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Summary

Large hydrological variations and an abundance of fine non-cohesive sediment cause the dynamic
behaviour of the Ayeyarwady River, with fast moving channels and passing bars. The dynamic
behaviour of this braided river, together with the large hydrological variations, is the source of a
frequently flooding river with a moderate navigability. In order to find suitable and sustainable
solutions, increasing the understanding of the morphodynamics in braided rivers is required. In
this research the physical processes forcing the morphodynamics in these rivers are investigated
using the 2D depth-averaged morphodynamic model Delft3D and satellite imagery. This is done
for a river reach of thirty kilometres of the Ayeyarwady River, located next to Mandalay. This
reach contains multiple channels around three large islands and has two floodplains. The braid
plain is restricted by on one side a mountain ridge and on the other side the city Mandalay.

The most dominant physical processes in braided rivers were found from literature and can be
divided into system forcing processes and internal flow and sediment transport processes. The
system forcing processes are the hydrological variations, input of sediment, the availability of
erodible sediment, the bed roughness and vegetation. The internal flow and sediment transport
processes are sediment transport by primary flow, deflection of sediment transport by spiral flow
and bed-slope effects, turbulence and bank erosion. The system forcing processes are imposed by
the system and have a forcing influence on the internal flow and sediment transport processes. All
these processes are interrelated with each other in different ways, all having different influence on
each other and on the morphology. Because the morphology also affects these processes, positive
feedback exists where change in one processes enhances change in all the other processes. Since
the morphology also affects the different processes, a positive feedback exists. This positive
feedback between all processes makes the change in morphology, or the morphodynamics, hard
to predict.

The morphodynamics in the research area were studied from satellite imagery. These showed
that the most significant morphodynamics are during the wet seasons, when the complete river
area is submerged (all bars, islands and floodplains). The effects of the morphodynamics prop-
agated in downstream direction and were restricted by poorly or non-erodible reaches. These
restrictions caused morphodynamics of a different character for the different regions in the re-
search area and were influenced by the morphodynamics in the reach upstream. Most important
features for the four reaches, from upstream to downstream, are:

e the incoming bars, resulting in the shift of channels

e the change of the trifurcation, causing redistribution of flow and sediment over the down-
stream channels

e the narrowing, widening and shift of the left and morphological most active channel due
to the passing side and mid-channel bars

e the development of the confluence in downstream direction
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In a sensitivity analysis performed with the Delft3D 2D morphodynamic model, the effects of
several physical processes are estimated. These processes are hydrological variation, input of
sediment, sediment transport by primary flow and deflection of sediment transport by spiral flow
and bed-slope effects. The processes were tested quantitatively for the width, depth and the
yearly change in width of the channels. Qualitatively, the effects of the processes on the shapes
of the bars and channels were tested. It was found that the sediment transport by primary flow,
spiral flow and bed-slope effect had the most significant effect on the widths and depths of the
channel. The sediment transport by primary flow was tested by varying the power above the
velocity in the sediment transport formula. A lower power above the velocity resulted in wider
and shallower channels. The spiral flow causes deepening and narrowing of the channels. By
enhancing curvature, it also enlarged the probability at channel incision (meander cutoff). Large
bed-slope effects resulted in wide and shallow channels and flat bars. Hydrological variations
also had a significant effect on the morphology. During rising and falling stage deepening of
existing channels and incision of new channels can be found, where during high water all bars
and islands move. The subtle interaction between the morphodynamics in the different stages
causes complex shapes of bars and channels.

The change in channel width in the sensitivity analysis was used as measure for the dynamics
of the system. The channel width change rate turned out to be significantly lower for the model
simulations than on the satellite images. The comparison with satellite imagery showed that
the movement of bars, or pulses in sediment, is the main process causing dynamics of the river.
Larger dynamics were indeed found in the model with larger pulses in sediment at the upstream
boundary. The comparison of the satellite imagery with the model also showed that vegetation
causes decrease of the mobility of the islands and is of main importance for a correct simulation
of the morphodynamics. Finally, it was observed that the absence of bank erosion by failure in
the model was the cause for the absence of the development of mid-channel bars.

The input of sediment pulses is the main driving factor of the dynamics of the system, but a
large uncertainty exists in the forecast of this process. Together with the absence in the model of
vegetation and bank erosion by failure, it is impossible to predict the exact morphodynamics with
the model. However, the model was able to simulate many local morphodynamics as the incision
of new channels, the accretion and erosion of the island heads and the dynamic channel pattern at
the inflow boundary. The model can therefore be used to increase the understanding on possible
morphodynamics and to asses areas of risk (for erosion or deposition). For engineering purposes
the model can be used for the assessment of possible effects of river training works, the locations
for dredging and the amounts of sediment to be dredged. To obtain more accurate results with
the model, data about sediment transport is needed. Further research on the implementation of
sediment pulses at the upstream boundary will be necessary to obtain more realistic dynamics
of the system.
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Chapter 1

Introduction

1.1 Context

1.1.1 The Ayeyarwady River

Myanmar, a developing country in South East Asia, is a place where the large navigable network
plays an important economic role. Since ancient times, the many rivers and creeks are used for
most of the transport (Nam and Win, 2014), leading to densely populated areas along the
waterways. The longest river in Myanmar, the Ayeyarwady River, is flowing from the North
to the South of the country and connects important cities such as Yangon and Mandalay, as
displayed in Figure 1.1. The river offers the possibility of relatively low cost transport between
the cities, but is also a connection with the countryside and China.

Besides that the river is of large economic value, the Ayeyarwady River is also of great risk for
the country and its population. The heavy monsoon rain provokes severe river floods. Between
wet and dry season, discharges can vary a factor ten, causing water level differences up to twelve
metres (Commandeur, 2014). Yearly, numerous villages are flooded and destroyed. According
to Floodlist (2016a), 1.5 million people were affected by the floods in 2015. During the period of
June till half August 2016, also almost half a million Myanmar citizens were affected by floods
(Floodlist, 2016b). In Figure 1.2, it is clearly visible that most of these fatalities are around
the Ayeyarwady River. The river floods are due to the large hydrological variations. These
variations, together with an abundance of relatively small and non-cohesive sediment, induce
the dynamic braided behaviour of the river, characterised by fast moving bars and channels.
The fast moving channels are of large danger for many villages (Ko, 2016).

In addition to the problems with big floods and erosion, the navigability of the Ayeyarwady River
is not as desired (RVO, 2015). With the on-going growth of the total transport in the country,
the improvement of inland water infrastructure has a high potential (Nam and Win, 2014). The
problems around navigability are threefold, all caused by the discharge difference during the wet
and dry season (van der Velden, 2015). With low water, during the dry season, the navigable
depth is too low at several locations. Therefore, passing lanes are blocked. In the wet season,
with high water, the flow velocities can be very high, leading to very dangerous situations. Also
the braided behaviour (the behaviour of shifting channels around alluvial islands) of the river
causes problems for the navigability. After every wet season, the exact location of the main
navigable channel is hard to predict.

To improve the situation around the Ayeyarwady, it is expected that several projects will be
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Figure 1.1: Map of Myanmar showing the Figure 1.2: Map of Myanmar showing affected
Ayeyarwady and main cities population in the different areas hit by floods
in 2016 (Floodlist, 2016b)

released in the period of 2017-2020 by the World Bank (World Bank, 2016). Also the Euro-
pean Union and the Dutch government are investing in the river system of Myanmar, which
all emphasizes the importance of some structural change. Due to the investment done by the
Dutch government, in particular the Netherlands Enterprise Agency (Rijksdienst voor Onderne-
mend Nederland, RVO), many Dutch companies are also involved in the improvement projects
of the river (RVO, 2016). Examples of these companies are Deltares, Arcadis and Royal Haskon-
ingDHV. Two examples of projects in the Mandalay region (see Figure 1.1) are the Amarapura
urbain floodplain development project and the World Bank navigational project. With the first,
a floodplain will be urbanized. Therefore, the floodplain has to be protected against river floods.
The latter has as goal to ensure a certain minimum navigable depth around Mandalay. In order
to find suitable and sustainable solutions with these type of projects, it is important to under-
stand the complex dynamics of braided rivers. An example of a river training measure where the
river dynamics were insufficiently understood is displayed in Figure 1.3. This picture is made
near Mandalay and shows how a shift of one of the channels in a braided reach of the Ayeyarwady
found a way around a barrier, completely undermining the functioning of the barrier. With a
better understanding of the morphodynamics and underlying processes, interventions in the
river can be made in a more effective manner to avoid these type of situations.

For this thesis it is important to clarify the use of several terms. With morphology is meant the
bed topography at a certain moment in time. The change or the development of the morphology
is referred to as morphodynamics. Further is also spoken about the dynamics of the river (or
the system), which is used for the extent in which the river changes.

2 The physical processes influencing morphodynamics in braided rivers
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Figure 1.3: Bypassed barrier after a shift of a channel in the braided river the Ayeyarwady (January,
2017)

1.1.2 Research on braided rivers

Braided rivers are studied all over the world, concerning subjects as flood risk, navigability and
ecology. The understanding has developed the past decades using flume experiments (Ashmore,
1982; Ferguson, 1993), field observations (Ferguson et al., 1992; Mosselman, 2009; Baki and
Gan, 2012) and to a lesser extent numerical modelling (Schuurman et al., 2013; Nicholas, 2013;
Yang et al., 2014; Williams et al., 2016). Flume experiments proved to be very useful to explore
singular processes, such as vegetation (Gran and Paola, 2001), bar movement (Ferguson, 1993)
and the importance of bedload fluxes for the morphodynamics (Ashmore, 1987). However,
limitations are there on spatial and temporal scale, based on the space and time required to
perform the experiments. Scaling is of course an option, but this comes with simplification and
abstraction from reality (Peakall et al., 1996). For field measurements limitations on spatial and
temporal scale also exist. Because large variations are found in the extensive braided rivers,
large amounts of samples are needed in space and time to create a reliable dataset (Ferguson
et al., 1992). With the development of technologies such as multibeam echo-soundings and
airborne and terrestrial LiDAR, more accurate data could be obtained, but with these costly
measurement methods it is hard to cover the change in time. The low availability of data forms
one of the the main problems in the study of braided rivers (Surian, 2015).

To cover the development of braided rivers in time, historical maps, aerial photographs and satel-
lite data are a valuable source. Baki and Gan (2012), Wang et al. (2014), Pahlowan and Hossain
(2015) and Bhunia et al. (2016) are examples where satellite data is used to determine bank
migration rates. They found that vegetation, island size, bank material and human interven-
tions are the main influencing factors of these rates. Donchyts et al. (2016a) did not investigate
river morphology in specific, but used the Google Earth Engine (GEE, a processing platform for
satellite data) to determine land-water surface change for the whole world. This is very useful
for the study on braided rivers. Using the GEE and the method of Donchyts et al. (2016a) gives
the opportunity to calculate cloud free images, automatically detect the water surface, calculate
bank migration rates, determine the quality of vegetation, etc. The limitation of satellite data is
that it only contains information of the earth surface and not the bathymetry below the surface.
Combining satellite data with other sources of information (a model for example) could be very
valuable. Ziliani and Surian (2012) used a numerical cellular model (CAESAR) to provide extra
information on his observation of the land surface. He only used aerial photographs instead of
satellite data. By combining the time development observed from the aerial photographs and the
results from the model, they where able to estimate bedload transports of the river. The model
was also very useful to increase the understanding on the development in between two aerial
photographs. It did not only fill the gap of data in between the aerial photographs, but it also
returned extra information about depth development of the channels. Van der Velden (2015)
also performed a combined analysis (the numerical model Delft3D as support for observations
from satellite imagery) for research on navigability of the Ayeyarwady. However, the model had
limited additional value, since no bathymetric data was available. The focus was more on the
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interaction between changes in the planform (as observed from satellite imagery).

According to summarizing studies of Surian (2015) and Williams et al. (2016), numerical mod-
elling shows high potential by creating new data and having less limitations on spatial and
temporal scale. Schuurman et al. (2013) and Yang et al. (2014) are examples where datasets
were created for further analysis, using physics-based numerical models of straight river reaches.
However, with the Delft3D-software, used by Schuurman et al. (2013), dry banks cannot be
eroded, and also vegetation is not included. The model in Yang et al. (2014) misses a formula-
tion for spiral flow. Even though not all important processes are represented in these models,
application on braided rivers showed to be a valuable method to obtain information about river
development. In Schuurman et al. (2016a) for example, the numerical model is used to look at
the effects of river training measures on the development of the planform. More complete models
are used by Jang and Shimizu (2005) and Nicholas (2013), which also include bank erosion and
vegetation processes. What is still lagging, is that the calibration, validation and sensitivity
analysis on 'real’ rivers with all these models has been limited (Surian, 2015; Williams et al.,
2016). Surian (2015) adds to this that improvements have to be found to create later mobil-
ity of the channels and islands in the models. He also mentions that the connection between
models and the other approaches (flume experiments, field measurements, satellite data) is still
lacking. He also states that attention is needed for a correct implementation of the processes in
the models. Another problem with the simulation of braided rivers, is that they are relatively
wide. To keep the computational time workable (within a week), the river length that can be
simulated is limited. This limitation is also there in the use of 3D simulations.

1.2 Problem definition

The Ayeyarwady River is a river with large hydrological variations and an abundance of relatively
small non-cohesive sediment, causing the dynamic behaviour of the river with fast shifting
channels. This dynamic behaviour, together with large hydrological variations, is the source
of a frequently flooding river with a moderate navigability. In order to reduce flood risk and
to improve navigability, river training measures and sediment management are needed. For an
effective and sustainable implementation of measures, one has to be able to predict the effects
of these measures. For braided rivers, of which their behaviour is regarded as complex and hard
to predict, this still remains challenging. It requires a good understanding of all the processes
playing a role in the morphodynamics of the river.

To gain more knowledge on how these physical processes play a role in the morphodynamics of
braided rivers, the use of physics-based numerical models shows high potential. They are very
useful in the investigation of processes on reach scale. Processes can be adjusted, which gives
the opportunity to investigate them. However, calibration and validation on ’real’ rivers has
barely been done in the past. This means that the actual performance of the model still has to
be tested. In addition, not all processes important for braided river dynamics are included in the
available model software Delft3D. Bank erosion of dry banks and vegetation are not included.
The limited amount of data available on sediment transport is another problem in the simulation
of the behaviour of the Ayeyarwady River. This brings uncertainty in the results of the model,
which also has to be explored.

4 The physical processes influencing morphodynamics in braided rivers
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1.3 Goal

The understanding of the physical processes in braided rivers causing the morphodynamics
remains limited. Because this understanding is needed to find suitable and sustainable solutions
to reduce flood risk and improve navigability, this study focusses on a better understanding of
these physical processes. The goal of this study exists of two parts, both with focus on the
research area as given in Figure 1.4. The first part is to explore the most relevant physical
processes and their effects on the morphodynamics and the second part is to investigate the
ability of a 2D morphodynamic model to simulate the morphodynamics to make reasonable
predictions. The following sub questions should be answered to reach the goal:

e Which are the most important physical processes in the morphodynamics of braided rivers?
e What morphodynamics can be observed in the research area from satellite imagery?

e What physical processes have the largest influence on the dynamics of the Ayeyarwady
River?

e What physical processes have the largest influence on the morphology of the Ayeyarwady
River?

e What is the predictive value of a 2D morphodynamic model for the simulation of morpho-
dynamics in the Ayeyarwady River and which physical processes play a role in this?
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Figure 1.4: Map showing the research area of this study

The physical processes influencing morphodynamics in braided rivers 5



CHAPTER 1. INTRODUCTION

1.4 Thesis outline

The analysis is performed in four steps. The first step, presented in chapter 2, is a literature
review on the main processes playing a role in the morphological development of a braided
river. In this chapter is explained how these processes work, what the consequences of these
processes are on braided rivers and, where necessary, with what kind of formulations these are
implemented in the 2D depth-averaged Delft3D model. This chapter is followed by an analysis
of the system in chapter 3. This contains a global review on the complete river system, including
climate and flooding and navigability problems of the Ayeyarwady River. The research area will
be analysed in more detail. Different available data is discussed here and also observations from
satellite imagery are described. The study on the morphological changes forms a basis for the
interpretation of the model results. In chapter 4, a sensitivity analysis with the Delft3D model
is performed to explore the effects the different physical processes have on the morphodynamics.
Not all processes discussed in chapter 2 can be implemented in the Delft3D model, which is why
these processes are tested in a different way in chapter 5. With a combined analysis of satellite
images and the model these processes are evaluated. The report concludes with a discussion
and conclusion and recommendations.

