to inflorescence (ko) 0.025
Fraction of shoot biomass for elongation (Gac) 041
Fraction mobilized from rhizomesfor root formation (Xqac) 01

mg CO, gm” per
Maximum spedific net daily photosynthesisrate at 20C° (Pr,) 0.33 | day
Half saturation constant of age for shoot photosynthesis (Kage) 125 | d

micmol m” per
Half saturation congtant of PAR for shoot photosynthesis (Kpag) 1E+07 | day
Half saturation congtant of age for root growth (Ky) 5 |d
Temperature congtant (6) 1.09
Convergon constant of carbon dioxideto ash-free dry weight (k) 065 | gg’CO,

59.2Modd dosures

Modd parameters are sdtisfied by the following equations
(Asaeda and Karunaratne, 2000):

Rhif =a ,("B,. (5.102)

where o is the specific trandfer rate of rhizome biomass and T is dally average
temperaturein C° shown in Figure 5.23.



o, =05B, °° (5.103)

rhiitia
The supply of photosynthesized material for root growth Gy; is given by

(T-20) K rt

Grt =
r gmq Krt+Agert

B, (5.104)

where gn, is the maximum specific growth rate of roots a 20 C’; K is the half saturaion
coefficient of root age, and Age isthe age of rootsin days from the start of root growth.
R, =bg"*B, (5.105)

D

a

9.9 ?B, (5.106)
A constant shoot elongation rate was assumed, even though it increases from the start of

the growing season until the end of the rapid growth period and then declines. The shoot
elongation per day in metresis given by

. . . - 0
New Shoot Height =Initial ShootHaghthlJr(BS“t B )0 T (5.107)

sht ~ (Bsht - Bshto )q @

where q isthe fraction of biomass contributed to shoot elongation from each layer.

Net plant photosynthesis was assumed to be regtricted by irradiance, mean air temperature
and the age of assimilatory gpparatus. Nutrient stress was ignored. The net daily plant
photosynthesis (gm 2 per day) is given by a form of the Michaelis-Menten equation:

| K
Phy, =Pk q % PAR AE B 5.108
" ® KPAR + IPAR KAGE + Agesht " ( )

where Phy isthe photosynthesis of shoots (gm  per day) and P, is the maximum specific
net daily photosynthess rate of the plant top a 20°C in the absence of light and nutrient
limitations. ke, is the conversion congtant of carbon dioxide to ash-free dry weight. lpar IS
the photosynthetically active radiation. Agey isthe age of shoots from the start of growth,
and Kpar and Kace are the half saturation coefficients of Photosynthetically Active
Radiation (PAR) and age, respectively. I par isthe PAR in the open and Ipar iSthe PAR In
thegand, i.e.

| LA (5.109)

i PAR = I PARe
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wherek; isthe light extinction coefficient and LAl isthe Leaf Arealndex.
Ipar = 0.45(Global radiation) (5.110

The following relationship between leaf biomass Bier and shoot biomass By, Were used to
calculate the LAI in the plant stand.

B|eaf = 0.2585“0 (5 111)
where Bies iSthe leaf biomass.

LAl =0.01355B}% (5.112)

leaf

The relationship between the k; and the sun elevation, § was obtained from
Karunaratne et al. (2003):

ki =-0.0008 6%+ 0.0706 0 - 0.4 (5.113)

The inputs for sun angle & and Global radiation used in the model are provided in
Table5.8.

Table 5.8 M onthly global radiation and sun angleinputsto the reed growth model

Month Global radiaIizon Sun Angle®
(micromol /m~ per day) | (degrees)

January 106398000 55
February 92460000 58
March 73416000 61
April 53590000 64
May 38042000 67
June 30130000 70
July 36248000 67
August 45816000 64
September 63526000 61
October 80638000 58
November 96232000 55
December 106398000 52




59.3Modd Output

In the beginning of the growth year, each 5 by 5 m cell a the channel-type scale occupied
by reeds has a certain amount of Root and Rhizome Biomass The Rhizome Biomass
alows growth of the other biomass variables of Root, Newly formed rhizomes, Shoot and
Panicle according to the individual growth events The Shoot Biomass is especially
important for the flow modelling in this sudy, since it gives an indication of resstance to
flow thet the reedswill have.

Figure 5.24 and Figure 5.25 show atypical output for reed biomass throughout the year for
a particular cell. It is assumed that no expansion occurs and therefore no exchanges of
Rhizome Biomass to and from neighbouring cells. The reeds in this cell are growing at
100 % of their maximum potential biomass and are not constrained in terms of the flow
regime. The initia rhizome biomass value impacts on reed growth, as indicated by the
difference in biomass in Figure 5.24 and Figure 5.25.
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Figure 5.24 Typical model output showing seasonal variation of Phragmites biomass

(ash freedry weight) of shoots, inflorescence, roots, old rhizomes and new rhizomes
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Seasonal variation of Phragmites Biomass
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Figure 5.25 Geomorphological-unit scale reed modd output with a change in initial

rhizome biomass

5.10 Concluson

Models for water flow, sediment and reed processes a each organisational level were
developed to represent the most important aspects of rivers required for decadal prediction
of the river state. At the reach scale, bed-elevation is smulated using sediment continuity
according to water flow determined by a 1-D flow model and associated flow resistance. A
fuzzy-rule-based model predicts the reed population digtribution at the same scale. The
sediment model at this scale is driven by flood flows which is responsible for the most
significant geomorphological changes to the river channel, whereas the reed modd is
affected by the flow regime. At the channel-type scale a cellular automata model for both
sediment routing and reed expansion is used. This sediment model simulates bar dynamics
driven by a 2-D flow model as affected by the dynamic sate of reed patches described by
the reed expansion model. The changing reed sate influences sediment behaviour in each
episodic sediment model application through its effect on flow resistance. At the
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geomorphological-unit scale, a sediment model predicts the geometry of bed-forms
through a gatigtical gpproach but accounts for dynamic behaviour using a power law
describing the bed-form evolution with respect to time. The water flow model at this scale
interpolates the water flow distribution obtained by the flow model at the channel-type
scale to produce a flow distribution which is used to drive bed-form development also at
the geomorphological-unit scale. The reed model at the geomorphological-unit scale
describes the growth of reed biomass using finite difference equations.
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Chapter 6 — Organisational modelling

Integration

Chapter 2 showsthat ariver system can be divided up into partsin order to better deal with
its complexity and non-linearity. The parts reflect different river processes and the scales at
which these processes operate. These parts interact and have to be integrated to provide
feedback within a hierarchical modelling structure.

Modelling integration entails specifying the location for feedback. Process models
samulating sediment, water and vegetation dynamics within a specific organisational level
can be coupled since they share the same spatia scale. Models of the same process,
producing patterns a various organisationd levels, are linked to share model information
across organisational levels.

This chapter gives examples of coupled models of interacting processes to provide
feedback a the same scale, and integration of the same processes to provide feedback
across scales. The latter is more difficult since the integration involves parameterisation
and the imposing of boundary conditions to dlow congruency of the particular river

process across scales.

6.1 Process coupling

Process interactions (between sediment, water and vegetation) within the same patial
extent (physical domain) can be achieved by selecting a particular spatia grain.

Dollar et al. (2007) used a flow chain model to represent river processes a a particular
goatial scale. Note that their flow chain model concept was originaly intended to cross
organisational levels. The flow chain model in Figure 6.1 was adapted to represent the
effect that sediment and vegetation dynamics have on river geomorphology within a
gpecific organisational level. The three interacting sub-sysems of vegetation, water flow



and sediment are linked a an gppropriate organisational level, to enable solution of the
problem of vegetation affecting sediment dynamics, which produces changesin river form.

R
| |
|
: | Sediment : River form evolution
| Vegetated river- |
| form :
Weather, flow regime and Feedback loop
river form
T___'___________________:
-
| ! Vegetation distribution
| .| Vegetation | |
| Vegetated river l
| form :
A
— :
| | Water : Flow distribution
| Vegetated river |
| form !