6 The physical processes influencing morphodynamics in braided rivers



Chapter 2

Physical processes in
morphodynamics of braided rivers

Morphodynamics are a function of many different physical processes. To understand the dy-
namics of the system, it is essential that these processes are understood. In this chapter, the
most important of these physical processes in braided rivers are explained from literature. A
distinction is made between system forcing processes and internal flow and sediment transport
influencing processes. The system forcing processes are imposed by the system, so by the climate,
soil structure, vegetation, etc. How these processes occur in the research area is investigated
in chapter 3. The internal flow and sediment transport processes are a consequence of the sys-
tem forcing processes and cause the actual change in morphology. The different processes are

summarized in table 2.1.

Table 2.1: Main morphodynamics influencing physical processes in braided rivers, divided into system

forcing processes and internal flow and sediment transport processes.

Process

System
forcing processes

Hydrological variations

Sediment input in the system

Availability erodible sediment

Bed roughness

Vegetation

Internal flow

and sediment
transport influencing
processes

Transport by primary flow

Total load Bedload

Suspended load

Wash load

Transport by spiral flow

Turbulent flow

Effects of dunes

Confluence scour

Eddies

Bed-slope effect

Bank erosion

Fluvial erosion

Geotechnical instability
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2.1 System forcing processes

The hydrological variations, the input of sediment in the system, the availability of erodible
sediment, the bed roughness and vegetation belong to the system forcing processes. All available
data of how these processes occur in the research area is discussed in chapter 3. In this section is
explained why and how these processes have an effect on the morphodynamics in braided rivers.

2.1.1 Hydrological variations

As well in laboratory experiments (Ashmore, 1982; Jang and Shimizu, 2005) as with numerical
models (Schuurman et al., 2013), braided river patterns were established with a constant dis-
charge on a flat bed. This demonstrated that a variation in discharge is not a prerequisite for
braiding. This does, however, not mean that the variations in discharge is of no importance
for the development of the braided planform. Richard and Julien (2003) explained for example,
that a change in both the water and sediment regime could lead a large change in planform.
With the implementation of a dam, a part of the Rio Grande (New Mexico) changed from a
braided river into a single-thread straight and meandering river. This dam reduced only the
largest peaks in discharge, which was already enough to change the whole system. Large peaks
in discharge could for instance cause the removal of vegetation (Gurnell et al., 2001), which
increases the movability of the system. Large peaks could also lead to the flooding of usually
not submerged areas, leading to erosion of islands and bars or incision of new channels.

Not only large peaks are important considering the morphological change. The four different
stages in the hydrograph, the falling stage, low water period, rising stage and the high water
period, all show different flow distributions and so have a different effect on sediment transport.
With model studies van der Velden (2015) and Yang et al. (2014) found that new channels were
especially created during the falling stage. Coleman (1969) also observed this in the field. He
explained that large amounts of bedload and suspended load are deposited during the falling
stage due to the rapid decrease in flow velocity during the falling stage. This has as consequence
that bars can be created. By blocking existing channels or deviating the flow direction, the
bars enhance the incision of new channels. During falling stages the probability at instability
and collapse of the banks is also largest (S. Giri, personal communication). During high water
the soil in the banks saturates. When the water level decreases faster than the water can flow
out of the bank, shear strength in relatively low (due to the pore water pressure) and the bank
relatively heavy, which gives a higher probability of collapse. During low flow stage, solely
erosion and sedimentation takes place within the channels. The main channels in braided rivers
are commonly slightly curved, moving from one bank to the other. When only these channels
are submerged, the river seeks for a path with little curvature. This leads to straightening of
the thalweg. During rising stage, the increase in discharge has to be accommodated in the river.
This has widening and deepening of the channels as consequence. With the channel approaching
the banks in a slight angle, undercutting of the banks could also be found (Coleman, 1969).

2.1.2 Sediment input into the system

Sediment transport rates in braided rivers vary largely in space and time. Coleman (1969) and
Chein et al. (1961) already mentioned the importance of fluxes in sediment transport as an
important factor for braiding of rivers. Schuurman et al. (2013) created a braided planform
without fluxes in sediment transport at the upstream end of the system, but the mobility of this
system decreased significantly after the the braided planform was established. Ashmore (1987)
showed in his laboratory study that the fluxes in sediment transport indeed are important for
the dynamics in braided rivers. A sediment wave enhances local aggradation, leading to the
creation of bars and new channels in the surrounding. After passing of the sediment pulse,
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erosion can be found again. The eroded material is deposited again in other aggradation sites,
where also bars will be created. In this way the sediment pulses propagate through the system.

Similar to the observations of Richard and Julien (2003) as discussed in the previous section,
many other dams also reduced the braiding activity in rivers in the Alps. Marti and Bezzola
(2009) investigated this in flume experiments, where a reduction in fluxes and quantity of bedload
transport lead to the creation of a single channel system from a braided planform. They also
noted that the transport in a single incised channel is larger than for the multiple small channels
together. With the sediment transport depending on the cross-sectional area of existing channels,
this means that fluxes in sediment transport are created by growth, closure and incision of
channels as well. Where in an active braided river channels grow, close and incise continuously,
it amplifies its own activity again. Marti (2002) adds to this that large fluxes also arise whit the
failure of banks.

2.1.3 Availability of erodible sediment

For the dynamics in a braided river it is essential to have a wide non-restricted channel bed
with an abundance of erodible sediment (Coleman, 1969; Chein et al., 1961). Logically, a low
availability of erodible sediment reduces the mobility of the system. Availability of sediment
could be decreased with non-erodible layers close to or at the bed, but also due to hiding and
exposure or armouring phenomena. FErodibility is another property that determines whether
erosion occurs. For this, a first distinction can be made between cohesive and non-cohesive soil.
The most cohesive soil type, e.g. rock, is hardly erodible and does in this case already mean an
unavailability of the sediment. Less cohesive soil types are mud, clay or silt, but also mixtures
of sand and clay or silt can be very cohesive. Van Ledden (2003) describes that already small
amounts (from 3%) can cause a critical erosion stress of 2 - 5 times higher. Solely larger particles
as sand or gravel are more easily erodible. For the dynamics in braided rivers, an abundance of
these sediment types is needed.

2.1.4 Bed roughness

The bed roughness is determined by the composition of the bed. Different sizes or types of
sediment have a different influence on the bed roughness. Large gravel particles for example
induce more bed resistance than for example fine clay. This resistance causes a shear stress on
the bed, which largely influences the flow distribution and the sediment transport. Whether an
increase in bed shear stress has an increasing or decreasing effect is location specific. A larger
bed shear stress causes deceleration of the flow, which reduces sediment transport. On the other
hand, larger forces can be found on the particles, which has an increasing effect on the sediment
transport. This makes it hard to determine in advance whether sediment transport will increase
or decrease with a increase in bed roughness.

When modelling the flow in a river with Delft3D, not only the bed composition is important
for the bed roughness. Factors as dunes and vegetation also form a resistance on the flow.
Because these factors are mostly subgrid, they are included in the bed roughness. Different bed
roughness models can be used within the Delft3D model. It is possible to use a uniform Chézy
value. Other options are to use White-Colebrook or Manning, which both are depth dependent.
The formulation for Manning reads:

hl/G
C=— 2.1
n (21)
and for White-Colebrook:
12h
C = 18[0910 < k‘ > (22)
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Where C is the Chézy roughness coefficient [m'/2/s], n the Manning coefficient [—], h the water
depth and ks the Nikuradse roughness height [m]. Both relations have as result that the bed
roughness is larger in shallow areas than in deep areas. According to E. Mosselman (personal
communication, 2016), does the use of a different roughness model in large sand-bed braided
rivers (as the Ayeyarwady) give better estimations of the sediment transport. A better fit for
the bed roughness would be:
hl/2

= (2.3)
However, this cannot be implemented in the Delft3D model. For this reason, this different bed
roughness model is incorporated in a different sediment transport formula. This is explained in
more detail in section 2.2.1.

2.1.5 Vegetation

Vegetation has a twofold effect on the sediment transport. With roots it keeps the sediment
together, inducing a reduction of the availability of sediment. In addition, it also pushes the
high-velocity field away from the bed. This leads to a decrease in stress on the bed particles
(Thorne and Furbish, 1995). Both the decrease in available sediment and the reduction of
shear stress in the particles have a sediment transport decreasing effects. These effects are also
mentioned in the previous two sections, but because vegetation influences both, it is mentioned
as a separate process. Gran and Paola (2001) investigated the effect of vegetation in a flume
experiment. They specifically looked at the stabilizing effect on banks. This stabilization of
banks causes a lower lateral mobility of the system. However, vegetation can also be found on
the bed. This is for example the case on the islands when these are submerged. The vegetation
will than have a stabilizing effect on the islands.

The stabilizing effect of vegetation forms a restriction for the river to change. Where, as men-
tioned in section 2.1.3, it is essential for the dynamics in a braided river to have a wide non-
restricted channel bed, the vegetation has a dynamics reducing effect in braided rivers. Pahlowan
and Hossain (2015) also found this in the braided Jamuna River, where vegetated banks shifted
slower than unvegetated banks. Vegetated banks can shift due to failure of the bank or by
removal of the vegetation under large flow velocities.

2.2 Internal flow and sediment transport processes

Internal flow and sediment transport processes are a result of the system forcing processes.
Belonging to these processes are: sediment transport by primary flow, sediment transport by
spiral flow, sediment transport due to turbulence, effect of bed slopes on the sediment transport
and the erosion of banks.

2.2.1 Sediment transport by primary flow

Sediment transport by primary flow can be divided in three types of load, namely bedload,
suspended load and wash load. Wash load is the suspension of very small particles with very
large adoption lengths. This material does by definition not interact with the bed and has
therefore no influence on the bed development. In contrary, bedload and suspended load do
have a large influence on the development of the bed. Together they form the so called total or
material load (Delft3D-FLOW manual, 2016).

The primary flow induces sediment transport when a certain bed shear stress is reached. Shields
(1936) described a dimensionless parameter to determine the initiation of motion of a non-
cohesive particle. The formula to calculate this parameter, § [—], is derived from a equilibrium
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of forces and reads:

f=—" (2.4)

With 7 the bed shear stress [N/m?], ps the density of the sediment [kg/m?], p the density of
the water [kg/m?], g the gravitational acceleration [m/s?] and D the diameter of the sediment
[m]. Incipient motion can be found for a critical value for 6. This 6., can be determined from
the Reynolds number. With relation 2.4, the critical shear stress can be determined from 6.
So for the movement of a particle, a certain shear stress is necessary. These shear stresses are
a function of the flow velocity and bed roughness, which are used in many sediment transport
estimators for flows. Examples of these estimators for non-cohesive sediment transport in rivers
are the Engelund and Hansen formula (Engelund and Hansen, 1967), the Meyer-Peter & Miiller
formula (Meyer-Peter and Miiller, 1948) and van Rijn formula (Van Rijn, 1993). The transport
of sand or gravel is based on a capacity of the flow to carry the sediment, with exchange and
interaction between the sediment in the bed and in the flow. The capacity is what is calculated
with the sediment transport estimators. In section 2.1.4 was explained that a different sediment
transport formula is used for this study to incorporate a different roughness model. A basic
formulation for sediment transport is:

where s is the specific sediment discharge [m?/s/m], m a coefficient depending on the sediment
diameter, bed roughness, relative density and gravitational acceleration, u the flow velocity
[m/s] and n the coefficient determining the power above the velocity [—]. With n = 5 this
formulation is the Engelund and Hansen formula. To incorporate the bed roughness model that
is more likely for large sand-bed rivers, as given in equation 2.3, n has to be lower than five.
A minimum value for n is three. For lower values of n, the sediment would be more movable
than water, which is off course impossible. The complete derivation of this sediment transport
formula with lower power above the velocity is given in section C.2.4.

Where the sediment transport estimators determine a capacity op the flow to carry the sediment,
a too low availability of non-cohesive sediment can be a limiting factor (see section 2.1.3). For
transport of cohesive sediment this is different. Here the transport of sediment is not determined
by the capacity of the flow to carry this sediment, but by the ability of the flow to erode this
sediment from the bed. Subsequently, sediment transport formulations for cohesive sediments
are different than for non-cohesive sediments. These transport formulations are based on a
capacity for erosion.

The transport of sediment is highly non-linear, which also can be seen in the sediment transport
formulas. With significant spatial and temporal differences in flow velocity in braided rivers,
even larger fluxes can be found in the sediment transport. The fluxes in sediment transport lead
to deposition and erosion, causing changes in the bed. This can be explained with the Exner
equation:

O _ 1 05 (2.6)

ot 11—\, 02
with 2, the bed level [m], A, the bed porosity [—] and s the specific sediment discharge [m?/s/m].
This equation shows the bed level change is determined by a flux in the sediment transport.
Examples of bed level changes are the creation and movement of bars or the incision of new
or deepening of existing channels. These changes are all very typical in braided rivers, which
means that sediment transport plays an important role here. How fast and where these changes
occur, is dependent on for example the discharge, the availability of erodible sediment or the
presence of vegetation.
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2.2.2 Sediment transport deflection by spiral or helical flow

Spiral flow is found in curvatures of the flow. It can be described as a circling flow through the
bend, as shown in Figure 2.1. Together with the primary flow, it forms a helical flow through the
bends. Spiral flow only causes a deflection of the sediment transport by primary flow, because it
is much weaker then the primary flow. The deflection of the the sediment transport is towards
the inner bend, causing deepening of the channel at the outer bend (1). More sediment deposits
in the inner bend, forming point bars (2). In addition of moving the sediment from the outer
bend to the inner bend, deepening of the outer part of the channel can also cause of instability of
the bank (3). In these ways, the spiral flow contributes to the lateral movement of the channels.
In braided rivers spiral flow is found at many locations in the complex system of bifurcating and
joining channels. The many bars are also a cause of the curvature of the flow. This curvature of
the results in spiral flow, with leads to a deflection of the sediment transport. Schuurman et al.
(2013) also emphasizes the importance of spiral flow for the development of bars and channels
in braided rivers. Without spiral flow, the development of bars and channels was slower.

Figure 2.1: The effect of spiral flow on morphology in a bend

In depth-averaged computations in Delft3D the direction of the bedload transport as combina-
tion of primary and spiral flow is calculated following:

tan(g,) = L2101 (2.7)

u—argls

in which:
2 19
ar = pEspir <1 - 2/<;C> (28)
where v is the flow velocity in y-direction [m/s], u the flow velocity in x-direction [m/s], U
the depth-averaged velocity [m/s|, Is the spiral flow intensity [m/s|, C the Chézy coefficient
[m'/2/s], g the gravitational acceleration [m/s?], s is the Von Kérmén constant [—] and Eq,
the user defined calibration coefficient for the spiral flow [—].

2.2.3 Turbulent flow

Turbulence exists on different scales. The largest scales of turbulence found in braided rivers
is the one around the large islands and in confluences. Going smaller, turbulence can be found
around the bars, discontinuities at the bank or around structures. Even more in detail, one can
find turbulence around dunes, in the mixtures of suspended sediment and for example around
the particles in the bed. All these types of turbulence disturb the flow, having an effect on the
sediment transport. These effects are expressed in different ways. Turbulence around particles in
the bed and dunes cause for example the bed shear stress, turbulence in a suspended sediment
mixture plays a role in the advection and diffusion of the mixture, and turbulence on larger
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scales gives direct change in the flow patterns with scour or deposition as results. In this way,
turbulence on all scales plays a role in the transport of sediment. Scour and deposition due to
turbulence can also have large affects on the channel system. Where scour holes can attract the
channels, deposition areas can deflect the channel direction.

Turbulence models in Delft3D are all based on the eddy viscosity concept. Decreasing viscosity
enables larger differences of flow velocities within the flow, so more sensitivity to small deviations
in the channels. However, it remains difficult to capture the effects of turbulence with a depth-
averaged model on reach scale, due to the simplification for the determination of the flow field.

2.2.4 Bed-slope effects

With the bed slope-effect is meant: the influence of gravitational force on the movement of
sediment particles on a slope. On a flat bed, the gravitational force has no component in a
direction in which the sediment particle could move. The gravitation is only a resistance on
the movement of the particle (as in Shields formula, equation 2.4). However, on top of a slope,
the gravitational force does have a component in a direction in which the particle could move.
Both situations (a particle on a flat bed and on a slope) are illustrated in Figure 2.2. In this
figure the component in direction of the slope is marked with F), ;. With an increase of angle a,
the force F. s also increases. Until the moment the angle reaches a magnitude of the angle of
internal friction of the bed material, the particle will not move without external force. However,
it does reduce the stress needed for incipient motion. In this way the slope does influence the
transport of the sediment. Just like with spiral flow, the bed-slope effect deflects the direction
of the sediment transport. For the bed-slope effect, this deflection is in the direction of the
downstream slope. The effect of the slope on the sediment transport works in both the direction
of the flow and in the transverse direction. In principle, this effect flattens the whole morphology.

Although the physical explanation of this process is straightforward, the implementation of this
process in numerical models is not. Several methods can be used to determine this effect, of
which the one of Talmon et al. (1995) is used in this study. The set of equations to determine
this effect reads:

sin(¢r) + iy b
tanin) = "0 1l 29)

cos(ér) + iy ax

in which: . b
D, shield D shield
Bs ie

f(0) = Asiciat; """ <H> <D50> (2.10)
where Agpield, Bshield; Cshield and Dgpierq are user defined variables [—], D; the median grain

size of the fraction [m], D,, the median grain size of the bed [m], 6; the fraction mobility [—],
¢s the direction of sediment transport [°], z;, the bed level [m] and ¢, the direction of the shear
stress [°].

How large the effect is on the sediment transport, is hard to determine. The choice of how large
this effect has to be in models, remains an arbitrary one (Schuurman and Kleinhans, 2013).
Especially in braided rivers, where with the multiple channels and many bars many slopes can
be found, this parameters influences the results significantly (Schuurman et al., 2013). It effects
the width and depth of channels, the width and height of bars, but is for example also a negative
feedback on bar growth.

2.2.5 Bank erosion

Bank erosion is an important process for the lateral movement of the channels. In the Ayeyarwady
River bank erosion was found in the field at many locations. Also in other braided rivers, bank
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Figure 2.2: The gravitational force on a particle on a slope and on a flat bed

erosion is found in large extent. Examples are the Upper Yellow River (Wang et al., 2008)
and the Brahmaputra (Mosselman, 2009; Baki and Gan, 2012). Because bank erosion causes a
lateral movement of the channels, it is well observable from satellite imagery (Baki and Gan,
2012; Pahlowan and Hossain, 2015).

Rinaldi and Darby (2007) reflect that bank erosion is a function of three interacting processes,
namely weathering and weakening, fluvial erosion and mass failure. Fluvial erosion is the removal
of bank erosion by hydraulic forces. A common way to model this erosion is by calculating the
erosion rate (Partheniades, 1965):

e =kq(T —7)* (2.11)

where k4 is an erodibility coefficient [m?2s/kg], 7 [IN/m?] the shear stress on the bank, 7. the
critical shear stress as threshold for erosion [N/m?] and a an empirically derived parameter
(commonly equal or close to 1). Weathering and weakening, together with the soil properties,
are included in the parameters k4, 7. and a. The critical shear stress is a function of the
erodibility factors described in section 2.1.3. With all different existing soil types, compositions
of soils and the presence of vegetation, the critical shear stress is a hard to determine parameter.
Near bank shear stress is also a complex parameter, with a high variability in space and time.
So although the formulation of the bank erosion rate is simple, estimation of bank erosion rates
is difficult due to the variability in soil strength and hydraulic forces on the bank.

Mass failure is the failure of large amounts of sediment by gravitational force. Important param-
eters for mass failure are the soil properties, pore water pressures and the presence of vegetation.
Many mechanism for mass failure exist. Coleman (1969) described two main mechanisms in the
braided Brahmaputra river, namely shear failures and failures due to liquefaction and flowage of
material. Liquefaction and flowage of material is caused by high pore water pressures. This can
happen with a rapid decrease of the water level in the channel, or with heavy rainfall. Shear fail-
ures occur when fluvial erosion leads to oversteepening or undermining of the bank. Pore water
pressures also play an important role here, since they are of large influence on the soil strength.
Another factor of influence is vegetation, which is able to keep the soil together. This decreases
the probability on as well shear failure, as failure by liquefaction and flowage of material.

In the Delft3D software the process of bank erosion by failure is not described. For braiding
it necessary to have lateral movement of banks, which can be both by the failure of banks as
by fluvial erosion when islands and bars are submerged. Since the process of fluvial erosion
(actually sediment transport by primary flow) is included in the model, lateral movement of the
channels can be found in a Delft3D model and the absence of bank erosion by failure does not
necessarily have to be a limitation when modelling braided rivers.
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2.3 Interconnection of physical processes

In the explanation of physical processes, already many interrelations can be found. Examples
are the effect of erodibility and availability of sediment on the sediment transport, but also on
bank erosion. Another example is the effect of the input of sediment on the formation of bars,
which enhance flow curvature and so spiral flow. The amount of spiral flow could again have an
effect on the erosion of banks. In Figure 2.3, the interrelations of the physical processes in the
morphodynamics in braided rivers are schematized. The scheme is split in two parts to keep it
readable. In the left scheme the interrelations between all physical processes are given, except
the ones for the process bank erosion by failure. In the right scheme all additional interrelations
between processes are given for bank erosion by failure.

In the left top, the morphology is given. This is not included in the list of processes given above.
However, the change in morphology is the result of the interaction between all the processes
and also influences these processes. This means that the change in morphology is a continuous
process in which all processes induce change, which effects the other processes. In the interaction
between the processes, different loops can be distinguished. Some of these loops are given in
colours in Figure 2.3. The first loop of processes is given in blue. Here, the morphology together
with river discharge, the bed roughness and vegetation determine the distribution of the flow.
Flow velocities together with the bed roughness result in shear stresses. The shear stresses force
the sediment, if available, to move. Further, does the bed-slope effect also have an effect on the
movement of the sediment. The movement of sediment and the input of sediment result in the
change in morphology, or the morphodynamics.

Another loop is given in red. The sediment transport gives change in bed composition. The bed
composition, together with vegetation (which has the ability to hold the sediment), determine
again the availability of sediment, which could limit the sediment transport. Outside of this loop
(given in yellow), does the bed composition also influence the bed roughness. Bed roughness
has a direct effect on the bed shear stress, but also via the flow distribution. This means taht
bed composition influences sediment transport via multiple paths. In green a relatively short
loop is given, in which bed-slopes (as part of the morphology) have an effect on the morphology
via the sediment transport.

Vegetation is a process that does not completely fit in this scheme, because the main processes
for the existence of vegetation, such as climate, are not included in the scheme. Only a limiting
factors for vegetation is included, which is the distribution of flow. Very strong flows can
remove vegetation and the areas that are always submerged are will have no or different types
of vegetation than other areas.

These schemes show that the different processes are related trough different paths, which is what
makes the dynamics of rivers so complex. With large variations in the system processes (which
are mainly found in the sediment input and river discharge) and the positive feedback between
the processes, the system remains dynamic with hard to predict changes due to the different
interrelations between the processes.
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Figure 2.3: Two schemes showing all the interrelations between the physical processes in morphodynamics
of braided rivers, with in the right scheme only the interrelations with the physical process bank failure
and in the left scheme the interrelations between all the other physical processes (based on Ashworth and
Ferguson (1986)). The blue, red, green and yellow paths are examples of loops which show that changes
in processes finally affect the processes themselves which keeps the system dynamic.
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Chapter 3

System analysis

The Ayeyarwady is the main river of Myanmar, flowing from the North to the South of the
country. Main purposes of the river are irrigation, transport and fishing. Industries for timber,
rice and sugar, but also for sand mining, cement, oil and gas are located around the river.
In addition, it fulfils in daily needs, such as washing. This all underlines the importance and
economic value of this river. In the first section of this chapter general information can be found
about the river and climate in Myanmar. In the second section, the research area of this study
is described in more detail.

3.1 The Ayeyarwady River basin

The country Myanmar is enclosed by mountain ranges,
creating a midland at lower altitude. The 2170 kilome-
tres long Ayeyarwady River (World Bank, 2015) begins
at the confluence fo the the N Mai Kha River and Mali s

Kha River, and flows through the lower midland to the ;
Andanman sea. The river is characterised by the large ES

water level differences (Commandeur, 2014) and abun-
dance of non-cohesive sediment (Myanmar geosciences % ”'Kj';ndmay
society, 1977) . Straightened, meandering and braided Sagaing
planforms can all be found in the river, leading to a large :
delta. The river connects the two main cities, Mandalay
and Yangon, with each other, with the countryside and
with China. The research area of this study is located
next to Mandalay, located in the red box in Figure 3.1.
The complete braid plain between Singu and Sagaing is
of influence on this study area.
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3.1.1 Climate and discharge

Myanmar has a monsoon climate, which has large effect
on the river system. The southwest monsoon, exist-
ing from May to October, is the wet and warm season.
This season contains almost the yearly amount of rain-
fall (1760 millimetres) and is followed by the more dry
and cold monsoon. This northwest monsoon, lasts over
the period of half November to February, when the tem-

Figure 3.1: Map of Myanmar showing the
Ayeyarwady, main cities and research area
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perature drops to approximately 20 degrees. After this period the temperature slowly rises again
to around 30 degrees, when in May the southwest monsoon starts again (Hadden, 2008). The
large rainfall differences for the different seasons cause high discharge and water level differences
in the Ayeyarwady. In Figure 3.2 this is clearly visible. From November until July, discharge are
much lower and also show less variation, whereas in the wet season very large peaks up to almost
30,000 m3 /s can be found. However, what this graph does not show, is the variation within the
year. During the year, many discharge peaks can be observed, which could all be of influence
on the dynamics of the river. In Figure 3.3, the discharges for three different years are shown to
display the yearly variations. Figure 3.4 shows the development of the average discharge over
the years, where a decreasing trend is visible. This decrease can be observed in as well the dry
as the wet season. Whether this trend is correct is doubtable, since it is produced from a single
discharge-water level relation over the whole period. The discharges are all measured at Sagaing
and provided by the DMH (departmant of meteorology and hydrology).
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Figure 3.4: Decreasing trend in discharge at Sagaing (DMH). Graph based on daily data, where the wet
season is from June to October and the dry season from November to February.
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3.2 The research area: the Mandalay river region

This study focusses on the area in the red square in Fig-

ure 3.5. The reason to focus on this area, is availability A B o
of data. For the Amarapura floodplain development % | Jak
project, depth soundings end height measurements of " G
the islands and floodplains were made. Sediment sam-
ples were also acquired, and water levels and discharges
are also available. In this section the available data will
discussed. In addition to the measurements, satellite
imagery is also available. This will be discussed in the
remaining part of this chapter.
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3.2.1 Description of the research area

From around 200 kilometres upstream of Mandalay, the
Ayeyarwady follows a defile, which is the reason why
this is a relatively straight reach. From approximately
100 kilometres upstream of Mandalay up to Mandalay,
a braid plain can be found. The southern part of this Sagaing
braid plain, between Min Kun and where the river turns PO
right, is the research area (visible in Figure 3.5). This £
area is influenced by the complete braid plain upstream, @
of which a small part is also displayed in the Figure 3.5. ger Myitnais
Figure 3.6 shows the area from an upstream perspec- S
tive. Here it is clearly visible that the research area is 4 A b
enclosed by the city Mandalay and a mountain ridge, Map dats @2.;.15':.?"00'5,@'
limiting the movement of the river to the area in be- -
tween. Different channels can be distinguished here,
with three islands in between.
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Figure 3.5: SNG satellite image (dry sea-
son 2016) of the research area (red square)

Studies in in this area show that the presence of sand was the dominant material in the bed,
but also a small amount of silt (up to 5%) and gravel (up to 2%) were found (MBCCDL, 2016).
The high percentage of sand is necessary for the dynamic behaviour of the river. However, no
sediment samples were taken from the bank. At some locations, steep banks caused by bank
erosion were observed in the field, as visible in Figure 3.7. Such steep banks suggest some sort of
cohesion. Figures 3.8 and 3.9 are both taken at banks, showing the presence of clay and of sand
at different banks. With the presence of clay, the sediment type is the cause of the cohesion,
where with the appearance of sand, vegetation could have been the cause.
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Figure 3.6: Google Earth (version 7.1.5.1557) image of the project area with the view in downstream
direction. On the left the city of Mandalay is visible and on the right the mountain ridge. In between
the river system is visible, including floodplains and islands

Figure 3.7: A bank of several me- Figure 3.8: Sand found at the Figure 3.9: Dried clay or mix-
tres high showing the erosion of bank (January, 2017) ture of sand and clay found at the
banks (January, 2017) bank (January, 2017)

3.2.2 Observations from satellite imagery

In this section, the research area is analysed from satellite data. Data was used of Landsat 4, 5,
7 and 8, which covers the years 1889 to 2016. From Landsat 3 also one useful measurement was
available of the year 1975, and one of the year 1977. The data was processed using the Google
Earth Engine. Processing existed of two parts. The first part was the creation of cloud free
images from all the data available of every dry season. These average reflectance composites
are used throughout the whole report and show the average channel pattern as can be observed
during the dry season. The assumption is made that during the dry season the water images have
a similar wet surface, where there might be some differences when water levels are not te some.
The second part was the automatic detection of water according the method of Donchyts et al.
(2016b), which is useful for the visualization of water masks in different years. The processing
of the data is explained in more detail in appendix A. In the next paragraphs, satellite data is
used for observations on system scale. An analysis of mega-scale morphological processes is also
done to create an initial understanding of the changes in the system. A summary of the changes
is given in this chapter. A detailed description of a sequence of processes is given in appendix
B.
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Water surface in the wet and dry season

The discharge in the Ayeyarwady varies signif-
icantly, leading to large water level differences.
From measurements at the water station Mandalay
water level differences within a year up to 10.5 me-
tres can be found. In Figure 3.10, the water masks
of the river in the wet season (in blue) and in the
dry season (in red) for the year 2000 are visible.
This year is displayed, because highest quality wa-
ter mask could be computed here of the wet sea-
son due to least cloud cover. With the assump-
tion that water surfaces are similar during during
the dry season, this image is still representative to
show the difference in water surface between the
wet and dry season. All the islands in between the
channels are flooded, and also next to Amarapura
(see Figure3.5) a large inundated floodplain can be
found. The most extensive floodplain is the one on
the left side of the river, north of Mandalay (en-
circled in white). Including this floodplain, a river
width up to 12 kilometres can be found.

Fixed locations of the river

In the research area the Ayeyarwady is braided
with multiple shifting channels and moving bars
and islands. It is important to realize that the
shift of channels and movement of bars and islands
occurs mostly during the floods where the islands
and floodplains are fully submerged. Satellite data Figure 3.10: Water masks presenting the high
can be used to find the regions where the river is (blue) and low (red) water in the year 2015 to
active and where it is not, by putting the water Show the floodplains, with the black box denot-
masks of the different years on top of each other. '™ the rescarch area and the white line to show
This is done in Figure 3.11. This figure shows that the large floodplain north of Mandalay

at the latitude of Min Kun the river is fixed to its

location, after which the river trifurcates. Visible as well is that some parts of the islands,
but also the floodplain at Amarapura have not been eroded since 1989, even though they are
submerged every year during floods. At some parts of the islands quite dense vegetation and
even trees can be found, which contributes to the erosion-resistance of these islands. Looking at
a map of the year 1914 (see Figure 3.12), assuming the map is correct, the system of islands was
completely different. The islands have different shapes and different locations. This means that
the soil type is probably not the cause of the erosion-resistance, but that this is solely caused
by vegetation.

Mega scale morphological processes

Looking at the complete sequence of low water images, it is visible that the river develops in
downstream direction. Bars and islands all move in downstream direction, which happens pre-
dominantly during the wet season. In Figure 3.13, five images of the river are shown, displaying
the development of the between 1988 and 2016. It contains the research area plus an extension in
northern direction of approximately four kilometres. This ’extension’ is also displayed, because
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Figure 3.11: A determination of the parts of the Figure 3.12: Map of Mandalay of the year 1914
river that are fixed to their location: locations that showing the different locations of channels and is-
have not been water the past 28 years, are assumed lands (Baedeker, 1914)

to be hardly or non-erodible.

it is of importance for the development of the river in the research area as well. In the figures,
the borders of the non-eroded floodplains and islands are encircled in red and the non-erodible
banks in white. The images area divided in four reaches, all showing a characteristic develop-
ment. From North to South, these reaches are: the inflow reach, the island heads or trifurcation
reach, the middle reach and the confluence reach. All these regions are discussed separately in
the coming paragraphs and in the last paragraph the relation between these regions is discussed.

The inflow reach is an active region, influenced by the complete braid plain upstream of it.
The main channel shifts over a width of approximately five kilometres, which is visible in the
upper part of Figure 3.13. This shifting of the channel is caused by the bars passing by. The
moving bars cause erosion at the opposite bank in the channel, more or less pushing the channel
into the other bank. After passing of the bar, the banks can move back by accretion. The width
of the channel remains approximately constant while the channel shifts, which is the consequence
of a combination of processes. Most important of these processes are the hydrological variations,
bed-slope effects, spiral flow, sediment transport by primary flow and possibly also bank erosion.
The effect of these processes on the channel width are discussed in chapter 4.

The bars move through this reach with a speed around 600 metres per year, changing the channel
pattern continuously. At the end of this reach, the easily erodible region narrows, making the
channels come together. Especially during high water this results in a local increase in flow
velocity. This has as consequence that the bars are largely eroded at this location and a deep
stable channel is formed.
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(a) Year 1988 (b) Year 1995 (c) Year 2002 (d) Year 2009 (e) Year 2016

Figure 3.13: Large scale moprhological processes, with in white the non-erodible boundaries and in red
the boundaries of non-eroded floodplains. The observed area is divided into four reaches: the inflow
reach, the island heads or trifurcation reach, the middle reach and the confluence reach.