Feedback loop
Figure 6.1 A flow chain modd, representing the integration of modes providing
output associated with a particular organisational level. The models are linked to
provide feedback between sediment, water flow and vegetation processes
(after Dollar et al, 2007)

The connection between models for river flow, sediment organisation and riverine
vegetation is made for each organisational level. All of these modelsin Figure 6.1 have the
same gpatial extent, representing processes at the appropriate organisational level. In order
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to predict changes in river form when affected by vegetation, the sediment dynamics
driven by water flow has to be incorporated. The sediment model, therefore, has to
produce sediment organisation patterns resulting from river flow at the same spatial scales,
where patterns for vegetation dynamics also affect these sediment patterns.

Figure 6.1 indicates that riparian vegetation dynamics is a regponder to the weeather, the
flow regime and river form. Water flow dynamicsis aresponder to vegetated channel form
driven by discharge. Sediment dynamics responds to river form and is driven by the flow
digribution. An example is the evolution of a sediment bar in ariver at the channel-type
scale. The bar may form the substrate for reeds to grow on. The reeds slow down water
flow velocities on and around it. This creates an opportunity for sediment to be deposted
on and around the bar, alowing the bar to grow in order to create more substrate on which
the reeds can become established. A further increase in reeds on that bar may further
increase the sze of the bar. However, feedback from the water flow may result as an
increase in the bar size decreases the flow area, which may possibly increase flow strength,
which may in turn erode the bar. The bar will therefore self-organise to reach a congtant

sSize under constant flow conditions.

Hierarchical modelling enables models for the interacting processes of water, sediment and
vegetation to dlow feedback between them a various points in time. The temporal scales
between the models of vegetation and sediment dynamics can differ considerably. The use
of asynchronous time gteps allows the models to amulate important processes at time
scales appropriate to those processes and not @ some predetermined arbitrary time scale.
However, the prerequisite for including the effect of processes that are described at
dissmilar temporal scales is that they can provide feedback a the same gatial scale
(Bendix, 1994).

Baptis and Mosselman (2002) coupled processes of sediment, water and vegetation to
predict the medium- to long-term developments of geomorphology, vegetation and fish
habitats for secondary channelsin the Rhine River. In this study, sate-of-the-art models for
2-D flow model and morphodynamics were used in combination with a rule-based
vegetation model that is coupled to the spatial output to predict vegetdion types,
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succession and flow resistance. Coupling has been made between the changing flow
ressance of vegetation and its effects on the hydrodynamics and morphodynamics. The
hydrodynamics and morphodynamics are computed using a 2-D application of the
numerical model Delft3D. Delft3D is a two-dimensiona (2-D) and three-dimensional
(3-D) flow and sediment transport model for tidal and riverine problems. The changing
flow ressance is fed back to Ddft3D, to account for the changes in vegetation
composition (Baptist and Mosselman, 2002).

In the model, the flow resistance of vegetation is defined in terms of a Nikuradse
equivalent roughness height k. in metres. The flow resistance of each vegetation typein a
ogrid cell is calculated by the weighted average of the roughness height with its percentage
cover as weights The succession of vegetation and its resulting change in flow resigance
results in a change in flow velocities for a given discharge. The model in turn predicts
changes in river geomorphology from the changing flow velocities in the river. The model
results showed a gradual increase of forest cover bringing about increased roughness and
producing aggradation in theriver (Baptigt et al, 2002).

Chen (2004) developed a cdllular automata model that simulates algal blooms Algal
blooming is affected by hydrodynamic, physical, chemical and biological processes and
gpecies physiology. These factors are input into a fuzzy logic model using ecological rules
for interactions between cells. The fuzzy logic mode predicts algal biomass on the basis of
the calculated nutrient concentrations, using the linked water qudity and hydrodynamic
modules of Ddlft3-WAQ. Delft3-WAQ isused for tidal and coastal flow and water quality
prediction and determines the fate of nitrogen and phosphorus concentrations within a
cellular grid. The combined CA and fuzzy logic model determines algal growth and spread
by including nutrient processes and uptake as assmilated by algae (Chen, 2004).

6.2 Trans-calelinkage

Models representing behaviour of a process a multiple organisational levels can share
model outputs by linking them across scales. This trans-scale linkage allows incorporaion
of behaviour for the same process a different organisational levels.
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The multiblock algorithm described by Wang and Weiming (2004) resembles model
coupling using such principles. The multiblock method divides the solution domain into
severa sub-domains, or blocks, and generates a structured mesh for each individual sub-
domain independently. The governing equations are solved block by block. During the
solution process, the information updated & each time step or iteration sep is transferred
between the blocks. The interface treatment and information exchange between blocks are
important and affect the solution accuracy and computation efficiency. The multiblock
algorithm is often used with parallel computation (Wang and Weiming, 2004). Trans-scale
linkage refersto this parallel computation using the multiblock algorithm. It allows model
parameters to be continuously updated, using information from higher and lower
organisational level blocks

Figure 6.2 represents trans-scale linkage of models a various organiseational levels. It
requires links through parameters and boundary conditions that describe gpatial
phenomena of lower-level organisational models. This linkage is described in more detall
in the following section. The number of arrows refers to the amount of spatial detal
required for a particular organisational level i.e. the number of dimensions required for
water flow modelling. Grain and extent for higher and lower organisational level models

have to overlap to couple Lagrangian reference frameworks creating a new synthesis.

Similarly, trans-scale linkage of biologica systems is found in Micro-Macro Link theory.
According to the Micro-Macro Link theory, behaviour a the individua level generates
higher-level sructures (bottom-up process), which feed back to the lower level (top-
down), reinforcing the producing behaviour either directly or indirectly (Conte et al, 2006).
Vegetation is modelled on the same principles. Trans-scale integration of models for
vegetation allows connecting of habitat units over space and time between organisational
levels. For example, biomass growth according to the weather (lower organisational level)
is determined within available habitat according to the river flow regime (higher
organisational level) within the vegetation hierarchy.
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Figure 6.2 Representation of trans-scale linkage where information produced by
models representing the same physical processes (sediment, water and vegetation)
at various organisational levels is shared. The grain of the higher-level model
formsthe extent of the lower-level mode

Wang and Weiming, (2004) suggested coupling of one-dimensional (1-D), two-
dimensional (2-D) and three-dimensional (3-D) water and sediment models. Note that
water and sediment models are coupled at the same scale but that 1-D, 2-D and 3-D
models are linked across scales. Trans-scale linkage entails conserving the flow flux,
momentum and energy as well as sediment flux, bed change and bed material
gradation at interfaces between model subdomains. This approach can be used to apply
1-D models and 2-D models to examine change over a whole domain, and then a
physica model for a detailed study of local problems of critical importance. The
computational models provide boundary conditions for the physica model
(Wang and Weiming, 2004).
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Wu and Vieira, (2002) integrated CCHELD and the catchment models AGNPS and
SWAT. This integrated catchment-channel modelling system includes three
components. landscape analysis, catchment modelling and channel simulation. The
landscape analysis program is used to extract the channel network and its
corresponding sub-catchments based on the elevation data from a Digital Elevation
Modd. The catchment models compute daily runoff and sediment yield for each sub-
catchment. The channel model simulates the flow and sediment routing in the channel
network using the boundary conditions provided by the catchment models
(Wang and Weiming, 2004).

Bdour and Papanicolaou (2003) also integrated catchment process models with river
process models. Their approach incorporates information regarding catchment and in-
dream process interactions with a sediment transport model. Sediment influx and
upland soil erosion from the catchment is obtained using the Geospatial Interface of
Water Erosion Prediction Project model (GeoWEPP). GeoWEPP determines sediment
load into the river and the upstream boundary condition for in-stream sediment
transport modelling. The outcomes from GeoWEPP are coupled with a 2-D numerical
model that predicts multifractional sediment transport, bed evolution and grain size
distribution changes in mountain streams. Hence, the modelling system does not only
perform detailled 2-D sediment transport but forms part of a coupled sysem of
numerical models. These models aso include models that smulate hydrologic and
hydrodynamic phenomena from local to sub-regiona to regional scale
(Bdour and Papanicolaou, 2003).

6.3Moddling integration

6.3.1 Scale dependent variability of roughness

Coarse-graining is achieved by averaging process outcomes at increasing scales.
Coarse-graining can be applied to make models simple because high frequency
contributions of lower scale process to the higher scale process will be eliminated by
the averaging operation (Kavvas, 1999). Kavvas (1999) argued that coarse-graining
allows a clearer view of an individual river process a a particular scale by eliminating

the high frequency contributions of the smaller scale process by the averaging
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operation. Therefore, the resulting models are free from the effects of the high
frequency components of smaller scale processes and can il be quite smple.

When processes that are effective over longer time-scales and larger space-scales are
dominant, the detail of high-frequency process variation at shorter time-scales and
smaller space-scales is capable of incorporation through model parameters
(Lane and Richards, 1997). Modd parameters can therefore be determined through
upward integration of small-scale processesto represent temporal fluctuations in small-
scale patterns. Harrison (2001) stated that by integrating high-frequency and short-
wavelength variables of a many-body system, parameters are able to describe the
dynamics within large-scale systems. This is done through *‘coarse-graining’’. For
example, rea time measurements of shear stress caused by the flow of water can
fluctuate considerably over lengths in the order of millimetres and the time steps used
by awater flow model. Larger scale flow models would use a roughness coefficient to
determine the coarse-grained average to represent the shear stress caused by the flow of
water a the resolution used by the model. Therefore, the average shear stress at the
lower organisational level can be used to determine the flow resistance factor for a
higher organisational level.

River models use friction and sedimentary characteristics for parameterisation
representing the spatial environment over which water flows. Lane (2005) implies that
the resistance coefficients used in water flow modelling represent the topography over
which water flows that has to be calibrated, rather than having any meaning in the
value itself. For example a Manning's n value in one modd may be different from a
Manning's n in another even though both predict the same flow phenomena. The
difference lies in the resolutions for which the models apply. As the spatial scale of
congsideration changes, the amount of topography that must be dealt with implicitly

changes.

Bathurst (1982) related various flow resistance coefficients to flow conditions and
noted that a "single roughness size may not alow for the full resistance effects of a
change in bed material size. This is because the wake eddies which are shed by the
elements and which interact with the flow turbulence depend on the absolute size of the
elements’. With thisin mind, flow resistance coefficients do have meaning in terms of
the magnitude of the shear stress resisting the flow of water. It is assumed that the
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average shear dress over a model extent can be carried up to higher organisational
levels to determine the flow resistance coefficients a the grain of these higher
organisational levels.

It istypical for flow resistance to change congtantly for a particular location in ariver.
Flow resistance changes as a result of: the geological condition, such as sediment size
and digtribution and bed rock outcrops, channel geometry, such as depth and width;
longitudinal profile, such as geomorphological-units (ope, riffles, pools, etc.) and the
stream patterns (meandering, straight and braided); and vegetation distribution, such as
patchiness and flow-retarding attributes (leaves and stems). These factors determine the
rates a which flow resistance adjusts through all the organisational levels considered.
Therefore, changing flow resistance due to factors varying a lower organisational
levels has to be coarse-grained to account for flow resistance a higher organisational
levels. Accounting for changing alluvial bed flow resistance is sill very new.

6.3.2 Flow resstance for mulations
Flow resganceat the geomorphological-unit scale

The shear dress a the geomorphological-unit scale is partitioned by the sum of the
shear stress caused by the grain and form resistance.

Grain (or "skin") resigtance is due to the presence of small, distributed irregularities
such as bed-substrate. The average of the skin friction shear stress over model extent at
the geomophological-unit scale is calculated with the dimensionless Darcy—\Weisbach

friction coefficient f (Chanson, 1999):
o fr V2
-2 s 6.1)
no
where V is the depth-average flow velocity, no is the number of cells within the

modelling domain for which water flow is computed, p is the density of water, f
represents the flow resistance due to the sediment grains and is determined by the
Colebrook-White formula for turbulent flow (Chanson, 1999) expressed by equation
(5.84).

Form resistance dueto the larger-scale internal deformation in the flow field isimposed
by channel bed irregularities such as bed-forms. Shear dress as a reault of form
resistance due to the modelled 2-D bed-forms is determined using:
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where H, and L respectively are the average height and length of the bed-form
determined at the extent of the geomorphological-unit scale (Chanson, 1999).

The average shear dress over the extent at the channel-type scale, 7., is often
considered to be composed of linearly additive components of shear stress attributable
to these different aspects of flow resisance (Chanson, 1999). The total shear Stress at
geomorphological-unit scale:

t, =t +t, (6.3)

Flow resganceat the channd-typescale
The friction slope depends on the bed shear stresswhich is assumed to be related to the

meagnitude and direction of the depth—average velocity (Steffler and Blackburn, 2002).
The resisance model is based on the non-dimensional Chézy coefficient cs.

t (U Z+V 2)
S, =—° =
" rod gdc? (6.4)
by rearranging

o r{u?+v?
e e (6.5)

Cs isrelated to the effective flow resistance height k. of the boundary and the depth of
the flow through (Steffler and Blackburn, 2002) using:

do
c. =5.75loggl2—= (6.6)
TG

Hence, ke for a computational cell at the channel-type scale can be determined from cs.

12d
e = 10er (6.7)
Flow ressance at thereach scale

Substituting the Manning equation into the Du Buoys Equation (z, = pgdS) produces
shear gress which varies linearly with the square of velocity. The end result is shear
gress expressed as a function of Manning's n (Chaudhry, 1993):
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o nz A2R4/3 (68)

inwhich Ris hydraulic radius, A isflow area, Q isflow discharge and g is gravitational
acceleration. To find Manning's n for each cross-section at reach scale, the average
shear dress a the extent of the channel-type is determined from an average k. and d
(Steffler and Blackburn, 2002):

_ru? _ ru?
to= & 2 Adod
95.75Log§120ajj (6.9)
& e Og

Manning’s n as flow resistance coefficient at the reach scaleis
2p4/3
n= t, AR (6.10)
rgdQ’

Flow resgance by reeds

A simple resistance relationship for flow velocity was used to represent flow through
emergent reeds (Jordanova et al, 2006).

V= = Js (6.12)

inwhich F isaresistance coefficient dependent on stem diameter Dgem, €M SpaCing a
and drag coefficient Cp.

The following relationship for F has been derived for the conditions listed in Table 6.1:

.-0.65 60.07
aea 0 b 0.48
F=188%¢— =+ gz C 6.12
58 D sem 7] Yy ﬂ P ( )

Table 6.1 Range of variablesfor which the resstance equation (6.12) is applicable
(Jordanova et al, 2006)

Variable Range
Discharge, g (m’s™m’) 0.005-0.5
Bed dope, S 0.0005-0.002
Stem diameter, D (mm) 5.0-20.0
Stem spacing, a (m) 0.05-0.1
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The drag coefficient Cp depends on the stem size and shape and the Reynolds number
Re expressed in terms of stem diameter Dgen,.

VD
Re=—=" (6.13)

D
The relationship between Cp, and stem Reynolds number Re can be represented by

Co=aRe (6.14)

Best-fit values of coefficients a and b for the experimenta conditions are listed in
Table6.2.

Table 6.2 Values of a and b coefficients for estimation of the drag coefficient asa
function of the sem Reynolds number (Jordanova et al, 2006)

Description a b

Stem only 30.3 -0.38
3—6leaves 999.58 -0.80
Fully Foliage 209.9 -0.58
Upper limit 1241.2 -0.79
Lower limit 10.35 -0.28
Average 114.79 -0.62

6.3.3 Boundary conditions

Boundary conditions are the congtraints that a larger scale and more slowly changing
environment imposes on a smaller scale and faster acting process. Over the tempora
grain used to model these small-scale processes, boundary conditions supplied by
larger scale models are assumed to be stationary since they change so slowly that they
appear to dand ill. Lower-level organisational models describe process reactions
within the boundary conditions (defined by process models a higher levels of
organisation) and result in a product that defines the template for process models at the
next lower-level.
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Organisational models share boundary conditions in two ways. In the first, models at
higher organisational levels provide the rates of material flows at the upstream and
downstream ends of the computational domain of the lower organisational level model.
For this modelling, material flows are water, sediment and reed biomass. In the second,
large-scale models provide the template or modelling sub-domain where smaller scale
model descriptions apply. The grain of higher-level organisational models is related to
the lower organisational levels by providing spatial information such as average slope.
Thus, river features at higher organisationa levels determine the location at which
lower-level organisational models make predictions. For example, the deviation of
elevation of the riverbed at the reach scale forms the average elevation around which
sandbar dynamics at the channel-type scale is modelled. The elevation of such a
sandbar would in turn represent the average around which bed-forms elevations
fluctuate at the geomorphological-unit scale.