The trifurcation reach is where the main channel trifurcates around the heads of the two
northern islands in on average three channels. At the beginning of this reach, the region with
erodible sediment widens again. This is also the reason why the why channel system widens
again and trifurcates. In this widening of the system, the sediment of the eroded bars in the
inflow reach can deposit again. The shape of the trifurcation is mainly determined by the
location where bars are formed with the deposited sediment. In Figure 3.13b is for example
visible that the left channel is forced to the middle of the reach by a large bar on the left. Where
the islands heads erode in time, growth of the islands in upstream direction is only possible by
collision of these new created bars with the islands. The bars not colliding with the islands pass
by to the moprhological most active channel of the middle reach.

The inflow direction in this reach changes with the change in channel pattern in the inflow reach.
Together with the development of bars, this changes the positioning of the trifurcation and so
the distribution of discharge over the three channels. This is of major importance for the change
further downstream.

The middle reach is a relatively stable part in the research area. The channel next to
Mandalay is the most active channel, with side bars and mid-channel bars passing by. The
moving bars cause narrowing, widening and shift of channel. The right channel has been larger
in the past. With the decrease in width, the activity in this channel also decreased.

The confluence reach is largely influenced by the distribution of flow over the channels at
the trifurcation. The large confluence shifts from east to west, where it is pushed away by the
channel with largest discharge. The confluence develops in downstream direction, but shifts
of the separate channels can cause the creation of a new confluence at the beginning of the
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reach. The shift of the channels here is also caused by the creation of bars on one side of the
channel, pushing the channel in the other bank. The newly created confluence will also develop
in downstream direction. This process repeated itself two times in the period between 1975 and
2016.

The connection between the reaches is important in the development of the river. It is
clear that disturbances move in downstream direction. All the downstream moving bars and
shifting channels in the braid plain upstream of the research area determine the positioning of the
trifurcation. This influences the distribution of discharge over the channels with consequences
as the closure of channels, the development of different type of bars and the the shift of the
confluence. In appendix B, a detailed description is given of such a sequence of morphodynamics
in downstream direction.
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Chapter 4

Sensitivity analysis

In this chapter some of the morphodynamic driving physical processes in braided rivers, as
described in chapter 2, are tested in a sensitivity analysis. This analysis is performed with the
physics-based numerical model Delft3D. This chapter begins with a summary of the input of
the used model (a more detailed description of the model and the input of the model can be
found in appendix C). This is followed by an explanation of the tested physical processes and
the method of how these processes are tested. This is followed by the results, which contains a
qualitative analysis on the bed topography and a quantitative analysis on the depths and widths
of the channel. The chapter ends with a conclusion of the found results.

4.1 Model set-up and tested parameters

In Figure 4.1 the initial bed of the model is given.
This is based on data of the Amarapura floodplain
urban development project (MBCCDL, 2016) and
SRTM (2010). The SRTM is not of the same year
as the rest of the data, but is only used for the
morphological relatively (compared to the rest of
the research area) inactive floodplain north of Man-
dalay.

The boundary conditions are based on the DMH
(2014) data as given in chapter 3 and on a RVO
feasibility study (2015). At the upstream end a
discharge time series is used and at the down-
stream boundary a QH-relation (discharge-water
level), given in respectively Figure 4.2 and 4.3. The
input of sediment is an equilibrium calculated by
the model, in which the sediment input is approx-
imately the same as in the sediment transport in
the first row of cells in the model.
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Figure 4.3: QH-relation as down-
Figure 4.2: Used hydrograph (blue) and the adjusted hydro- stream boundary derived from the
graphs for variation in peak discharge (yellow) and period of Sobek model from the study RVO
the falling stage (purple) (2015)

The used sediment transport formula is the general formula in Delft3D, which reads:

s = aDsg\/ANgDso0” (16 — E6,)° (4.1)

in which: )
q
0 = (7) 4.2
C AD50 ( )
where a, b, ¢, p and & are user defined variables [—|, Do the median particle diameter [m)],

A the relative density [—], 6 the shields mobility parameter [—] and ¢ the specific discharge
[m?/s]. To write this equation in the form of equation 2.5, coefficient c is set to 0. In this
way, b determines the power above the velocity in this formula. Chosen is to use b = 2 and
o = 20. a = 20 is based on sediment transport passing Sagaing. The available data for sediment
transport at this location is including wash load. Since wash load does not contribute to the
morphology, @ = 20 is based on an estimation of which part of the total sediment transport
(including wash load) contributes to the morphodynamics (C.J. Sloff, personal communication,
2016). . Due to the use of a morphological factor of thirty, the sediment transport is increased
with approximately twenty percent at the upstream in the research area, decreasing to no extra
sediment transport at the downstream end. This increase is caused by the rapid increases
and decreases of the discharge. This does influence the results, but without data on sediment
transports it is unknown whether this influences the estimated sediment transport negatively.
In addition, the simulation in this sensitivity analysis are only used for comparison and for all
these simulations the same overestimation of sediment transport is found. More about the choice
of the sediment transport formula and the overestimation due to the use of the morphological
acceleration can be found in appendix C.

For the spiral flow and bed-slope effects equations 2.7 to 2.10 are used. Default values are used
for the calibration parameters in these formulations.

4.2 The tested parameter set

The set of parameters tested in the sensitivity analysis is derived from the described processes
in chapter 2, and are given in Figure 4.4. The choice of the parameters will be explained in the
next two sections. In the blue box the system forcing processes are given and in the red box the
internal sediment transport processes are given. In the black dashed box the magnitudes of the
parameters in the basis model can be found. Every run, one of these parameters is changed to a
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value outside the black dashed box. In this way, the effect of every parameter can be explained
by comparing the differences between the new run and the reference run (except for the direction
of inflow, which has to be compared with the extra sediment transport). The complete input
for each run is given in appendix C.4. Some of the processes from chapter 2 are not tested in
this analysis. The different reasons for this will be explained in section 4.2.3.

_____________ ]
: Basis model parameters |
[m——m e m e m e —— === —— = o el -

Peak discharge
20,000 m3/s
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30 days 130 days
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Figure 4.4: The basis model and the values for the tested parameters, split into system forcing processes
and internal sediment transport processes

4.2.1 The system forcing processes

Of the system processes, the effects of hydrological variations and the effects of sediment input
are tested. The first tested parameter (top parameter in Figure 4.4), is the difference of using
a constant high discharge (like Schuurman and Kleinhans (2015) and Jang and Shimizu (2005)
used) instead of a hydrograph. This should show how the different stages are important for the
development of the river. Because morphological change is most significant during high water,
the duration of the run with a constant high discharge is comparable with the sum of the periods
where the islands are submerged in the reference run.

Differences within the hydrograph are also tested. The made adjustments in parameters are in
the peak discharge and in the period of falling stage. The peak discharge is increased and de-
creased with 2,000 m3/s. A higher peak discharge will probably lead to a more rapid movement
of islands, bars and channels, but more interesting is to investigate if this also has an effect on
the shapes of these features. For the falling stage periods of 30 days, 100 days and 130 days
are tested. With a change in the duration of the falling stage, the duration of high and low
water are also changed to keep the total period of the four stage one year. This is done in a
way that the period in which the islands are submerged remains the same duration. The new
hydrographs for the change in peak discharge and period of the falling stage are also given in
Figure 4.2.
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In the analysis of the morphodynamics from satellite imagery in section 3.2.2, it is explained
that the bars move into the system with shifting of the channels as result. It was possible
to simulate passing bars and a shifting channel at the inflow boundary, but problems arose by
making these simulations comparable with the reference run. The effects of the passing bars and
shifting channels in this different run is are discussed in chapter 5. For this sensitivity analysis
is chosen to test the effects of the passing bars (extra sediment input) and shift of the channel
in two different runs. In the first run, two times the amount of sediment is put into the model
(compared with the reference run) and in the second run, the location of inflow is varied over the
width (by changing the discharge over three separate boundaries at the upstream end). To keep
the sediment input the same while using different flow boundaries, it was necessary to fix the
amount of sediment transport as concentration. Because the model calculates sediment input
in virtual cells just upstream of the first cells in the model and the first location to measure
sediment transport is between the first and second row of cells, it not possible to put the exact
same amount of sediment in the model using fixed concentrations, as with the model option
to calculate the amount of sediment input. For this reason, it is chosen to compare the run
with changing flow with the run with extra sediment input. More details about the change of
inflow and the options to change the amount of sediment can be found in appendix C and the
Delft3D-FLOW manual (2016).

4.2.2 The internal sediment transport processes

With parameter five, the power above the velocity in the sediment transport formula is changed.
To keep the the runs comparable, the amount of sediment transport has to remain the same.
Calibration of the different formulas is done with calibration parameter a. This is discussed in
section C.2.4. The values of « are also given in Figure 4.4. For the bed-slope effect and the
spiral flow, the change of parameters is rather trivial. The calibration parameters, as given in
equations 2.7 to 2.10, are changed to values as given in Figure 4.4.

4.2.3 Not tested physical processes

Some of the processes described in chapter 2 will not be tested in this sensitivity analysis, for
which different reasons exist. Variation in bed roughness model is for example not done, because
the use of a different roughness model was already used in the consideration and derivation
of a different sediment transport formula (see appendix C.2.4). This would mean that the
roughness model would be changed in two different ways. This effect is, however, only on the
sediment transport, while it bed roughness also influences the flow. Schuurman et al. (2013) did
investigate the sensitivity of this process and found that the effect of it on the morphodynamics
is large. Using a depth dependent model resulted in larger movement of the bars. Therefore, it
is recommended to take this parameter into account for further study.

Further, no distinction is made between bedload and suspended load. Adaptation lengths (the
length a sediment particle is taken with the flow without interaction with the bed) of the bed
load and suspended load are by definition not equal, but when both the adaptation lengths are
smaller than the grid size, no differences will be found between simulations with only bedload or
with both bedload and suspended load. This was the case in this model. Vegetation and bank
erosion by failure cannot be tested in model, since processes of these are not included in the
software. Bank erosion by fluvial erosion is included in the sediment transport by primary flow.
The last not mentioned process is turbulence, which is not tested, since effects of turbulence
cannot be found with a 2D depth-average model on this scale.

28 The physical processes influencing morphodynamics in braided rivers



CHAPTER 4. SENSITIVITY ANALYSIS

4.3 The comparison method

To be able to tell something about the sensitivity of the system to the different processes, the
results of the different runs have to be compared objectively. Egozi and Ashmore (2008) sum-
marized different measures to compare braided rivers. They explain measures such as braiding
intensity indices, bar indices, channel count indices and channel length or sinuosity indices.
However, these measures tell something about the whole system, and not about local changes.
Since the system in Mandalay has generally three channels and three islands, these measures
will not be very useful. Dynamics can be found in the moving side and mid-channel bars and the
shift of channels (as explained in chapter 3). In this sensitivity analysis, the different processes
will be tested on those changes.

To compare the different runs, a specified moment in time has to be chosen. The model needs
approximately one or two years of morphological spin-up to adopt to the different situation in
the model compared to the real river. This means that the simulation period cannot be too
short. In addition, from the first model runs is found that the results were influenced by the
upstream boundary (this will be discussed further in chapter 5.2). The longer the simulation,
the further this influence reaches into the system. In Figure 4.5, showing the reference run after
a period of ten years, this is already visible. At the inflow, two long almost straight channels
are created. This is very unlikely to happen, looking at the satellite imagery of the past thirty
years. Because this study focusses on the area starting at the first bifurcation, it is important
to look at a period where the effect of the boundary did not reach this part. It is chosen to
compare the runs after a period of ten years. In appendix D, the bed levels after a simulation
time of ten years of each run are given. Taken into account has to be that a simulation of ten
years does not have to correspond with ten years development of the river, since actual sediment
transports are unknown and not so not implemented in the model.

Comparison of the runs will exist of three parts, namely:

e width and distribution of depth over this width (hereinafter revered to as width-depth
relation)

e channel width change rate

e qualitative comparison on shapes of channels and islands

Satellite data does not contain enough information to explain all morphodynamics. With the
qualitative analysis, the focus will be on shapes of the islands and channels and which processes
play a role in the development of these shapes. The quantitative analysis of the width-depth
relation in channels is performed, because the cross-sectional shape is important for the dynamics
of the rivers. Steep banks for example increase the probability of bank failure. It is also
interesting for engineering practice, looking at for example navigable depth. Investigating the
yearly change in channel width tells something about the dynamics of the system, which is an
essential property of a braided river.

Both the width-depth relation and yearly channel width change are determined for the cross-
sections as shown in Figure 4.5. In the right channel thirteen cross-sections can be found and in
the left channel twelve. The cross-sections are located such that for all runs the channel width
could be determined properly, without disturbances of side channels. The widths and depths are
determined for a discharge of 2,000 m?/s. This relatively low discharge is chosen to have a clear
distinction between all the channels. To ensure that the water levels were stable, simulations
were performed with fixed beds under a constant discharge for 15,000 minutes. Water levels
turned out to be stable after approximately 10,000 minutes. The depths in the channels were
calculated by Delft3D for every cell. For each cross-section, the corresponding grid cells were
known. For these cells depth statistics were calculated (mean, median, maximum, 25 percentile
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and 75 percentile). The widths are defined as the the distance between the ends of the two wet
cells furthest apart from each other in the cross-section. Because some cells do no get completely
dry in the model, a threshold for the water depth for wet cells is chosen at 0.3 metres. With
the determination of the width change, widths were assessed for every year during the ten year
simulation. For some years, two channels were found in some cross-sections. The distance
between the two furthest wet cells did in those cases not represent the width of the channels,
with large width change as consequence. Where large changes in channel width were found, the
real channel widths were checked and corrected if needed by hand. For these cases the width
was chosen of the channel which remained in the cross-section the whole simulation.
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Figure 4.5: Locations of the cross-sections
on top of the bed level of the reference run
after a simulation time of ten years

Figure 4.6: Locations of the cross-sections
on top of a satellite image of the year 1994

To check the performance of the model, the quantitative methods were compared with data. For
the width-depth relation, the only available data is the initial bed. A comparison can be made
between width-depth relation after ten years of simulation and of the initial bed. Of course the
distribution of the depths over the channel is different, but the assumption is made that similar
width-depth relations can be found on average over the channel length. This would not hold if
the discharge distribution over both channels changed significantly, but this is not the case.

The change in channel width can be checked with the change in channel width on the satellite
imagery. The same cross-sections were used for the satellite imagery as for the model. These
cross-sections were printed on the images with the GEE and measured by hand. The yearly
images of the dry season from 1994 to 2014 were used. The channel system before 1994 was
too different to compare with the recent system at the same cross-sections. A Figure of 1994
with cross-sections is showed in Figure 4.6. In this Figure is also visible that there are some
difficulties with the determinations of the widths on the satellite imagery. Some cross-sections
are shorter than the river width and at many locations multiple channels can be found in one
cross-section. Because width determination is done by visual inspection, this can easily be
solved. Where the channel was not exactly located on the cross-section, the cross-section was
extended, and where multiple channels were found, widths of the same channel were measured
over time. Another problem with the width measurements from satellite imagery, is that the
discharge on the different images is not the same. To solve this, a discharge-width relation is
determined with the initial bed in the model. The assumption is made here that the slopes of
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the banks remained on average over the channel the same. because the discharges are known,
the width can all be translated to a width for a discharge of 2,000 m3/s. The QW-relations,
the representative discharge for the satellite images and the corrections for the measured widths
are given in appendix E.