6.34 Linkage procedure

Flow chain models of sediment, water and vegetetion processes are shown in
Figure 6.3, which illugtrates the modelling linkage. The organisation levels selected are
the reach scale, channel-type scale and the geomorphological-unit scale. The models
are linked, providing feedback acrossthese organisational levels.

The linkage modelling procedure isillustrated in Figure 6.4 to Figure 6.8 and proceeds

asfollows

1) At the reach scale, the monthly flow depths from the water flow model are used by
the reed model to determine the reed population distribution after every year. The
reach scale reed distribution model determines a maximum biomass density for a
given elevation on the river bank. The 1-D water flow model predicts the monthly
flow depths from which the coefficient of variance and average yearly flow depth
is determined and used to predict the maximum biomass density growing at a given
elevation.

2) The reed model at the channel-type scale predicts the manner in which patches of
reeds expand within a cellular grid, based on the bed elevations of cells and the
corresponding maximum biomass density provided by the reach scale reed model.

3) The 1-D water flow model at the reach scale provides the boundary conditions for
the water flow at the channel-type scale. The intermediate 2-D depth-average flow
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digtribution at the grain of the channel-type scale is determined given the average
flow velocity and depth, at the grain of the reach scale, forming the boundary
conditions. The 1-D water flow model also provides the inputs to the sediment
model at the reach scale.
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Figure 6.3 Hierarchical modelling integration of sediment, water and vegetation

processes across the reach scale, channe-type scale and geomor phological-unit

scale. Arrows represent feedback through provison of modd inputs, boundary

conditionsand parameters
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4)

5)

6)

8)

9)

The bed elevation determined by the reach scale sediment model is fed back to the
1-D water flow model and determines the resulting water flow digtribution. The
reach scale sediment model provides the template on which sediment bars and
erosion at the channel type scale are determined. The same model also providesthe
grain size to the sediment models at the channel-type and geomorphological-unit
scale.

The reed model at the channel-type scale predicts the expansion of reed patches
according to biomass growth determined at the geomorphological-unit scale.

The reed patch dynamics model provides the flow resistance to water flow through
cells occupied by reeds.

At the grain of geomorphological-unit scale, the flow digtribution is interpolated,
allowing bed-form length and height to be estimated by the sediment model. The
coarse-grained shear dtress a the extent of the geomorphological-unit scale is used
to determine the effective roughness height ke at the grain of the channel-type scale.
The bed-form length and height also affect flow resistance values determined at the
grain of the channel-type scale.

The resulting ke values are used in the 2-D water flow model simulations. The
sediment and water models at the geomorphological-unit scale run 3 times by
gpecifying the interval for running the modelling procedure to alow the ke valuesto
be updated.

10) The 2-D depth-average velocity and flow depth drives the sediment bar model. The

same model provides the boundary conditions a the extent of the
geomorphological-unit scale. The shear stresses due to flow resistance at the extent
of the channel-type scale are further coarse-grained to determine flow resistance
values a the grain of the reach scale.

11) The sediment bar model predicts new cell elevations, which are updated in the 2-D

water flow model to result in a new 2-D flow digtribution. In so doing, these
models are providing continuous feedback. The same model also provides the
template for predicting bed-forms at the geomorphological-unit scale.

12) The coarse-grained shear stresses due to the flow resistance channel-type scale

provide the Manning’'s n values at the grain of the reach scale used by the 1-D
water flow model to determine the new flow distribution.
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6.4 Condudgon

Simulation across organisational level while incorporating process interactions, has
rarely before been attempted. A new way of linking models across scale has been
implemented to integrate models in a hierarchical framework. It dlows integration of
the interacting water, sediment and vegetation process models across scales to alow
feedback between them. The models are linked to share outputs which provide
boundary conditions and values for model parameters at specific locations within the
modelling domain. A hierarchical framework dlows prediction of small-scale
geomorphology and accountsfor its variability at the large-scale.
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Chapter 7 — Modelling results

River geomorphological modelling was performed to show the effects of dynamic
processes regarding the interaction of sediment, water and reeds at various scales for a
period of 10 years. An important aspect of the modelling is to smulate sequences of
events and conditions and to incorporate feedback so that the changes in
geomorphology from one event have an influence upon the impact of the next event.

Gresat dgorithmic effort is needed for the numerical solutions to the model equations
representing the river processes. Model integration therefore proved very
computationally intensive because feedback between models at different organisational
levels was required. 1 run took approximately 1 week. Because the computational cost
of the hierarchical modelling gpproach is so high, only 3 river geomorphological
scenarios were modelled. The points in time when feedback is transferred to higher
organisational levels were selected to be effective and representative, but were reduced
to save on the computational demand.

The sequence of model feedback proceeded as follows. The geomorphological-unit
scale reed model is called up for every cell and time step of the channel-type scale reed
model. After 6 months of a reed paich smulaion a the channel-type scae, the
sediment and water flow models at the same scale are called on to simulate a 30 minute
flood event. These models provide boundary conditions for the models a the
geomorphologica-unit scale. The water flow and sediment models at
geomorphologica-unit scae are called up 3 times during the 30 minute flood flow
smulation to supply coarse-grained flow resistance values at the grain of the channel-
type scale. Each time new flow resistance values are determined, the resulting water
flow distribution at the channel-type scae is smulated to drive the sediment model at
the same scale for another interva of the flood duration. Thisis repested for each of the
100 m sections over a 2000 m reach. The average of the 3 times when the coarse-
grained shear stresses are obtained for water flow runs at the channel-type scade are

used to determine Manning's n values. The new Manning's n values are used in the

149



reach scale water flow runs for the following year. The reach scale water flow
digtribution drives the sediment model and reed model at the same scale. After every
yearly run, the outputs of all 3 reach scale models are used as boundary conditions by
lower organisational level models.

All the modelling scenarios are on essentially the same hypothetical river but with two
significant differences. Scenario 1 has a larger sediment feed rate than scenarios 2 and
3. Scenario 3 includes the effect of bedrock. Moddlling results are compared for the
cases where flow resistance is linked across organisational levels and the case where no
linkage is made, but a typical flow resistance value is used. The simulation was rerun
without integrated smaller scale modelling using the resulting Manning’s n values from
simulations with integrated small scale models.

7.1 Modéling Scenarios

In order to st up redigic modelling scenarios, the regime method of
Julien and Wargadalam (1995) was used to determine general channel geometry. The
method alows determination of the river geometry providing average flow depth h in
metres and channel top width W in metres for bank full flow conditions given channel
slope S median grain size Ds; in metres and dominant discharge Q in m¥/s. The
following channel geometry relations were used:

W = 133Q(2+4m)/(5+6m) D5-04m/(5+6m) S(- 1- 2m)/(5+6m) (7.1)
h= 0.2Q2(5+6m) D56(;n/(5+6m) S V/(5+6m) (7.2)
where  m=1/In(12.2h/ D) (7.3)

A typical Entrenchment Ratio (Rosgen, 1994) for a gravel-bed river was chosen. The
Entrenchment Ratio provides a measure of how deep the river runs through the valley.
The Entrenchment Ratio is defined as the Flood-Prone Width divided by the top width
W where the Flood-Prone Width is taken to be twice the bank full depth h. Given the
Entrenchment Ratio, the channel lateral Sope S was determined. The model assumes a
trapezoidal shaped channel. Figure 7.1 shows the variables describing the channel
geometry.
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River type B4 described by Rosgen (1996) was used for representation by this
modelling. This stream type is narrow, moderately entrenched, occasionally well
vegetated and the channel material is dominated by gravel with lesser amounts of
cobble and sand (Rosgen, 1996).

It was assumed that the flood responsible for moving most of the sediment at a Seady
discharge Qx lasted for 30 minutes, as shown in Figure 7.2. This flood duration does not

involve the Intermittency value I+ and was chosen purely for computational reasons.

A / \L l+=0.06 B

Duration = 30 minutes Time (years)

Figure 7.2 Flow regime specified for the particular modelling scenarios
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The following values were used to determine and describe the channel dimensions for
inputs in the modelling:

Q= 300ms
lf= 0.06
Q= 18m’s
D= 0.011m
S= 0.004 nYm
h= 070m
W= 250m

Entrenchment ratio = 16
Flood pronewidth= 40.0m
Sidedope= 0.088 mym
Bedwidth=10.2m

The above values are used for description of the initial river Sate. The objective was to
examine the effect of much larger average flows on river form. Larger flow in reality
can, and often do, result from numerous river and catchment dterations (dams, levees,
channelization, land use changes, etc.). Qr drives the sediment model at the reach scale
wheress the initial State of the river has been based on Q. The monthly flows in Table
7.1 were used by the 1-D flow model to determine the monthly flow depth used by the
reed model.

Table 7.1 Monthly dischargesinput data into the 1-D water flow model to predict
the monthly flow depths used by reach scale reed modd to predict the maximum
biomass densty growing at a given elevation

Month Average

monthly

discharge

(m%s)

January 170
February 150
March 130
April 110
May 100
June 110
July 120
August 130
September 140
October 150
November 160
December 170
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The following parameters were implemented in the cellular automata reed model to
predict the expansion of reeds at the channel-type scale:

Reed front advancement raae= 7 m/month
Timesep (At) = 21 days
Maximumreed density= 6 kg DWT/n¥
Reed density before expansion occurs= 2.6 kg DWT/n?

Figure 7.3 shows the representative particle size distribution for both feed and subgtrate
for the river type chosen to model, as obtained from Rosgen (1996) and input into the
reach scale sediment model.

The 3 scenarios were modelled using the attributes provided above except that a
sediment feed rate of 3x10™* /s per unit width was specified for scenario 1 whereas
3x10°® mP/s was specified for scenarios 2 and 3.

Scenario 3 incorporated the effect of bedrock. Bedrock was specified at 2 metres below
the sediment surface at the start of simulation and random bedrock outcrops shown in
Figure 7.4 were implemented to alow for the heterogeneity thet is associated with
bedrock at the channel-type scale.

Grain size distributions

. e
. /
. /

Per cent Finer (%)
g 8
S

) J
20 ‘/
ol S
0 /

01 1 10 100 1000

Size (mm)
Figure 7.3 Grain size digribution for feed and substrate typical for the stream
type modelled (Rosgen, 1996). Theinitial Ds, of 0.011 misindicated
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performed which not include smaller scale modelling integration using the Manning’s
n values obtained from year 10 for the run that did include smaller scale modelling.
The resulting elevations are shown in Figure 7.10, Figure 7.13 and Figure 7.17.

7.2 Resultsand discusson

The unvarying sediment and water flow input or the reach scale sediment modelling
for scenario 1 resulted in the bed elevation of the 2000 metre reach self-organizing at a
100 m resolution. The gradual decrease in bed elevation change as the river moves to
an equilibrium gtate is shown in Figure 7.5 and Figure 7.6, indicating self-organisation.

—t=1yr
—t=2yr
t=3yr
t=4yr
t=5yr
t=6yr

Figure 7.5 Sdf-organisation of bed eevations for scenario 1 at the reach scale.
Sdf-organisation at the channe-type scale is shown for the hatched section in
Figure7.8
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Figure 7.6 Sdf-organisation of bed eevations for scenario 2 at the reach scale.
Sdf-organisation at the channe-type scale is shown for the hatched section in
Figure7.9

The resulting bed dope affects the flow depth, which determines the maximum
potential reed biomass that can possibly grow at a given elevation as shown in
Figure 7.7. The available reed habitat on the bank determined by the reach scale reed
model is given as the maximum potential reed biomass that can grow a a given
elevation on the river bank. The reach scale reed model therefore determines how the
reeds could expand, which in turn affects how sediment at the channel-type scale
organises. Simulating the growth of reeds at the geomorphological-unit scale alows
determination of the properties of higher-level reed patches so that population
digribution patterns emerge. The kinks at the upstream ends of the reaches are due to
boundary conditions which affect the flow model used to predict the monthly flow
depths for the reed model.
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Figure 7.7 The available reed habitat on the river bank lying on the entire area
above the green line determined by the reach scale reed mode for

scenarioland 2

Within the 100 by 100 m modelling domain representing the river at the channel-type
scale, the process models describe interactions between water and sediment for every 5
by 5 m cell. Figure 7.8 and Figure 7.9 show that, as with bed elevations at the reach
scale, the congtant sediment and water inflow for the 30 minute event results in bed
elevation changing towards a self-organized state. The bed elevations changed rapidly
initially and slowed down to change much less from 15 to 30 minutes. The 2-D river
flow was updated every 5 minutes, adjusting to the changing bed elevations to reach a

Seady Sate.
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Figure 7.8 Sdf-organisation of bed eevation for scenario 1 at the channd-type
scale. Theriver between 900 m and 1000 m is shown for a 30 minute flood event
beginning at 4 yearsand 6 months. The blue lines indicate the velocity vectors of

thewater flow and are placed at thewater surface

The lower-level self-organisation affected the higher-level self-organisation through
meaterial (sediment, water and biomass) flow, which implies the existence of emergent
sructures. More specifically, the smaller scale processes such as reed growth and bed-
form development, which determine flow resistance, produce emergence. Following
from the water flow models a lower levels, shear dress resising water flow is
aggregated a the reach scale, producing new Manning's n values. These new
Manning’s n values affect reach scale water flow and therefore reach scale sediment
flow. The resulting water flow depth and velocity are transferred as boundary
conditionsto smaller scale modelsto again affect the shear stresses resisting water flow
at these smaller scales.
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Figure 7.9 Sdf-organisation of bed elevation for scenario 2 between 900 m and
1000 m beginning at 4 yearsand 6 months

Final bed elevation for scenario 1
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Figure 7.10 Initial and 10 year reach scale bed elevations for scenario 1 with and
without integrated smaller scale models. Details of the modelling results at the
channd-type scale are shown for the hatched section in Figure 7.12
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Figure 7.11 shows Manning’'s n values determined from lower organisational level
modelling with an initial Manning’s n of 0.029 for gravel-bed rivers obtained in
literature. The increased reed cover is shown in Figure 7.12, Figure 7.15 and
Figure 7.19 is generally associated with increased flow resistance.

Manning's n for Scenario 1 t=1yr
t=2yr
t=3yr

| | | | | | |
0.028 -  teayr
0.026 L— ,MX\ /\ L ——t=5yr
0024 - e =0 -\ | —t=6yr
0.020 : i 1 1 ; i ——t=8yr

|
0 200 400 600 80 1000 1200 1400 1600 1800 2000| L=
(m) t=10yr

0.030

Figure 7.11 Reach scale Manning's n values along the river after every year for
scenario 1 obtained from integrated smaller scale models. Details of the modelling
resultsat the channd-type scale are shown for the hatched section in Figure 7.12

The increasing reed cover resulted in increasing flow resistance, which in turn
increases the shear stress opposing water flow at the channel-type scale and manifests
as larger Manning's n values at the reach scale. The larger Manning's n values results
in water backing up, producing different flow conditions at the reach scale, which in
turn provides the boundary conditions for flow modelling at the channel-type scale.
The emergence of flow resistance at the reach scale is therefore a result of constant
feedback from lower-level models.
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Figure 7.12 The yearly modelled river between disance 900 m and 1000 m for
scenario 1
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Variability in the water flow digtribution forced by varying sediment bars, reeds and
bedrock at the cross-sections produce variable Manning's n values. This is especialy

evident for scenario 3, where significantly larger Manning’ s n values resulted at the top
of the reach (0 to 700 m) where bedrock outcrops are higher and larger.

Figure 7.13 dso shows a large difference in the bed elevation obtained after the 10 year
modelling period. Figure 7.14 shows the adjusted Manning’ s n values for scenario 2 at
the reach scale, which was obtained from integrated smaller scale models.