4.4 Width-depth sensitivity of the channels

The width-depth relation of the channels is a measure for how the system has developed, so
the morphology. In Figures 4.7, it is visible how the width, but especially depth, can vary for
the different tested parameters at a discharge of 2,000 m3/s (after the simulation time of ten
years with the complete hydrograph). Because the bed has changed during the simulations, it
is logical that a different depth-profile can be found in the different figures. However, it can be
expected that cross-sectional shapes should remain the same over the average of the channel,
since width-depth relations are dependent on stream power and sediment input. The shape of
the cross-section can be described with the width and the distribution of the width over this
channel. Looking at the depth profile using the initial bed in Figure 4.7b, it seems unlikely that
the channel gets shallow as in Figure 4.7a or deep as in Figure 4.7c. The difference in width is
hardly visible on these figures, but are significant. The average widths from Figure 4.7a to 4.7c
are respectively 766 metres, 830 metres and 918 metres. These Figures also explain why it is
necessary use enough cross-sections for the measurements. With the large variability in depth
over the length of the channel, mistakes could easily be made.
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Figure 4.7: Depth profiles of the left channel, showing large differences in depths between run with
different parameters (after ten years simulation) and the initial condition

To investigate the widths with corresponding depth distributions Figures 4.8 and 4.9 are used.
In Figure 4.8 the mean and median depth are given for the mean width for the initial bed, the
reference simulation and the simulations for all tested parameters. This is done for both the left
and the right channel during a discharge of 2,000 m3/s. In the graphs the low magnitude of
each parameter is given with a full coloured dot and the high magnitude with only an outline
of the same colour. A vertical line is drawn through the reference run. The expectation is that
the tested values of each parameter (the filled and the one with outline) lay on opposite side
of this vertical line. For the right channel this is not the case and no correlation can be found
between the width and depth. This is caused by the large variation in discharge in this channel,
as shown in table 4.1. For the left channel the variation in discharge is much smaller compared
to the average discharge in this channel. This has lower scatter as result in the relation between
the mean width and mean depth (only mean depth will be discussed further, since the median
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and mean show similar results). In figure 4.8a also a fit for the relation between mean width and
depth is given and is visible that the mean depth slowly decreases with an increase in width.
With a depth around 100 times lower than the width, a slope of the fit (for the relation between
mean and depth) of -0.008 m/m seems reasonable. In this way the cross-sectional area remains
approximately the same for different simulations.

o Initial Sediment input x2
* Reference * Sed. trans. form.: u®
* High water only Sed. trans. form.: u®
Qpeak = 16,000 m®/s . Spiral fl. Espir = 0.0
Qpeak = 20,000 m®/s - Spiral fl. Espir=2.0
« Falling period = 30 days + Bedsl. effect Ashield = 0.4
- Falling period = 130 days Bedsl. effect Ashield = 1.0
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Figure 4.8: Relation between the average width and the mean and median depth for all the simulations in
the sensitivity analysis. The results are averaged over all the cross-sections in the left and right channel
separately at a discharge of 2,000 m?/s. The fit for the relation between the average width and mean is
given for the left channel including slope. For the right channel no correlation is found.

In Figure 4.9, the 25th and 75th percentile of the depth and the maximum depth are given in
relation to the mean width. The fit for the 25th percentile has a slope of most zero. This means
that, independent of the width of the channel, 25 percent of the channel is shallower than 3.3
metres. With decreasing with, this shallow area gets smaller. So, to maintain a similar cross-
sectional area, another part of the channel has to become deeper. This is visible in the fits for
the 75th percentile and the maximum depth, which increase with a decrease of the width. This
means that the variation in depth is larger for smaller widths. This results in steeper gradients
in the bed (in cross-sectional direction). From this explanation is already clear that bed-slope
effects will have a large influence on the width and depth of the channel. Large bed-slope effects
result in shallow wide channels, where small bed-slope effects allow steep banks, so result in
narrower and deeper channels.

The other two internal sediment transport processes also have a high influence on the width of
the channel and distribution of depth in the channel. As sediment transport responds highly
non-linear on the flow velocity through formula 4.3, sediment transport in the channels (high
flow velocity) and on top of the submerged bars (low flow velocity) is highly sensitive to n.
With larger n, the difference between the sediment transport in the channels and on top of the
submerged bars gets larger. This has deeper and therefore also narrower channels as results.
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Lower values for n have the opposite effect.

Spiral flow also has a deepening effect on the ’straight’ channel, because the deepest part of this
channel shifts from bank to bank. In these type of ’bends’, spiral flow can be found. Where the
spiral flow deflects the sediment transport towards the inner bend, the deep parts of the channel
get deeper and the shallow parts get shallower or wider.

The effect of the upstream boundary on the width and depth in the channels is much lower
than for the internal sediment transport processes. Only sediment input was expected to have
an influence the depth of the channel. The disturbances in morphology caused by the sediment
input travelled approximately 600 metres per year in downstream direction, which was not
enough to have an impact on the morphology in the observed channel.

In Figures 4.8 and 4.9 also the average width and different statistics for the depth are given
for the initial condition, which are used to check the results. This initial condition presents the
actual measured situation of 2016. For the right channel this situation showed a much wider and
shallower situation. This channel opened during the simulations, which explains this difference.
For the left channel the average width of the initial conditions is within the range found after
simulations. However, the mean, 75th percentile and maximum depth lay far several metres
from the fits found for the width-depth relations. This probably has to do with the continuously
changing conditions in the distribution of discharge over the channels. This also shows how
important the morphology around the bifurcations is for the development of the whole system.
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Figure 4.9: Relation between the average width and the 25th percentile of the depth, the 75th percentile
of the depth and the maximum depth are given for all the simulations in the sensitivity analysis. The
results are averaged over all the cross-sections in the left channel at a discharge of 2,000 m?3/s. The fits
with their slopes of the relations between the width and the depths are also displayed.
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Table 4.1: Discharge distribution over the different channels for the different simulations

| Right (m) Left (m) Middle (m)

Initial bed with @ = 2000 m3/s ‘ 182 1705 51
Reference run 476 1524
Only high water 403 1597
Peak discharge @ = 16,000 m3/s 458 1542
Peak discharge @ = 20,000m 3/s 540 1460
Falling stage 30 days 481 1519
Falling stage 130 days 503 1497
2x sediment input 677 1323
Sed. trans. formula: u? 474 1526
Sed. trans. formula: u® 465 1535
Spiral fl. Egpr = 0.0 319 1679
Spiral fl. Fgpr = 2.0 419 1581
Bedsl. Effect Ashield =0.4 281 1718
Bedsl. Effect Ashield =1.0 553 1446
Average 465 1534
Standard deviation 96 96

4.5 Width change rate sensitivity

The width-change rate is a measure for the dynamics of the system. In the top of table 4.2
the width change rate (m/year) is given for two periods of satellite images. Two periods are
displayed, because the width-change rate has decreased over time. In the other part of the table
the width change rates of different model simulations are given. Not all processes discussed in
this chapter have been tested, since this analysis was very time consuming. Only the processes
which had a large effect on the width have been tested. In addition, the overall increase of the
sediment transport by a factor three is tested (shown in bottom of the table). This is done
to cover the uncertainty in the estimation of the sediment transport. In table 4.3, the relative
width change rate [-] is given, which is performed for the same periods of satellite images and
the same model runs. The relative width change rate excludes the effect of the width of the
channel on the change in width. The relative width change rate is calculated according equation
4.4. In figure 4.10, the development of the average width in time for both channels from satellite
imagery and for the reference simulation is given. It is visible that the widths at the beginning
of the simulation and at the last satellite image have a difference of 340 and 80 metres for the
left and right channel respectively. Between the last used satellite image (2014) and the start
of the model is a period of two years. In these two years these differences can be bridged, but
it is also likely that differences in discharge at the satellite images and in the model cause this

difference in width.

dW 1
lati idth ch te = —— 4.4
relative wi change rate W (4.4)

In table 4.2 is visible that the width change rate of the right channel in the simulations is
approximately a factor 1.5 lower than found on the satellite imagery. This is caused by a
decrease in channel width. This is in agreement with the found results for the relative width
change rate, where results are almost equal for the reference run. The processes that have largest
influence on the relative change in width in this channel are the bed-slope effect, changing inflow
direction and higher sediment input and higher overall sediment transport. With a decrease of
the bed-slope effect, the small channel becomes deeper and thereby more stable. With changing
inflow direction and higher sediment input the cause is most likely the formation of a bar in

34 The physical processes influencing morphodynamics in braided rivers



CHAPTER 4. SENSITIVITY ANALYSIS

front of the channel with lower (sediment) inflow in the channel as results. A higher overall
sediment transport scores lower because the channel gets stable in an earlier state due to the
influence of the upstream boundary.

For the left channel the width change rate is significantly lower, both for the absolute change as
the relative change. Variation in the different parameters, except increasing the overall transport,
does only result in a relative width change rate of 0.03 higher. For the internal sediment transport
processes (the sediment transport by primary flow and deflection of sediment transport by bed-
slope effects and spiral flow) this is logical, since these induce change when something in the
system has changed. Without any perturbations upstream, these will not lead to a larger change
in width. With larger peak discharges the channel became stable in an earlier state, with as
consequence almost no change in the width of the channel in the final years of the simulation.
Acceleration the morphodynamics by increasing the overall sediment transport does increase
the relative width change rate with 75 percent, but also here the change rate is still 30 percent
lower than observed from satellite imagery. What seems to be missing in the model compared to
the satellite images, are the pulses of sediment or bars which are ’pushed’ through the channel
as sort of disturbances. Due to these bars or sediment pulses accretion, at the banks occurs.
This is followed by erosion or a shift of the channel. This process is displayed in the satellite
images in Figure 4.11. The width at dashed line 1 decreased with around 300 metres between
2003 and 2004. This bar erodes again, causing an increase of that same width in the upcoming
two years. At dashed line two a large bar is located in 2002. This bar erodes in the two years
afterwards. At dashed line 3 a decrease in width of 150 metres can be found between 2003 and
2004, followed by two years of increasing width. Such a widening can also be found at dashed
line 4 after 2002. This process can be simulated with the model by putting in an overload of
sediment at the upstream end. But, since it takes time for the sediment to propagate trough
the system, this process can be observed after simulations longer than fifteen years.

Table 4.2: Average (absolute) width change per year of the channels for satellite imagery and model
simulations

Width change rate (m/year) Right channel Left channel Both channels
From satellite 1995-2014 94 140 116

2002-2014 74 119 96
Reference run 52 68 60
Larger Qpeak Q = 20,000 m?/s 54 71 62
Changing infl. dir. and sed. input 50 90 69
Bed-slope eff. Agpicta = 1.0 40 77 57
Spiral flow Egpir = 2.0 56 74 65
Sed. trans. formula u? 63 80 71
Higher sed. trans. 3x 53 110 80
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Table 4.3: Average relative width change of the channels for satellite imagery and model simulations

Relative width change rate (-)

‘ Right channel Left channel Both channels

From satellite 1995-2014 0.30 0.24 0.24
2002-2014 0.28 0.20 0.28

Reference run 0.28 0.08 0.18
Larger Qpeak Q = 20,000 m?/s 0.25 0.09 0.17
Changing infl. dir. and sed. input 0.20 0.11 0.16
Bedslope Agphiela = 1.0 0.18 0.10 0.14
Spiral flow Egpir = 2.0 0.24 0.09 0.17
Sed. trans. formula u? 0.27 0.10 0.18
Higher sed. trans. 3x 0.21 0.14 0.18
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Figure 4.10: The development of the width of the left and right channel observed from satellite imagery
and found with the model simulation

(a) 2002

(b) 2003 (c) 2004

Figure 4.11: Change in channel width due to the movement, attachment and de-attachment of bars. The
dashed lines are given to show the change in the corresponding cross sections.
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4.6 Qualitative analysis bed topography

In this section comparisons are made based on bed level between the different runs after a period
of ten years. In appendix D the bed topographies of the complete research area are given for all
the runs. In this section is zoomed in on the significant differences in shapes of channels, islands
and bars. The locations which is zoomed in to, are also given in appendix D. Where necessary,
additional plots are shown to explain of the differences.

4.6.1 Difference only high water and hydrograph

In Figure 4.12 can be seen that the absence of the different stages of the hydrograph leads to
large shape differences in bed topography. The channel encircled with red became significantly
narrower and shallower without hydrograph (bed level difference approximately 5 metres). Fur-
ther downstream (not included in the Figure but visible in appendix D) a similar closure of a
channel can be found using only a constant high discharge. This means that during another stage
then high water, erosion has to be found in these kind of channels. In Figure 4.13 is visible how
the bedload transport during the rising stage results in erosion in the channel. The increased
discharge is pushed through the too small channel, creating a gradient in flow velocity up to
the smallest part of the channel. The rise in flow velocity causes a rise in sediment transport.
Because the rise in sediment transport is along the flow line, this leads to erosion. The period
of erosion during the rising stage is the reason why this channel remains using a hydrograph,
while it disappears using only a high discharge.

Another difference between using a hydrograph or a constant discharge is the two small channels
on top of the islands (visible in Figure 4.13). The existence of the left of these channels is caused
by the opening in the bar in the inflow channel. In other simulations as well, this channel is just
found when this opening in the bar is present. In addition, does the parameter n in sediment
transport formula (equation 4.3) play an important role. With large n, a small rise in flow
velocity gives much larger sediment transports. Where small deviations in the bed occur, this
can cause the incision of new channels. Also with fluctuations in water levels, a subtle interaction
between the different magnitudes and locations of sediment transport can cause the incision of
new channels.

The shape of the islands in Figure 4.12a (so with a complete hydrograph), also shows large
differences with the shape in Figure 4.12b. A large sidebar is attached to the islands (encircled
in orange), which moved from the head of the islands, in time, to the location where it can be
found in Figure 4.12a. The movement of this bar can also be explained with Figure 4.13. It
is visible that both in the rising stage as in the high water period, the sediment transport is
higher on top of the bar than right behind it. This is caused by the divergence of the flow in
the deeper area just behind the bar. This flux in sediment transport causes the movement of
the bar. How this bar grows is not given in these figures. The growth of the bar predominantly
happens during low water. During that period, the flow is concentrated in the deep part of
the channel visible in Figure 4.12b. This results in lower flow velocities on the right side of the
channel, so on the side of the bar. This causes sedimentation in this area and so growth of the
islands.
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Figure 4.12: Bed levels after a simulation of ten years with hydograph and for a simulation

with constant high discharge with a duration similar to the sum of the duration of the periods
of high water in the hydrograph
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Figure 4.13: Bed load transport on top of the bed level in a subsequent rising stage and high water

4.6.2 Different peak discharges

In Figure 4.14, the bed levels after simulation with different peak discharges are given. As
expected, the differences are predominantly in the extent in which the bed is developed. Going
back in simulation time with the simulation with the largest discharge, shows bed topographies
which are similar to the bed topographies found for lower peak discharges. Only notable, is
that the difference in development more upstream is smaller than downstream. This is probably
because the river system narrows in downstream direction. This means that further upstream,

the discharge is spread over a larger width. This causes lower differences in flow velocity, and
so smaller differences in sediment transport.
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Figure 4.14: Bed levels of simulations using different peak discharges

4.6.3 Different duration falling stage

The duration of the falling stage had no significant in- 0.025
fluence on the morphology. Looking at the bed level
differences between the model with a duration of the
falling stage of 30 days and the model with a dura-
tion of the falling stage of 130 days, as given in Figure
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4.16, it is visible the most significant difference is that oot

bars moved further downstream having a shorter falling e

stage. This, however, does not have to do with change ]

in the falling stage. This change is caused by the varia- o 2017 2018
tion in the duration of the high water to keep the period T =3

of the hydrographs one year. Looking solely at sediment Figyre 4.15: Instantaneous bedload trans-
transport rates, as done in Figure 4.15, it can be seen port in the Mandalay channel for simula-
that the graph of the bedload transport has a similar tions with a 30 days falling period (blue)
shape as the hydrograph. Variation in the duration of and 130 days falling period (red)

the falling stage does not have different peaks as result.

The total amount of sediment transport is almost similar. The small difference in cumulative
sediment transport during the first year results in a small bed level difference between the two
simulations. This causes a slightly different peak in bedload transport for the year after, but
no significant changes can be found. However, in other simulations (different from the model as
used in the sensitivity analysis) large peaks were found in sediment transport during the falling
stage. It is possible that for these simulations the duration of the sediment transport does have
a significant effect on the bed development.
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Figure 4.16: Bed level difference of the simulation with a falling period of 30 days and 130
days and the bed level of the reference run

4.6.4 Different sediment input and inflow direction

For a simulation of ten years, extra sediment input resulted in differences larger than one metre
only in the upstream part of the research area (area above y =2434 km, visible in Figure 4.17a).
This is in agreement with the observed speed of bars on satellite imagery of approximately
600 metres/year. Further downstream only minor differences could be found. The longer the
simulation, the more downstream the effect of the inflow boundary is noticeable. This means
that it takes a long simulation time before sediment input affects the whole area. This means
also that the uncertainty in the sediment input would not influence the area far enough from
the boundary within a certain time. However, in this simulation only the amount of sediment
transport is varied and not the location of input. When bars move into the system, as described
in section 3.2.2, this has a direct effect on the flow distribution. Since the flow disturbances
propagates much faster through the system than the sediment, it impacts the morphology further
downstream in an earlier state. This is shown with the simulation where the inflow location at
the boundary is varied. With this simulation it was only possible to simulate four years with
an equal sediment input as for the simulation with extra sediment input. After this period
a instability occurred with unrealistic large sediment input as result. The exact cause of this
instability is unknown, but probably has to do with a too rapid change of inflow conditions
compared to the time for the water level and bed to adapt to it. The difference in bed levels
between the reference run and the run with changing inflow direction and extra sediment is
shown in Figure 4.17b. It is visible in this figure that the effect of the changing flow direction
in combination with extra sediment input already reaches further downstream after four years
than the effect of only extra sediment input after ten years.