Final bed elevation for scenario 2

— — - Initid

Not integrated N
Integrated models
Not integrated rerun

0

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Distance (m)

Figure 7.13 Initial and 10 year bed eevations for scenario 2 with, and without
integrated smaller scale models. Details of the modelling results at the channé-
type scale are shown for the hatched section in Figure 7.15
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Figure 7.14 Reach scale Manning's n values for scenario 2 obtained from
integrated smaller scale models. Details of the modelling results at the channé-
type scale are shown for the hatched section in Figure 7.15
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Figure 7.15 The yearly modelled river between distance 500 m and 600 m for
scenario 2
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The modelling accounts for the self-organisation of bed-forms from initial geometry to
geometry following the flood event. Bed-form sizes have been determined for each of
the cells within the sediment model at the channel-type scale. The bed-forms were
allowed to grow towards their equilibrium sizes throughout the storm event to affect
the equivalent roughness or k. values, which affects the flow distribution a the
channel-type scale. The non-linear effect of increasing bed-form size on shear stresses
resisting water flow in turn affects organisation of the bed elevation at the channel-type
scale.

Changes in the water flow didtribution affected bed-form size in such a way that
bedrock, reeds and river bed elevation changes all contributed. Figure 7.16 shows
scenario 3 with bedrock influencing water flow at the channel-type scale.

Figure 7.16 I llustration of bedrock influencing 2-D water flow at the channd-type
scale. The modelled river between distance 500 m and 600 m for scenario 3 is
shown

Figure 7.17 shows the results of simulations with and without integrated smaller scale
models for scenario 3. No sgnificant difference in the bed elevation at the reach scale
was obtained after 10 years. The bedrock constrained any significant difference in bed
elevation. Figure 7.17 shows the bedrock below the bed because it is outcropping
locally above this level. Figure 7.18 shows Manning's n values which are larger in the
upstream part of the river owing to bedrock influence being more pronounced.
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Figure 7.17 Initial and 10 year bed eevations for scenario 3 with, and without
integrated smaller scale models. Details of the modelling results at the channé-
type scale are shown for the hatched section in Figure 7.19
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Figure 7.18 Reach scale Manning's n values for scenario 3 obtained from
integrated smaller scale models. Details of the modelling results at the channd-
type scale are shown for the hatched section in Figure 7.19

Figure 7.19 illustrates how changing Manning's n values at the reach scale correspond
to the changing geomorphology at the channel-type scale as affected by bedrock. The
effect of bedrock is digtinct in the way sediment and reeds, a the channel-type scale,
are organised in Figure 7.22 and Figure 7.24. This distinction appearsin the Manning's
n values at the reach scale obtained. The effect of bedrock is illustrated in scenario 3,
producing a wider, shallower river configuration. The difference in scenario 1 liesin
the reeds that are encroaching more on the river channel and causing the channel to
become more incised.
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Figure7.19 The yearly modelled river between disance 500 m and 600 m for
Scenario 3
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Figure 7.20 shows that al scenarios produced genera increases in Manning’s n from
year 2. Reeds and bed-form size have increased. The resulting increase in shear stresses
resisting flow at the channel-type scale was aggregated a the reach scale to present
larger Manning’'s n values. Flow continuity at the channel-type scale was not grictly
preserved. The flow resigance formulations accounting for reeds that were
implemented in the 2-D water flow model resulted in flow being dlightly less than that
set out by the boundary conditions supplied by the 1-D flow model. This difference in
water flow is increased as the flow velocities are reduced with greater reed cover.
Preservation of flow continuity is expected to yield increased flow velocities and shear
stressesin areas of little or no reed cover. Thus, the magnitudes of Manning’'s n values
obtained may have been larger.

ina' i i — — Scenario 1- 2years
Manning's n for modelling scenarios — — Scenmrio 2. years

— — Scenario 3- 2years

Scenario 1- 10years | ——
0.080 ——— Scenario 2- 10years
0.028 —— Scenario 3- 10years
0.026 _\Q
0.024 ’D‘ /\/>Q—C
— == T~ L o
0.022 1— - 1 - —_
0 200 400 600 800 1000 1200 1400 1600 1800 2000

(m)

Figure 7.20 Reach scale Manning's n valuesfor all the modelling scenarios after
year 2 and year 10. The scenarios gave sgnificantly different Manning' sn values.
Details of the modelling results at the channe-type scale are shown for the
hatched section in Figure 7.22, Figure 7.23 and Figure 7.24

The Manning's n values for scenario 2 and 3 were larger than for Scenario 1, sSnce
different flow patterns resulted from the influence of bed-forms, bedrock and reeds.
Bed-form size depends on grain size, shown in Figure 7.21, and its effect on shear
dress resisting water flow gives larger Manning's n values at the upper part of the
reach where grain sizes are higher. In general, the reach is coarsening for all the
scenarios because the fines are removed during flood events. This coarsening occurs at
a much slower rate for scenario 1 because a larger amount of sediment was fed to the
reach. Grain size for scenario 1 has not reached an equilibrium state, asindicated by the
sudden decrease in grain size for reach distance 600 m to 800 m along the river reach.
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Figure 7.21 Downstream variation of D, for modelling scenariosinitially and for
year 10. Details of the modelling results at the channd-type scale are shown for
the hatched section in Figure 7.22, Figure 7.23 and Figure 7.24

The similar grain-size distributions obtained for scenarios 1 and 2 show the connection
between Manning’'sn and grain size. Grain size affects the dimensions of bed-forms
and therefore also contributes to shear stress caused by the resistance to water flow.
This effect istrandated to reach scale modelling to affect the Manning' sn.

Figure 7.22, Figure 7.23 and Figure 7.24 show the extent to which the river behaviour
can differ for smaller sediment inflow and bedrock influence. It would not be easy to
find a statistical up-scaling of flow resistance to account for the interactions of these
smaller scale processes at larger scales, which requires detailed and explicit modelling.

The modelling cannot be verified because no data set exists for geomorphology over
the wide range of spatial and tempora scales required for modelling verification. The
aim is not to provide exact predictions of river bed elevations at precise positions, but
to give the type of impact and order of magnitude, and the approximate type of spatial
digtribution. The focus is not on the models themselves but on demondtrating the effect
of trans-scale interactions and whether the modelling can allow for self-organisation
and emergence, which are necessary to achieve prediction thet is accurate.

River bed elevation was predicted over a range of organisational levels which is
important for river habitat management. The model can simulate ‘what i’ scenarios to
examine the effect that management decisions have on habitat conditions at various
resolutions.
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Figure 7.22 Themodedled river for scenario 1 between 400 m and 1000 m showing
thetemplate provided by the reach scale sediment model and flow depth provided

by thereach scale water flow model
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Figure7.23 Moddlled river scenario 2 between 400 m and 1000 m
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Figure 7.8 to Figure 7.30 show the elevations of selected 100 m channel reaches as
sediment self-organises. The associated reed height, water velocity and effective flow
resistance height ke digtribution at the end of flood flow modelling of year 4 are shown.
Eventhough the effective flow resistance height ke remain similar thoughout the flood
flow modelling, its variablity changes.
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Figure 7.25 Reed height (m) and bed eevation (m) distribution for the flood flow
modelling of scenario 1in year 4. Theriver between 900 m and 1000 m is shown.
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Figure 7.26 Velocity (m/s) and effective flow resistance height ke (m) distribution
for the flood flow modelling of scenario 1in year 4. Theriver between 900 m and
1000 m isshown.
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Figure 7.27 Reed height (m) and bed eevation (m) distribution for the flood flow
modelling of scenario 2in year 4. Theriver between 900 m and 1000 m is shown.
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Figure 7.29 Reed height (m) and bed eevation (m) distribution for the flood flow
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To further the discussion on the findings of this study, it was compared to that of
Hooke et al. (2005) who developed one of the most sophisticated contributions to river
modelling at the time. The modelling smulated the interaction of flows with sediment
and vegetation and the outcomes in terms of erosion, deposition, morphology, sediment
cover, vegetaion cover and plant survival a decadal time scales. Their modeling
focused primarily on interactions at the channel-type scale (100 m channel reach).

Hooke et al. (2005) scaled down reach scale water flow modellling to the channel-type
scale, by interpolating cross-sectional velocities to the cells in which vegetation were
modelled. Similarly, catchment sediment loading was applied to each cell in order to
determine erosion or deposition without routing sediment through the channel reach.
The water flow modelling of Hookeet al. (2005) used Manning's n values from
literature, which as shown above, may be different to those obtained from smaller scale
modelling.

The following vegetation related processes were included in the modelling of Hooke et
al. (2005) but not in modelling of this study:

n Expansion of various vegetation groups (herbs, shrubs and phreatophytes);

n Remova and burid of vegetation;

n Substrate moisture modelling.

Hooke et al. (2005) used up scaled parameters for vegetaion growth and stress
processes allowing vegetation model gpplication at the channel-type scale.

Hooke et al. (2005) included sediment size digtribution a the channel-type scale
through a 2 layer model by which a thin deposited layer is underlain by the original
size of material. Inthis study, sediment size distribution is not modelled at the channel-
type scale but rather scaled down linearly from the sediment size distribution produced
at thereach scale. If sediment size distribution modelling at the channel-type scale were
included in the modelling of this study, more redlistic variability of the effective flow
resistance height ke and bed-form size would be achieved. These would impact on the
Manning’s n values determined at the reach scale.
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Table 5.8 to Table 7.4 give the average bed-form length, bed-form height, skin shear
sress, bed-form shear stress and effective flow resistance height ke for selected 100 m
channel reaches determined for the yearly flood flow modelling of all scenarios.

Table7.2 Average values for water flow and channe sediment attributes that
impact on Manning's n values for scenario 1 between 900 m and 1000 m at

various pointsin time

Average
Average | Averagebed- | Average . o
Time bed-form | formheght | shear stress ef:gls\tlsrlzw M an:]ung S
length (m) (mm) 7o (N/mM?) height ke (mm)
t=1yr 1.79 64 57 106 0.029
t=2yr 1.98 79 42 125 0.021
t=3yr 2.00 72 28 127 0.021
t=4yr 1.84 63 38 127 0.021
t=5yr 2.02 65 55 122 0.021
t=6yr 1.97 60 39 127 0.022
t=7yr 1.94 58 84 120 0.022
t=8yr 1.93 69 56 112 0.023
t=9yr 1.93 53 79 116 0.023
t=10yr 1.95 53 97 118 0.023

Grain size for scenario 1 between 900 m and 1000 m remain similar throughout the
smulation giving small change in the avererage bed-form size of the channel reach.
The Manning’s n values indicate no direct dependence on the the smaller scale water
flow and channel sediment attributes. The variability of these attributes and the
interaction of water flow with increased reed cover give rise to the increasing

Manning’s n values.

The modelling of Hooke et al. (2005) can simulate the effects of floods upon river
form and the interaction with vegetation. However, the entire river is connected so that
changes in one channel reach can affect adjustment in another, which in turn provides a
feedback mechanism whereby the original river response predicted by Hooke et al.
(2005) may be altered. At a decadd time scale, the boundary conditions to the
modelling of Hooke et al. (2005) may therefore change considerably. For example, the
initial response to base level lowering owing to a decrease in sediment load, as in
scenarios 2 and 3, may lead to river degradation. This degradation leads to larger bed-
forms because grain size and water depth increases. The modelling results given in

179



Table7.3 and Table 7.4 show that these larger bed-forms ad to the resulting larger
Manning's n values. The larger Manning’'s n values amounts to a decrease in water
flow velocity which reduces degradation &t the reach scale,

Table7.3 Average values for water flow and channe sediment attributes that

impact on Manning's n values for scenario 2 between 900 m and 1000 m at

various pointsin time

Average
Average | Averagebed- | Average . I
Time bed-forg m form %ei ght | shear st?ess effecfuveflow Manning's
resstance n
length (m) (mm) 7o (N/mM?) height ke (mm)
t=1yr 2.01 73 67 149 0.029
t=2yr 2.23 86 71 154 0.021
t=3yr 244 100 56 196 0.023
t=4yr 2.40 104 55 184 0.023
t=5yr 2.71 124 89 250 0.025
t=6yr 2.77 138 101 196 0.025
t=7yr 2.85 118 125 261 0.025
t=8yr 2.89 118 89 219 0.024
t=9yr 2.94 114 93 254 0.027
t=10yr 2.94 119 100 256 0.027

Table7.4 Average values for water flow and channe sediment attributes that

impact on Manning's n values for scenario between 500 m and 600 m at various

pointsin time
Average
Average | Averagebed- | Average . o
Time bed-form form height | shear stress ef:gls\t/;rﬂ:zw M an:]ung S
length (m) (mm) 7o (N/mM?) height ke (mm)
t=1yr 2.23 88 71 179 0.029
t=2yr 2.54 107 110 218 0.022
t=3yr 2.64 123 99 196 0.023
t=4yr 2.62 132 120 244 0.025
t=5yr 2.93 184 147 306 0.028
t=6yr 2.97 204 129 196 0.028
t=7yr 3.07 236 160 304 0.027
t=8yr 3.06 221 112 306 0.027
t=9yr 3.01 203 126 277 0.027
t=10yr 2.94 199 91 286 0.027

Degradation of the river a the reach scale, as in scenarios2 and 3, increases the
sediment inflow at the channel-type scale. The sediment trangport rates smulated at the
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reach scale is shown in Figure 7.31 to Figure 7.33. The channel-type scale sediment

model uses these rates for the upstream sediment inflows.
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Figure 7.31 Reach scale sediment transport rates along theriver after every year
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Figure 7.32 Reach scale sediment transport rates along the river after every year

for scenario 2
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The increased sediment inflow a the channel-type scale coupled with the Slope
flattening owing to the past degradation, result in sediment build up a the same
organisational level. Sediment build up at the channel-type scale will in turn impact on
sediment bar dynamics and therefore vegetation distribution. Such multiple responses
is referred to as complex response (Schumm, 1977) which requires the inclusion of
contributions from processes at various organisational levels. The hierarchical strategy
presented in this study allows for precise contributions of each of these processesto be
included in modeling river adjustment. Modelling the interaction of these processes
coupled with the potential to dea with complex response makes effective river
management achievable.

7.3 Condudon

Simulation included the interaction of channel components including sediment, water,
reeds and bedrock at various organisational levels. The effect of sediment size and
frequency of the flood event moving sediment, together with typical channel geometry,
is provided for the scenarios chosen for modelling.

The sediment feed rate specified for scenario 1 was much higher than that for
scenarios2 and 3. Decreases in sediment feed rates occur, for example, after the
congruction of a dam. Dams also affect flow discharges but the effect on river
geomorphology has not been considered in this study because of the computational
cost of the modelling. It may, however, be expected that larger flowswould be required
to trangport larger amounts of sediment going into the river system. Thus, larger flows
may have an effect on geomorphology similar to that of lower sediment feed rates.

Emergence was indicated by the channel aggrading more for modelling with, than
without the inclusion of the effect of smaller scale river process interactions.
Emergence was also found in changing flow resistance to affect the river bed elevation
at the reach scale. The changing flow resistance resulted from small-scale processes
such as water flow affected by bed-forms or reeds. Bed-forms and reeds affected the
energy loss to a large extent and provided a strong coupling between the flow and the
river bed elevation.
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Up-scaling using gaigtical formulations to account for small-scale models may, as
shown above, not be suitable for dealing with river complexity for decadal prediction
becaue interacting processes may greetly influence river dynamics at larger scales. The
non-linearity of the effects of small-scale processes necessitates hierarchical modelling,
as opposed to providing a statistical account at the larger scale. Smaller scale processes
such as sediment bar development and reed expansion have to be modelled explicitly
in order to alow for the non-linearity produced by these process interactions which, as
substantiated by Chapter 2, isthe requirement for deding better with river complexity.

Reliable estimation of Manning's n values is required for redigtic prediction of the
river bed elevation at the reach scale. At the reach scale, the Manning’'s n values
include the resistance to water flow caused by the bed characteristics, bar forms and
reed cover a smaller scales. The Manning’s n values are strongly dependent on the
roughness formulations used in the smaller scale modelling. The accuracy of these flow
resistance formulations is crucial because they affect the shear stresses opposing the
water flow which is subsequently used in determining the Manning’s n values. Smaller
than expected Manning’ s n values obtained in the modelling could be attributed to flow
continuity that was not strictly preserved across organisational levels.