Differences in bed level found with extra input are shown in Figure 4.18. It is visible that
channels are less deep and that bars get wider and higher. The effect on the large islands is less
significant. Also the small channels on top of the islands show minor differences.
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Figure 4.17: Bed level differences between the run with equilibrium sediment input and the
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Figure 4.18: Bed levels of a simulation with and without extra sediment input

4.6.5 Different sediment transport formula

It is explained that the parameter n in the sediment transport formula of equation 4.3, has
a large effect on the difference between sediment transport in the channels and on top of the
submerged islands (or bars). This does not only affect the widths and depths of the channels,
but also the height and velocity of the bars. In the Figures 4.19a to 4.19c is visible that bar
height decreases for lower n. Further can be seen, that in these figures corresponding shapes of
islands are denoted with a number. These show that after the simulation time of ten years, the
corresponding shapes are located further downstream for lower n. The different values of n were
a result of uncertainty in the bed roughness in large sand-bed rivers (see appendix 2). When
the magnitude of sediment transport is known (which is in this study not the case), bar speed
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can be calibrated by changing the power above the velocity in the sediment transport formula
while keeping the total transport the same. In this way, more can be learned about the actual

bed roughness model.
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Figure 4.19: Bed Level after simulations with a different power above the flow velocity in the

sediment transport formula
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4.6.6 Different magnitude of spiral flow
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Spiral flow has a significant effect on the bed topography of the river with its many flow cur-
vatures. The most obvious difference with a large spiral flow compared to no spiral flow, is the
shape of the bend given in red in Figure 4.20. According to theory, the spiral flow deflects the
sediment transport to the inner bends, increasing erosion at the outer bend and deposition in
the inner bend. This created two sharp bends with large point bars. More interesting, is the
incisions of the new channel with larger spiral flow (encircled with orange). Most likely is that
the flow is subject to high resistance in the right direction and looks for a shorter route (this is
similar to a meander cutoff). Due to the spiral flow, the bends get sharper and the route for
the flow longer, which is the cause of the larger resistance. Also in other cases, the spiral does
not directly result in the incision of channels. Indirect causes, due to change of the bed, more
often result in the incision of new channels.
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CHAPTER 4. SENSITIVITY ANALYSIS

4.6.7 Different magnitude bed-slope effect

The effect of bed-slopes effects on the morphology is relatively straight forward. With a larger
bed-slope effect (meaning a lower value for Agp;eiqs in the model), banks and bars become flatter
and the channels become shallower. With a smaller bed-slope effect banks and bars become
steeper and channels become narrower and deeper (as Schuurman et al. (2013) also described).
A large bed-slope effect also has a smoothing effect on the bed topography. This is clearly visible
in Figure 4.21. In the left figure, which shows the results with a higher bed-slope effect, the
islands are more smooth. In the other two figures two small channels are located. The bed-slope
effect also has a large effect on the first bank on the left in Figure 4.21a. The appearance of
more small channels or incision with a lower bed-slope effect is logic, since it allows smaller and
narrower channels.
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Figure 4.21: Bed levels for simulation with different magnitudes for the bed-slope effect

4.7 Conclusion sensitivity analysis

The effects of the physical processes tested in this sensitivity analysis can be split in effects on
the morphology and on the dynamics. For the morphology the variations in discharge are of
main importance. Due to the interaction of sediment transport magnitudes and locations at the
different water levels, channels perpendicular to the flow direction with high water can maintain.
This also causes different shapes of bars. The internal sediment transport processes have the
largest influence on the width and depth of the channels. These processes also influence the
shape of the bars. The bed-slope effect forces the bars to be lower, as it is negative feedback
on bar growth. Spiral flow increases curvatures in the channels (creating differently shaped
bars) and can cause meander cutoffs. With the use of different sediment transport formulas, the
sediment transport on top of bars can be influenced, determining the height of these bars. It
also plays a role in the dynamics of the system. Larger sediment transport on top of the bars
has larger velocities of these bars as consequence. With higher peak discharges the velocity of
these bars is also increased. Most important for the dynamics are the pulses of sediment that
move through the system. These result in channel widening and narrowing, but also shift of the
channel.
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Chapter 5

Physical process evaluation based on
combined satellite imagery and
model observations

In Figure 5.1, the development of the bed is visible for a simulation of twenty years. It is
clear that some significant changes of the channels and islands occurred. Some of them are
similar to what can be observed on satellite imagery, others are more unlikely. The predictive
value of the model is hard to asses, but has to be limited since not all important physical
processes discussed in chapter 2 are implemented in the model (bank erosion, vegetation and
to a limit extent turbulence). Even though the predictive value is limited, the model returned
similar morphodynamics as found on satellite imagery, for which the underlying processes can
be explained. The effects of certain processes were described in the sensitivity analysis. In this
chapter another approach will be used, where observations from satellite imagery and model
results are combined. The analysis starts with the reference model as used in the sensitivity
analysis from the previous chapter. Where the satellite imagery and the model show similar
morphological development, the model will be used as tool to explain which processes play a
role in these developments. Where the model and satellite imagery show different results, an
analysis is performed of how these differences could occur. This could mean an adjustment to
the model to test which processes play a role in these differences, or an analysis on processes
that are or not included in the model. The set-up of each model used in this chapter given in
appendix C.5.
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Figure 5.1: Bed development of a simulation of twenty years (model 1, appendix C.5)
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CHAPTER 5. PHYSICAL PROCESS EVALUATION BASED ON COMBINED
SATELLITE IMAGERY AND MODEL OBSERVATIONS

5.1 Incision of side bar

In Figure 5.2a to 5.2c, the process of incision in a side bar is displayed on satellite imagery.
From only satellite imagery, it is not to possible to tell what the reason could be for such an
incision. In the model occurred a comparable incision, which is displayed in Figure 5.2d to 5.2f.
During the beginning of the falling stage, an increase in flow velocity and sediment transport
can be found in the main channel. Due to the difference in flow direction on top of the bar and
in the main channel, deceleration of the flow occurs on top of the bar in the inner part of the
bend. This has deposition as consequence, giving an increase in bar height on that side. In this
way, the lower part of the bar will be enclosed by the floodplain and by the higher part of the
bar. With the main flow straight on this new channel, the flow will be pushed through it. When
the water drops even further, the flow will be concentrated in this channel. This leads to an
increase in sediment transport with erosion as consequence. In Figure 5.2e and 5.2f this erosion
is visible. During two falling stages a whole new deep channel is created. This incision is mainly
caused by sediment transport by the primary flow, where the erosion during the falling stage
has an accelerating effect.
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Figure 5.2: Incision of a side bar from satellite imagery and model simulations. In the figures of the
model simulations bed level and sediment transport are given (model 2, appendix C.5).
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SATELLITE IMAGERY AND MODEL OBSERVATIONS

5.2 Morphodynamics at the inflow and trifurcation reach

The morphodynamics in the inflow and trifurcation reach showed the largest variability, due to
the large differences in incoming bars. This causes a variability in channel pattern, which is
displayed in the three satellite images in Figures 5.3a to 5.3c. To simulate this with the model,
large variability had to be found at the boundary. This variability must be found in the sediment
input, which determines the creation of bars. The created bars will force the channels to shift,
giving change in the channel pattern. In Figure 5.3d, the results of a ten year simulation with
the model with input as used in the sensitivity analysis is displayed. Here, a straight inflow
reach is created, which is very unlikely to happen. Increasing the sediment input, which is done
for the simulation of which the results is shown in Figure 5.3e, already caused the creation of
multiple bars (near the islands and on the sides of the channel). Still, the inflow channel is
relatively straight. This means that only larger amounts of sediment input will not cause shift

of the channel in the inflow region.
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Figure 5.3: Morphology at the upstream end of the research area on satellite imagery for three different
years and for the reference model and a model with four times more sediment input

An attempt for larger dynamics with shifting channels at the upstream end of the research
area, is done by extending the model in upstream direction. This showed to have no significant
influence on the channel pattern. No bathymetrical data was available for the reach further
upstream, so a bathymetry was created manually. The channel pattern and island shapes were
based on satellite imagery, where heights and depths of the channels were estimated from the
bathymetrical data of the original model. The initial bed and results of the simulations with
the extended model are given in Figure 5.4. It was expected that bars would move downstream,
causing change of the inflow channel of the research area (between y=2440 km and y=2445 km).
However, as can be seen in Figure 5.4b, a similar result was found as with the original model
(Figure 5.3d). For the shift of the channels and the creation of incoming bars, it is necessary to
have pulses of sediment coming in. In the extended part of the model too low irregularities in
the bed were created for the development of these sediment pulses. Maybe even more important,
is the absence of a dynamic boundary at the upstream end. For the simulations in Schuurman
et al. (2013) also no dynamic boundary was used, resulting in almost no changes in bar shapes
and channel pattern.

To create sediment pulses and a shift of the channel, the sediment input was varied over the width
of the boundary. This is done by dividing the upstream boundary in six parts, where de discharge
was varied in time over the different boundaries. Where the water level is approximately the
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Figure 5.4: Initial bed level and bed level after a simulation of 10 years (model 4, appendix C.5).

same over the width, but the discharge is varied over the width, flow velocities were higher
where the discharge was high. The model computed an overload of sediment at these locations.
The flow carrying the large amount of sediment merges directly af the boundary with the flow
with a lower velocity. This causes deceleration, with deposition of the overload of sediment as
consequence. Shifting only the inflow over the boundary will result in a meandering planform
(Schuurman et al., 2016b), but also adding this overload of sediment to the model resulted in
braiding. From the overload of sediment bars were created, resulting in a shift of the channel.
Using this method the location of the channel is not determined by the direction of inflow at
the boundary, but by the bars that were created from the overload of sediment. This resulted in
large variations in the location of the inflow channel, as found in Figure 5.5. This had dynamics
in the complete research area as consequence, which turned out to be essential for the later
mobility of the system. This is in agreement with the results of the flume study of Ashmore
(1987). Although this method of shifting boundaries was very useful to simulate later dynamics
in the system, it is hard to control the actual amount of incoming sediment. To have more
control over the simulated scenarios, additional test have to be performed. More details about
the input of this method can be found in appendix C.3.
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Figure 5.5: Bed elevation of the inflow channel with shifting channel and moving bars (model 5, appendix
C.5).
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An example of an irregular channel pattern that is created by bars moving from the upstream
end, is given in Figure 5.6a. A similar channel pattern is also found from satellite imagery, given
in Figure 5.6b. From both satellite imagery as the model is visible that this channel pattern is
forced by bars coming from upstream (for the satellite imagery this is also explained in more
detail in appendix B). The results from the sensitivity analysis showed that the different stages
in the hydrograph are important for the creation and maintenance of channels perpendicular
to the main flow under high water conditions. The different stages in hydrograph were also
necessary simulate a situation as shown in Figure 5.6a. During high water, deposition occurred
in the channel to the right, making it narrower and shallower. This decrease in cross-sectional
area of the channel system is the cause of a flow velocity increase during the falling stage, which
results in high sediment transport in the channel. The increase in sediment transport locally in
the channel has as consequence that the channel deepens and widens again during the falling
stage, avoiding closure of the channel. In the meantime, the bar moved further and further till
it reached the islands and closure of the channel could not be prevented any more.
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Figure 5.6: Comparable unnatural looking shape from satellite imagery and model results (model 5,
appendix C.5).

5.3 Movement of the islands

Figures 5.7a and 5.7b are satellite images showing the shape of the islands. It is visible that the
islands moved in downstream direction the past ten years, but that the shapes remain similar.
The heads of the islands remain peaked and the channels are located at approximately the same
locations. In the model, the peaked shape of the islands is already changed after a simulation
time of five years, as shown in Figure 5.7c. This is probably caused by the absence of (the effects
of) vegetation in the model. Figure 5.8 shows an island head where sediment is kept together
by the vegetation on top of it. How much the vegetation influence the erosion speed cannot be
determined by comparing satellite imagery and the model, since the real sediment transport is
unknown and not used for the model. However, it is likely that the vegetation has an effect
on the shape of the island heads, since the shape in the model (without vegetation) deviates
significantly from the shape on satellite imagery of the past years. The effect of the vegetation
becomes even more evident when using a dynamic boundary with sediment varying over the
width. In Figure 5.7d is shown how the islands deform in a simulation time of just ten years
with dynamic boundary.

Vegetation does not seem to be the only island shape influencing factor, but the collision of
bars with the islands also has a large influence. In Figures 5.9a and 5.9b is shown how a bar
attached to the islands in the wet season of the year 2000. In the subsequent three wet seasons,
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the sediment is spread out over the island heads. It can be seen that non vegetated areas move
faster than the vegetated island heads. Although not visible from the imagery, the height of the
bars/islands could also influence the speed of movement. In the model (Figure 5.9d) collision of
a bar with the islands is also found in the model, for which a four times larger sediment input
was necessary compared to the basis model of the sensitivity analysis. In the figure is visible
that the shape of such a bar is also similar to what is found on the satellite imagery.
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Figure 5.7: Satellite images and model result showing the shapes of the islands. From satellite images
only a limited deformation can be observed, but in the model large changes appear.

Figure 5.8: Picture of the left island head showing bank failure and the vegetation on top it (January,
2017)
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Figure 5.9: Satellite images and model result showing the attachment of bars to the islands (model 6,
appendix C.5).

50 The physical processes influencing morphodynamics in braided rivers

Bed level (m)



CHAPTER 5. PHYSICAL PROCESS EVALUATION BASED ON COMBINED
SATELLITE IMAGERY AND MODEL OBSERVATIONS

5.4 Development of mid-channel bars

In section 4.5 of the sensitivity analysis was already concluded that the mid-channel bars do not
develop in the model. A reason for the absence of these mid-channel bars could have been a too
low amount of sediment input. However, even when large amounts of sediment were put into
the model, the mid-channel bars did not develop. Another option is the absence of bank erosion
in the model. Sarker et al. (2003) describe that mid-channel bars deflect the flow to the outer
banks, leading to bank erosion. The process of widening by bank erosion and sediment coming
available enhances the process of continuous bar development. An example of this is given in
Figure 5.10. In this figure the movement of a bar is followed from 2015 to 2017. While the bar
moves in downstream direction, it narrows the channel. It also forces the flow to the other side
of the channel, with erosion of the bank as result. The bank of the year 2015 is also shown in
Figure 5.10c. The movement of the bank is approximately 200 metres in just two years time.
In Figure 5.11, a picture is shown of the situation in 2017. On the foreground, the moving bar
is visible and on the background the eroding bank. It is visible that erosion due to failure plays
a dominant role here. Similar types of bank erosion due to mid-channel bar movement can be
observed more on satellite imagery, but cannot be found in the model. This is probably because
bank erosion by bank failure is not included in the model. Without widening of the channel due
to bank erosion, flow velocities remain too high and the bar will be eroded instead of moved to
the widened part of the channel.

(a) 2015 (b) 2016 | (c) 2017

Figure 5.10: Satellite images showing the interaction between bank erosion and the movement of a mid-
channel bar. In red the right bank of the year 2015 is displayed and in yellow and green the path of the
bar is followed

Figure 5.11: Picture with on the foreground a mid-channel bar and on the background the erosion of the
bank by bank failure (January, 2017)
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Chapter 6

Discussion

The consequences of sediment management and river training measurements in braided rivers
remain challenging to predict, because the understanding of the underlying physical processes
of the morphodynamics are still not sufficiently understood. The goal of this study was to
investigate the most relevant physical processes influencing the morphodynamics and to asses
the ability of the model to make predictions. This chapter starts the relation of the results of
this study with the present literature, followed by a discussion on the input the model. In the
subsequent two section the results of the analysis of this study are discussed. In the final section
is explained how this model can be used for engineering purposes.

6.1 Relation to present literature

Van der Velden (2015) also did a case study on the Ayeyarwady River to investigate the mor-
phodynamics, using both satellite imagery and a Delft3D model. Her research described the
changes in planform of a period of fifteen years and the impact on the river system by possi-
ble river training measures for navigability. Where van der Velden (2015) focussed on a 177
kilometres reach, this study focussed on a much smaller reach of 30 kilometres. Together with
the availability of more accurate bathymetrical data, it was possible to investigate the physical
processes determining the morphology and dynamics in more detail. The increased understand-
ing of these processes will be useful for further navigability studies, since the physical processes
most important for modelling (navigable) depth were explored. The processes are the sediment
transport by primary flow and deflection of sediment transport by spiral flow and bed-slope
effects. In addition does the input of sediment showed to be the main driving factor for the
dynamics, causing shift of the channels or fairways.