Analysis showed that the flow resistance has a significant effect on the river bed
elevation a reach scale. The use of a Manning's n value of 0.029 along the reach
yielded significantly different bed elevations in comparison with the use of the final
Manning's n values obtained from integrated smaller scale modelling. The
determination of Manning' s n values throughout the simulation is essential because the
bed characterigtics, bar forms and reed cover, which affect the Manning’'s n values,
congtantly undergo changes during simulation. The Manning’s n values influence the
rates & which smaller scale processes adjust and hence also the distributions of water,
sediment and reeds. These didributions, therefore, affect and are affected by the
Manning’s n values. These digtributions emerge as the habitat which is of interest to
river managers. Therefore, the habitat predicted over decades using Manning’s n values
that are not determined from smaller scale modelling is questionable.

The hierarchical modelling approach proposed in this study could allow collaboration
across disciplinary boundaries. Detailed qualitative and quantitative models existing in
many fields of study can be integrated using such a hierarchical modelling strategy. It
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is suggested that this modelling framework could be applied to a variety of complex
adaptive systems (CAS) on earth. These earthly systems connect life whereby one
system emerges to others. Models of low-level fast processes and high-level slow
processes that are detailed to each speciaty field may dot into one another by
confirming rates and providing boundary conditions for material flows.

The continued improvement in computing power would decrease congtraint placed on
the number of organisational levelsthat may be included in the modelling. At the same
time, greater demands will be placed on the data requirements of such integrated
modelling sysems. Real world data-sets that encompasses the perspectives of all
considered organisational levels will be required for validation of both individual
process models and integrated modelling. Regardless of the model integration used, the
limitations of an individual model and their subsequent inherent uncertainties with
respect to predicting the behavior of these complex systems, should be recognized.
Such considerations are critical in the future development of CAS modelling to cope
with issues and problems associated with human-environment interactions.

Hierarchical modelling allows more redlistic prediction of river geomorphology after a
decade since emergence and self-organisation is dealt with. The modelling showed that
incorporaing emergent structures provides the basis for dealing with the non-linearity
of river processes across organisational levels, assuming that the models are reliable as
gand-alone models.
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Chapter 8 — Conclusion

The prediction of river geomorphology a a decada time scale using modelling is
essential for effective river management. Realistic model predictions at decadal time
scales require smaller scale variability to be integrated into larger scale modelling. The
variability is attributed to processes that can be hierarchically organised based on the
gpatial scales at which they operate. At a decadd time scale, the spatial scale that
extends across the organisational levels of the reach scale, the channel-type and the
geomorphological-unit scale, is deemed important. The small-scale variability caused
by riparian vegetation growth, for example, influences reach scale river
geomorphology at a decadal time scale. Trans-organisational feedback trandates such
variability to higher organisational levels but also congtrains variability according to the
limitsimposed by patterns a higher organisational levels.

River processes affecting river geomorphology are complex in nature. The main
drivers for river geomorphological change include sediment, water and vegetation
processes. These processes produce patterns that affect river geomorphology across the
various organisational levels. River complexity demands lengthier model descriptions
to explain the formation of patterns. The model descriptions are lengthened in order to
include feedback from interacting processes and the non-linearity of the effects of these

jprocesses.

Riparian vegetation change is often neglected in studies. However, it plays a mgjor role
in affecting resistance to water flow. Riparian vegetation change has, as a result, a
significant impact on river morphodynamics. Reed growth, in particular, is regarded as
a major geomorphological agent, for example, in the Sabie River in the Kruger
National Park. Hence, Phragmites was chosen to represent the riparian vegetation
processes required in this modelling.

A review of current geomorphological modelling was carried out in order to select
models which best represent river processes of water, sediment and vegetation at the
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various organisational levels. On the basis of the review, the following models at the
respective organisational levelswere used:
§ Atreachscae

§ al-D water flow model,

§ the Exner equation to determine longitudinal bed elevation and grain size
digtribution, and

§8 afuzzy-rule-based model for Phragmites population distribution.
§ At channel-type scale

§ a2-D waer flow model,

§ acdlular automata model for sediment routing, and

§ acdlular automatamodel for Phragmites expansion.
§ At geomorphological-unit scale:

§ adeady-date flow variability model,

§ apower law equation in combination with statistical bed-form geometry
relations, and

§ partid differential equations for Phragmites biomass growth.

The models at various organisational levels were integrated through stipulating the
bottom-up model parameters and the top-down boundary conditions. Particular
consideration of the flow resistance coefficients was required in order to include the
feedback between interacting processes in the modelling. This trans-organisational
feedback enabled flow resistance parameters at the various organisational levels to be
determined simultaneoudly. The flow resistance coefficients at higher organisational
levels were determined using coarse-grained shear stresses which resist water flow at
smaller scales.

A gravel-bed river reach of 2 kilometres was modedled. Model simulations were
caried out for 3 scenarios an aggradating reach and a degradating reach and a
degradating bedrock reach. The modelling outputs achieved were at spatial resolutions
of 100 metres, 5 metres and 0.25 metres for the reach scale, the channel-type scale and
the geomorphological-unit scale respectively.

Non-linearity is characterised by self-organisation and emergence. This non-linearity
that exists at each organisational level is dealt with by trans-organisational modelling,
as indicated by the results. The changes in reed state influence sediment behaviour in
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each periodic model application. At the reach scale, the bed elevation self-organised
according to flooding smulated using the 1-D water flow model. At the channel-type
scale, sediment bars self-organised according to the 2-D water flow modd distribution
which is affected by the patchiness of reeds. Similarly, the modelled water flow
digribution alowed the prediction of bed-form self-organisation a the
geomorphological-unit scale. The patchiness of reeds self-organises within the
boundary conditions supplied by the reach scale population distribution at a rate and
density supplied by reed biomass growth a the geomorphological-unit scale. The
effects of the congtantly changing bed-forms, sediment bars and reed date are
trandated across organisational levels to affect flow resistance at the reach scale. This
flow resistance in turn affects the rate of self-organisation of the bed elevation. Hence,
emergence of small-scale variability at higher organisational levels was achieved.

The reaults differ significantly for modelling with trans-organisational feedback and
that without. This difference is a result of the emergence produced by small-scale
dynamic processes at larger scales. The modelling results clearly illustrate changing
riparian vegetation habitat at various organisational levels. The modelling, therefore,
enables river managers to predict the changes in habitat for riverine biota Trans
organisational feedback allows the habitat a a particular organisational level to be
adjusted within the modelling so that the associated changes in habitat at other scales
can be included in decison-making. Stripping of reeds that occurs during extreme
flooding, for example, may be explored.

Further development of the modelling includes verification of the reed models at the
reach scale and the channel-type scale and of the sediment model at the channel-type
scale. The CFD models used may employ more sophisticated numerical solving
techniques to alow improved computing efficiency and accuracy. More efficient
programming code in general will increase computation speed, alowing more frequent
accounts of the effects of smaller scale processes. The modelling can also include more
detall in terms of the river processes at various organisational levels, such as scour a
the geomorphological-unit scale and river bank stability at the channel-type scale. The
preservation of flow continuity across various organisational levels through the
gpplication of boundary conditions requires greater effort. This will improve flow
resistance estimations determined at larger scales. Trans-organisational modelling is set
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in arobust hierarchical framework which can be used to incorporate additional river

modifiers, including water quality, faunaand flora

The modelling added the effect of smaller scale variability which stetitical up-scaling
cannot account for, owing to the non-linearity of river processes. The non-linearity of
the river processes is addressed through the linkage of models within a progressively
nested hierarchical modelling structure. The modelling dealt with the added complexity
produced by multiple interacting river processes, such as the effect of riparian
vegetation on water flow and water flow feedback on sediment. The hierarchical
modelling structure alows for congruent and concurrent interaction of models that
represent river processes at various organisational levels. Alone, each model tells a
single story; together, they can simulate river morphodynamics.
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Appendix A - One-dimengonal water flow mode code



Appendix B —Reach scale sediment flow and sdlf-or ganisation mode code
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Appendix C - Reach scalereed community mode code



Appendix D - Two-dimensonal water flow mode code
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Appendix E —Channd-type scale bar evolution mode code
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Appendix F—Channd-type scaler eed expansgon modd code
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Appendix G—Geomor phological-unit scalewater flow code
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Appendix H —Geomor phological-unit scale bed-form devdopment mode
code
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Appendix | —Reed growth at geomor phological-unit scalemodd code
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