Schuurman (2015) also used the 2D depth-averaged Delft3D model to investigate the morpho-
dynamics of braided rivers. In his studies he always used an artificial straight river reach, where
a braided river developed from an almost flat bed. After a certain period, bars moved in down-
stream direction barely changing of shape. He mentioned that stabilizing of these shapes was
caused by the absence of realistic changes in sediment input at the upstream boundary. In this
study is shown that this is indeed the case. Changing the sediment transport formula could
also have a reducing effect on the stabilization of the shapes of bars and channels. With a lower
power above the velocity in this formula, the sediment transport on top of bars can be increased.
This causes larger movability of the bars and less stable and deep channels.

Surian (2015) and Williams et al. (2016) both described in their summarizing studies that the
comparisons between numerical models and other sources of information (physical models, data)
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is still lagging, but could return valuable information. In comparison with Schuurman (2015),
the Delft3D model is in study applied to an existing case. This gave the opportunity to compare
the model results with the satellite imagery, which returned information about physical processes
that might not be (correctly) implemented in the model. It showed that the process bank erosion
by failure might be necessary for the development and shift of mid-channel bars. In addition, it
showed that vegetation on the islands is a dynamics reducing factor and is of main importance
for the stability of the islands.

6.2 Discussion model input

For the model, the choice is made to use a morphological acceleration factor of thirty to reduce
the computational time. This resulted in an increase of the sediment transport at the upstream
end of twenty percent, descending to no increase at the downstream end. This increase in
sediment transport is caused by a more rapid decrease or increase of the discharge then the
water level can adopt (the hydrograph is squeezed using morphological acceleration). This
has unrealistic flow velocities as results, leading to unrealistic sediment transport. This effects
dampens out further into the system. A decrease of sediment transport towards the downstream
end has as result that the bed slope decreases. The celerity in which the bed slope decreases is
not further investigated, but with the large fluctuations in discharge as found in the Ayeyarwady
River, caution has to be given to the use of morphological acceleration.

The downstream boundary also showed to have significant impact on the results. It was found
later that the used downstream boundary, a relation between discharge and the water level,
overestimated the water level approximately four metres. Calibrations of the water levels with
this new boundary resulted in a lower bed roughness with flow velocities fifteen to twenty percent
higher (A. Commandeur, personal communication, 2017). This resulted in larger dynamics with
more incisions of new channels and shift of existing channels, especially near the downstream
end.

For this study, the only available data on sediment transport was including wash load. An
estimation had to be done for the amount sediment transport interacting with the bed. This
estimation showed to be in the right order, since velocities of bars were on satellite imagery and
in the model were similar. However, more data on the sediment transport is a prerequisite. This
would give more accurate results in general, but would also be valuable for the determination
of the amount of sediment input.

6.3 Discussion satellite data analysis

The first understanding of the river dynamics was obtained using satellite imagery. The analysis
of the satellite imagery showed that morphodynamics can be described very well from the se-
quence of satellite images, but that it can be difficult to asses from them which processes caused
these developments. The description of the morphodynamics, together with the determination
of the fixed banks, islands and the dynamic regions, gives a good support for the interpretation
of model results. The use of average reflectance composite images showed to be very useful.
Where in previous studies (Baki and Gan, 2012; Wang et al., 2014; Bhunia et al., 2016) only
cloud-free imagery was available with unequal time slots, this method allowed to have yearly
images under similar conditions. Disadvantage of the use of average reflectance composites is
that the discharge on images is harder to asses, since the averaging process is rather complex.

For this study, the data of the satellite imagery has only been used for visualization purposes
of water masks and the river planforms, but much more processing analysis are available for a
more extensive analysis of the river region. As example, Pahlowan and Hossain (2015) used the
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NDVI (normalized difference vegetation index) to explore the effects of vegetation on migration
of banks. Other valuable analysiss could be the determination of bank line shift, determination
of island and bar sizes, determination of island and bar velocities or the determination of the
amount of suspended sediment. Doing this with a processing platform with scripted analysis,
such as the Google Earth Engine, analysis can be performed easily on different regions.

6.4 Discussion sensitivity analysis

The sensitivity analysis has been an observation of the relative influence of the different pro-
cesses. Comparison of results in previous studies on braided rivers is mainly done using reach
scale measures as channel count indices, braiding intensity indices or sinuosity. To study the
effects of individual processes, the focus had to be on local changes. It turned out to be difficult
to find suitable measures for the comparison of the different results, due to the large dynamics
of the system. In addition, drawing conclusion on the effects of the processes had to be done
carefully. Varying the processes could have subtle changes upstream as consequence, which also
affect the situation further downstream. This makes changes not only dependent on the change
of the process, but also on the morphology further upstream. For engineering purposes it will
also be necessary to look at local change. A possibility could be to use pattern recognition. Cer-
tain morphodynamics, such as the downstream movement of the confluence, repeat themselves.
Recognizing these patterns can be useful for short term predictions or validation of models.

A sensitivity analysis on sediment transport by primary flow and deflection of it by spiral flow and
bed-slope effects, was also performed by Schuurman et al. (2013). However, in this study different
sediment transport formulas are considered and also the effects of hydrological variations were
taking into account. Testing the effects of spiral flow and the bed-slope effect again, was to give
the full picture and to observe the relative influence of the parameters. Another process tested
by Schuurman et al. (2013) is the bed roughness. He stated that effects of this process were also
significant. Therefore, it is recommended to take this process into consideration with further
use of models.

The comparison of the results in this sensitivity analysis showed that the processes having largest
effect on the morphology, are the presence of hydrological variation, the sediment transport by
primary flow and the deflection of the sediment transport by spiral flow and bed-slope effects.
The hydrological variations are implemented in the model relatively realistic in the upstream
boundary, but the other processes are implemented as constitutive formulations. The functioning
and accuracy of these processes has to be calibrated. For this study, only data was available for
the initial bed. This made it impossible to check whether development with the bed using of
these constitutive formulations was correctly. Calibration of these processes was only possible
by comparison with satellite data, which has been rather arbitrary. For a larger accuracy, a
possibility is to implement these processes differently. Schuurman et al. (2013) suggested for
example to search for a physics-based approach for the bed-slope effects. To avoid the use of the
constitutive relation for spiral flow, a solution could be to perform 3D calculations. This enables
the model to have different directions of flow velocity in the bottom and top of the water column.
In this research a sediment transport formulation was proposed based on a different roughness
model. This shows that the sediment transport is not only dependent on the used estimator, but
also on a correct representation of the other processes. Multiple sediment transport formulas
must therefore be considered for the calibration of new models.

Looking at the process of hydrological variations, Schuurman et al. (2013) mentioned that using
a constant high discharge instead of using a complete hydrograph did not matter for the final
results of the simulation (only some channels and bars where reactivated). Simulations in this
study show that the use of a hydrograph is essential for the existence of channels perpendicular
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to the main flow direction during high water. The existence of these channels is also found on
satellite imagery and does affect the shapes of bars as well. For the hydrological variations it is
important have a peak discharge for which all islands and bars will be submerged. In this study
is shown that varying the peak discharge does not have a significant influence on the shape of
the channel and bars, but this also has its limit. It will be necessary to use a discharge high
enough to have flow velocities on top the islands that induce significant sediment transport and
so movement of the islands.

The effect of varying the falling period did not result in significant differences in morphology
or sediment transport, while Coleman (1969) mentioned that the rapid decrease in water level
could lead to local deposition and incision of channels. Several reasons can be given for this.
A first reason is the absence of the process bank erosion by failure. With a rapid drop of the
water level, the propability of instability of banks is larger. However, this cannot be found in the
model. Another probability is that the local bed topography played a role in this. At locations
of for example narrow channels, large erosion was found during the falling stage. Variation in
the duration of the falling stage could in those cases be of influence. Investigating this could for
example be useful for efficient dredging.

6.5 Discussion physical process evaluation based on combined
satellite imagery and model observations

The evaluation of the model using satellite imagery showed to be useful as additional method
to learn more about the processes then was done from the sensitivity analysis, but also about
different processes than from the sensitivity analysis. Similar bed developments in the model as
found on satellite imagery provided extra information on how these morphodynamics evolved.
An example is the incision of a side bar, where increased sediment transport during the falling
stage turned out to play a major role. Another example is the rotation of the large bifurcation
to a very unnatural looking shape. For the creation of these type of irregular shapes both a
hydrograph and bars moving into the system turned out to be necessary.

Differences between the satellite imagery and model results were also informative. It was found
that straightening of the inflow channel had to be avoided, because this reduced later mobility
of the system. A limited later mobility in model simulations was also found by Schuurman et al.
(2013), Yang et al. (2014) and Surian (2015). A method was found to increase the dynamics at
the inflow channel and consequently the rest the research area. Important was to create pulses
of sediment, varying over the width of the upstream boundary. However, large uncertainties are
there in the amount of sediment coming into the system (Jagers, 2003). This uncertainty will
partly remain, but can be reduced by increasing the understanding of the effects of the sediment
input and by measuring or determining the actual amounts of sediment transports. A better
understanding on the sediment input can be created by doing physical experiments. Especially
the effects of horizontal variation in the sediment input has not yet been studied. To determine
the actual amount of sediment input, the most accurate possibility is to make measurements
of the sediment transport. Because a large variability is there in space and time, it important
measure at multiple locations with a limited time step. The measurements also have to capture
at least five years to learn about the variability in the sediment discharge. In addition, it will
be necessary to make measurements of the bathymetry in the meantime. In this way, transport
on the bars and in the channels can be compared. This already shows that many measurements
will be needed, which can be very costly. The sediment transport can also be estimated with
a combined satellite and model analysis. From the satellite imagery bars sizes and velocities
can be determined. Creating similar bar sizes and velocities could return information on the
actual sediment transport. With the measured or estimated (with the model) sediment input,
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scenarios can be determined and simulated to cover the uncertainty of forecasting the amount
of sediment input.

What also can be done is to extent the model in upstream direction. The further the boundary
of the model is located from the area to investigate, the later the effect of the boundary will
reach the research area. With a longer model, the bars coming into the research domain are
also as realistic as possible. However, only extending the model will also result in a simulation
in which bars will not reshape (as found in (Schuurman et al., 2013)). A dynamic boundary,
with variation over the width in sediment input, will be necessary to keep the model dynamic.

Also found from the comparison between model simulations and satellite imagery, is that the
vegetation has a stabilizing effect on the islands. This decreases the dynamics of the system
significantly. Because vegetation is not included in the model, it was visible that the islands
moved differently and more freely than observed from the satellite images. This effect was even
larger using the varying sediment input at the boundary. For a correct representation of the
morphological change, it is therefore necessary to implement vegetation. Present options to
simulate the presence of vegetation in Delft3D are a local increase of the density of the sediment
or a locally lower availability of sediment. The use of these methods did not give satisfying
results. Locally decreasing the availability of sediment can results in islands at locations where
these are not desired. Locally increasing the density of the sediment with a factor two did not
give significant differences in the erosion of the islands. In addition, this will also influence
the long term response of the system. For more realistic results, it is recommended to create
an option in Delft3D for the process vegetation. Especially in combination with methods to
increase the dynamics (at the boundary), this will be necessary.

From the comparison between model simulations and satellite imagery is was not directly clear
whether bank erosion due to failure is essential for the development of the morphology, even
though from field observations was clear that is occurs at many locations. Movement of banks of
the islands was also observed in model (where bank erosion due to failure is not implemented),
which took place while the islands were submerged. The only significant difference found that
indicates that bank erosion due to failure is important for the development in the river, is the
absence of the development of mid-channel bars in the model. The fact that no significant
differences are visible during the falling stage could also be a sign of the absence of bank failure.
Where in other braided rivers as the Brahmaputra the erosion of banks has a significant influence
(Baki and Gan, 2012), it is possible that this is of less importance in this river reach. This might
be the case, since this river reach is enclosed between Mandalay and the mountain ridge. It is
also possible that the bank erosion due to failure is simulated in the model by fluvial bank
erosion, because of the absence of vegetation. This could be investigated in more detail using
the Delft3D module which does include bank erosion. The difference between simulations with
the two different models could show the effect of having bank erosion by failure. The model
including bank erosion by failure could also tell something about the hypothesis of the absence
of mid-channel bars. Bank line shifts found in this model can also be checked by determining
bank line shift from satellite data. In the analysis of bank line shifts from satellite imagery, the
presence of vegetation can also be taking into account.

6.6 Application of the model for engineering purposes

This study was done to increase the understanding on the morphodynamics of the Ayeyarwady
River and to come a step closer to the design of suitable and sustainable river training measures.
The most dominant processes are explored, which can be used for the improvement of the model
results. It is clear from this study that the model cannot be used to predict the morphodynamics
precisely. The main causes for the limited predictive value of the model are the uncertainty in
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upstream input of the sediment and the absence of the process vegetation in model. The absence
bank erosion by failure in the model also has a minor effect on this. The deviations in processes
in the model and reality cause incorrect predictions of the morphodynamics. Where this causes
relatively small deviations upstream, these deviations result in even larger differences in the
predictions downstream.

Without giving precise predictions, the model can still be useful for engineering purposes. The
comparison between the satellite imagery and model results showed that the model is able
to simulate local morphodynamics correctly. This means that the model cannot be used to
determine what time and which locations erosion or deposition can be found, but that it can
be used to determine at which locations erosion or deposition can be expected at some moment
in time. An advantage of the use of the model, is that different scenarios can be tested easily.
Different scenarios could for example contain variations in the location and amount of the
sediment input.

Because the model can be used to asses locations of risk for sedimentation and erosion, it can
also be used to determine the impact or river training measures. Impact assessment can also be
done for sediment management measures. Since the model can also be used as estimator for the
amount of sediment transport, the amounts to dredge can also be determined.
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Conclusions and recommendations

In the first section of this chapter the conclusions of this study are given and in the second
section the main recommendations for further study of the Ayeyarwady River.

7.1 Conclusions

The goal of this research was twofold. The first part was to explore the effects of the most
relevant physical processes on the morphodynamics of the Ayeyarwady River and the second
part was to investigate the ability of a 2D depth-averaged morphodynamic model to simulate
the morphodynamics of the Ayeyarwady River. The physical processes that influence the mor-
phodynamics can be separated between system forcing processes influencing flow and sediment
transport and internal flow and sediment transport processes. The first group of processes is
imposed by the system and contains the hydrological variations, the input of sediment in the
system, the availability of erodible sediment, vegetation and the bed roughness. The second
group is the consequence of the system forcing processes and contains the sediment transport
by primary flow, deflection of the sediment transport by spiral flow and bed-slope effects, tur-
bulence and bank erosion. All these processes are interrelated with each other in different ways,
all having different influence on each other and on the morphology. Since the morphology also
affects the different processes, a positive feedback exists. This positive feedback between all
processes makes the change in morphology, or the morphodynamics, hard to predict.

The observed morphodynamics differ of character for the different regions in the research area,
due to the existence of non- or hardly erodible banks, islands and floodplains. At the inflow,
bars are passing from different directions with a speed up to approximately 600 metres per
year, making the channels shift in different directions. The passing bars and shifting channels
create different conditions at the trifurcation, which leads to a different distribution of the
flow and sediment over the channels between and around the islands. The island heads are
eroded during high water, making the islands move in downstream direction. Islands grow in
upstream direction again, when passing bars collide with them. The changing conditions at the
trifurcation also cause variation in the downstream channels. Where the smallest channels are
relatively stable, many side and mid-channel bars develop and move trough the largest of these
channels (Mandalay channel). The bars make the channel widen and narrow. The different
channels finally confluence in the downstream end of the research area. The position, shift and
rotation of the confluence is determined by the distribution of the discharge at the trifurcation
as well. This means that the morphodynamics of the complete system are influenced by the
changes at the upstream end of the research area, so by the passing of bars and shift of the
channel.

Model simulations are in agreement with these observations of downstream propagating distur-
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bances and show that the influence of the passing and shifting bars at the upstream boundary
are the essential driving factor of the complete system. The bars are created by pulses in the
sediment transport and collide with the islands to make these grow in upstream direction or
pass by to the Mandalay channel (largest channel). In the Mandalay channel the bars cause
narrowing, widening and shift of the channel. The bars also influence the shape of the trifurca-
tion with redistribution of the discharge over the downstream channels as response. Due to this
redistribution of discharge over the channels disturbances propagate even faster downstream.

Whether the system is dynamic is determined by the input of sediment, but how the system
will develop is also influenced by other processes. A dominant role in the shape of the islands,
bars and channels is there as well for the hydrological variations, sediment transport by primary
flow and the deflection of sediment transport by spiral flow and bed-slope effects. During the
different stages of the hydrograph, different flow distributions can be found. These all have
different morphodynamics as consequence. During high water, the whole area is morphological
active. All the islands and bars move, which can cause closure of the channels perpendicular to
the main flow direction during this stage. The falling and rising stage can have a large influence
on deepening of these same channels, but also incision of new channels. During low water, some
erosion and deposition can be found in the main channel, but no significant changes can be
found here. Due the combination of the morphodynamics during these periods, different shapes
of bars and channels can be created compared to with a constant high discharge.

Sediment transport by primary flow and the deflection of sediment transport by spiral flow and
bed-slope effects all have large influence on the width of the channels and the depth in these
channels. These processes also had other effects on the morphology. The bed-slope effect does not
only flatten the channel, but also has this effect on the bars and islands. The spiral flow enhances
curvatures of the channels with incision of new channels (meander cutoffs) as consequence.
Sediment transport by primary flow is tested with different powers above the velocity in the
sediment transport estimators. A lower power results in lower bars which propagate with a
higher velocity.

Minor influence on the shape of the islands, bars and channels were found by variations of
the peak discharges and period of the falling stage. A larger peak discharge lead to a more
rapid development of the river (especially where the system is most narrow), but does not have
significant influence on bar and channel shape. Variations in the period of the falling stage did
results in almost no differences in the morphology.

The second part of the goal was to asses what the predictive value is of a 2D morphodynamic
model. The results of the model were tested on the historical series of satellite images. Especially
due to the large uncertainty in the sediment input, which is the main driving force of the
dynamics of the system, it is not possible to forecast the exact morphodynamics of the river.
Also the absence in the model of the processes vegetation and bank erosion by failure are a
limitation in the predictive value of the model. The absence of vegetation has too large dynamics
of the islands as result and the absence of the bank erosion by failure has as consequence that
mid-channel bars do not develop in the model. The model still showed to be able to simulate
local morphodynamics as were seen on satellite imagery. The model should therefore not be
used to make predictions of the exact time and amount of erosion and deposition at a certain
location, but it can be used to get a better understanding of what kind of morphodynamics
could occur and what risk areas are for erosion (except for erosion of dry banks) and deposition.
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7.2

Recommendations

For further study on the Ayeyarwady River the following recommendations are given:

More quantitative analysis can be performed with the satellite data. Determination of
bank line shifts, determination of (incoming) bar sizes and velocities and the quality of
vegetation (for erosion resistance) could be valuable information for a better understanding
of the system and for validation of the model.

For more accurate results, data are needed of the sediment transport and bathymetri-
cal change. This is necessary for the calibration of the model parameters for sediment
transport, spiral flow and bed-slope effects.

For simulating realistic as possible morphodynamics, a complete hydrograph must be used
instead of a constant high discharge.

A more realistic input of sediment is needed at the upstream boundary. The pulses in
sediment input have to be large enough to create bars, but must also be varied over the
width of the boundary to induce a shift of the channel. This is necessary for later mobility
of the system.

It is important to use the model for the correct purposes. The model cannot be used
to make predictions of exact locations, moments in time and amounts of erosion and
sedimentation. Meanwhile, it can be used to assess risk areas for erosion and deposition,
to evaluate possible effects of river training measures and to determine locations of where
to dredge and the amounts to dredge.
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Appendix A

Processing of satellite data

Where in previous studies on braided rivers instantaneous satellite images were processed semi-
automatic (distance and surface calculation with software after determining edges by visual
inspection) (Baki and Gan, 2012; Wang et al., 2014; Bhunia et al., 2016; van der Velden, 2015),
new processing software as the Google Earth Engine provide chances far faster and more accurate
analysis of satellite data. One of the newest developments of automatic detection of water is the
Deltares Aqua Monitor (www.auga-monitor.appspot.com), of which the application is described
in Donchyts et al. (2016a). With this application it is possible to determine the earth surface
water changes of the past 30 years with a resolution of 30 metres (Donchyts et al., 2016b). This
application is also very useful to analyse horizontally dynamic rivers as the Ayeyarwady. In
this appendix is described which satellite data is used and how this data is processed in this
study. The processing is consist of the creation of average reflectance composite images, the
visualization of data and the automatic detection of water to visualize water masks.

A.1 The data and data processor

The application used in this study to process satellite data, is the free of use Google Earth Engine
(GEE). This is a platform where all types of open source satellite data (Landsat, Sentinel, SRTM,
etc.) can be processed and mapped. This can also be combined with all types of location specific
data, which can be uploaded via Google Fusion Tables. A large advantage of this platform, is
that it gives access to all data measured with satellite (so more than only images visible with
with human eye). This gives the possibility to make extensive analysis. The processing is done
with scripting, which can also easily be shared and re-used. The links to the scripts used for
this study can be found at the end of the this appendix.

In this study the data given below is used. This can all be found in the the library of the GEE.
For the research area, Landsat 4, 5, 7 and 8 were used to create average reflectance composites
(explained in the next section) of the dry season during the period of 1988 up to 2016. Landsat
3 was used to provide two instantaneous images of the dry season in 1975 and 1977. The used
bands are short wave infrared, near infrared, green, red and blue.

USGS Landsat 3 MSS Raw Scenes (Orthorectified) (Mar 5, 1978 - Mar 31, 1983)
USGS Landsat 4 TM TOA Reflectance (Orthorectified) (Aug 22, 1982 - Dec 14, 1993)
USGS Landsat 5 TM TOA Reflectance (Orthorectified) (Jan 1, 1984 - May 5, 2012)
USGS Landsat 7 TM TOA Reflectance (Orthorectified) (Jan 1, 1999 - May 1, 2017)
USGS Landsat 8 TM TOA Reflectance (Orthorectified) (Apr 11, 2013 - present)
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A.2 Computing average reflectance composites

Average reflectance composites are computed from a series of satellite data measured at one
location. Using averaging over the series of satellite data, for example clouds and shadows can
be removed from images. How this can be done is explained in this section and is based on G.
Donchyts (personal communication, 2016).

Satellites receives signals in different bands. The Landsat 8 satellite for example, receives eleven
different bands. Only three of these bands give colours visible for the human eye, namely
green, red and blue. Other bands receive for example different types of infrared (Near Infrared
(NIR), Shortwave Infrared (SWIR), Thermal Infrared (TIR)). The idea of an average reflectance
composite, is that it computes a representative intensity for each band for every pixel from a
series of data. In the left graph of Figure A.1 is shown how the received intensity for a certain
band can vary over time. This variation can be caused by for example clouds, changes in
temperature or more interesting for this study, the change of water into land or visa versa. Of
this intensity over time a cumulative distribution has to be made, as done in the right graph
of Figure A.1. In this graph is visible that three different intensities occur most in this graph
(given with orange lines), which could for example represent shadow on water, water and clouds.
Three different thresholds of occurrence are given in the figure (given with red lines), which will
all represent something else. Choosing this threshold is therefore of main importance. For the
detection of water, which is poorly reflecting, a rather low threshold should be chosen. In this
study a range between 10% and 25% is used.

Varying the threshold could also be useful. Looking at the difference between the wet and the
dry season for example, can be done by compositing an image with a very low threshold and
with a higher threshold. This is done for Figure 3.10, where a threshold of 4% and 20% are used
to show the water masks of the wet and dry season. This is done for of a collection of data of
the whole year 2000.

Reflectance intensity —>
Reflectance intensity ——>

120 .50 30
Time —> Cumulative percentile ——>
of occurrence (%)

Figure A.1: Intensity-time and cumulative intensity-percentile diagram

A.3 Displaying data

Mapping of satellite data is very useful, because the data is location specific. For mapping the
data, there are different possibilities. From the colours red, blue and green, all colours visible
for the human eye can be created. Using these three bands received by the satellite, a normal
colour or RGB (red, green, blue) image can be created. However, for Landsat 8 there are 8
other bands that also contain information. With a limitation of the human eye to see just the

70 The physical processes influencing morphodynamics in braided rivers



APPENDIX A. PROCESSING OF SATELLITE DATA

bands red, green and blue, one fo these bands must be replaced by another band to display
other information. This means that for example the intensity of short-wave infrared can be
displayed with the colour red, which excludes the information there is of the intensity received
from the band ’red’. In this way, a so-called false colour image is created. This means that the
colour observed from the image is not the colour that it represents. When looking at land water
differences, RGB images do not always give a clear view. It could be better to use a SNG image
(short-wave infrared, near infrared and green are displayed in respectively red, green and blue).
With SNG images, water is displayed in a very dark blue and vegetation in bright green. This
clear difference is very useful for this study. An example between the difference of an RGB and
SNG image is given in Figure A.2.

Y
i\

Figure A.2: Comparison of an RGB (left) and SNG (right) image of a part of the river in the research
area.

With the focus on the development of the river, it is very useful to create a video of subsequent
images. The differences within the dry season turned out to be me minimal, where in the wet
season only one large water mask could be observed. For this reason is chosen to create a video
showing an image of every dry season. These images were composites from data measured in
the months January to March.

A.4 Automatic detection of water

For the detection of water, different indices were introduced. The first is the Normilized Differ-
ence Water Index (NDWI) (Gao, 1996). This index can be calculated by:

NDWTI = Pareen — Pnir (A1)
Pgreen T Pnir

However, this measure gave noise with different types of landscape, and so overestimates the
water surface. This is why the Modified Normalized Difference Water Index (MNDWI) was
introduced Xu (2006). This measure proved to be more useful at locations where backgrounds
where land dominated.

MNDWI — Pgreen — Pswirl (A2)
Pgreen + Pswirl

Normally, the threshold for water or no water using the MNDWI is 0. However, also this
threshold can be time and location specific, due to for example shadows. To find the correct
thresholds to compute the right projection of an area can be very time consuming. Donchyts
et al. (2016b) introduced automatic Otsu thresholding in combination with a canny edge filter
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to compute the threshold automatically. With Otsu thresholding (Otsu, 1975), the MNDWI
will be calculated for all the pixels in the research area and summarized in a histogram. In an
ideal case, the histogram has two peaks for the MNDWI values, indicating water or no water,
with less records in between. In this case, it would be easy to state that the threshold will be in
between the peaks. In reality more complex histogram will be found. Here the Otsu thresholding
method is needed to determine this threshold. This method optimizes the separability between
two classes and determines the threshold between water pixels and non-water pixels. However,
this separability could be vague when the number of water pixels is very low compared to the
number of non-water pixels. This is were the canny edge detector is used for. This edge detector
is able to find the edges of the water lines. Around these edges a buffer area is taken and the
Otsu thresholding is applied for this buffer op pixels. In this way the rate of water pixels used
for the Otsu thresholding is higher, giving a higher reliability of the method. This process is
given in Figure A.3. Finally, the determined water masks can be displayed, also in combination
with other mapped data.

Compute Index Detect Edges Buffer ‘ Find Threshold Threshold
1= Agreen — Pawiri —
Bursent Prmira € = Canny(l,a,th) L.={liec®s} T = Otsu(l) ‘ Water = {i|l < T}

34,1075

Sl bE

34137

SEDHE

e AL 141957 14150 191 S0 1L 4L

(b) (c) (d)

Figure A.3: Various steps of water detection from Landsat imagery (Donchyts et al., 2016b)

A.5 Google Earth Engine scripts

Links of the two mainly used scripts are given below. The first script is to compute average
reflectance composites and with the second water reflectance composites can be created for which
water will be detected automatically.

Creating average reflectance composites:
https://code.earthengine.google.com/3{529534e8edd365d3544b38cd24e8¢7
Automatic detection of water mask for average reflectance composites:

https://code.earthengine.google.com/92{00c4bef6e2b5be86e490285¢9eal3
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Appendix B

Mega scale morphological processes
in the Mandalay river region

On mega scale Jagers (2003) describes six different
morphodynamic processes. These processes are:

Channel migration

Channel widening and narrowing

Mid-channel bar growth

Channel formation

Channel abandonment

Node deformation

In the following sections different morphodynamic
processes are described. All these changes con-
tain one or more of the previous mentioned pro-
cesses and mostly occur under high water condi-
tions. The analysis of these changes is important
to learn about the development of the river. In Fig-
ure B.1, an overview is given of the described loca-
tions. Since the upstream part affects the down-
stream area, the order of described locations is
from upstream to downstream.

Figure B.1: Overview of the different analysed
area’s on a SNG image of the year 2016. Delin-
eated in blue an area conducting bank erosion,
with yellow bank erosion and the rotation of
the bifurcation, in light blue a channel cut off,
in red the movement of a bar and in green the
movement of the confluence.
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B.1 Rotation of the bi- or trifurcation

In Figure B.2, the rotation of the main bifurcation in the research area is visualized. The
geometry of bifurcations plays a major role in the development of a braided river (Schuurman
and Kleinhans, 2015), meaning that the geometry of this bifurcation probably influences the
morphology in the whole research area. This will become evident in the following sections.

In Figure B.2a, a more or less symmetrical bifurcation can be seen and in the upstream part
already a small bar can be found. In Figure B.2b, this bar is already growing, forcing the main
channel to the left. The reshape and movement of this bar in the Figures B.2¢ to B.2d causes
a very unnatural looking shape of the river in Figure B.2e. Finally, the branch to the right is
closed by a part of this same bar, displayed in Figure B.2f. This rotation of the bifurcation
has an obvious effect on the division of the flow to the downstream channels. In these Figures
not only the change of this node is visible. Important events are also the incisions in the side
bars between 1995 and 1998 and between 1999 and 2000. Important as well, is the attachment
of the incoming bar to the islands. This also emphasizes that the movement of the islands in
downstream direction, mentioned in section 3.2.2, does not go gradually.

b
(f) Year 2001

- -

(d) Year 1999 (e) Year 2000

Figure B.2: The rotation of the bifurcation due to incoming bars with redistribution of flow over the
downstream channels as consequence

B.2 Channel cutoff

Due to the change of the bifurcation discussed in the previous section, a channel cutoff takes
place, displayed in Figure B.3. This Figure partly overlaps with the right bottom of Figure B.2d.
Between Figure B.3a and B.3b, the direction of the right channel changes, making it more
difficult for the flow to turn left, through the connecting channel, to the left channel. This
induces a reduction in flow, visible in Figure B.3c, causing sedimentation in the channel. In
Figure B.3d the connecting channel has an angle of approximately 90 degrees with the right
channel, making it too difficult to attract water. This leads to the cutoff, visible in Figure B.3e.
Cutoffs of channels generally also lead to redistribution of discharge in the downstream channels.
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= N B

(a) Year 1999 (b) Year 2000 (¢) Year 2001 (d) Year 2002 (e) Year 2003

Figure B.3: A cut off a channel due to a change in flow direction by the change at the bifurcation

B.3 Bar creation and movement

In Figure B.4, the development of a mid-channel bar is visible. A decrease in discharge took
place in this branch, due to the closure of the channel discussed in the previous section. This
has as results that the width of the channel is too large for the present discharge, causing the
development of a mid-channel bar (figure B.4b). This bar is moved by the flow to the middle of
the channel, while it also grows (figure B.4c and B.4d). In Figure B.4d is already visible that
the flow right around the bar has a higher resistance (due to the bend), than the way left around
the bar. This results in the gradual closure of the right channel, visible in the Figures B.4e and
B.4f. Due to its connection with the channel cut off, the creation this bar can also be connected
to the change of the bifurcation. So a formation of a bar can be caused by a redistribution of
the discharge, but other reasons also a exist.

(a) Year 2002  (b) Year 2003  (c) Year 2004  (d) Year 2005  (e) Year 2006  (f) Year 2007

Figure B.4: The development and movement of a bar in the left (Mandalay) channel. Between Figure
(a) and (b) the cut off of a channel is visible, resulting in the development of the bar, which visible in
Figures (c) tot (f)

B.4 Confluence movement

South in de research area, a large confluence can be found. Jagers (2003) tells that the rotation
and movement of the confluence are influenced by the direction, the magnitude and the velocity
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of the flow of the merging channels. Since the geometry of the bifurcation determines distribution
of discharge over the different channels, it also influences the geometry of this confluence. When
the discharge in the left channel is smaller compared to the right channel, the confluence is pushed
to the right and visa versa. This lateral displacement of the confluence is always accompanied
with a downstream movement, visible in Figure B.5. The confluence is shown for the years
1975, 1990 and 2016. In 1975 the confluence is located relatively far upstream. This confluence
moved in downstream direction till the year 1990, where a new confluence further upstream is
created. Till the year 2016, the confluence moved in downstream direction again. This process
of downstream movement of the confluence seems like a repeating process.

(a) Year 1975 (b) Year 1990 (c) Year 2016

Figure B.5: The repeating process of the downstream movement of the confluence
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Appendix C

Set-up of physics-based numerical
model Delft3D

This appendix describes the model used as basis model for the sensitivity analysis. Discussed
are the model software Delft3D (version 4.02.02) and all the essential input. Part of the input
is derived from data as discussed in the system analysis (chapter 3) and part from literature.

C.1 The Delft3D model software

Delft3D is a physics-based numerical model, used to simulate hydro- and morphodynamics. The
model is especially suitable when the horizontal lengths and time scales are significantly larger
than the vertical scales, as can be found in rivers, estuaries and coastal zones. It is able to solve
the flow equations in 3D as well as in depth-averaged 2D. In this study is chosen to use the 2D
depth-averaged equations to limit the computational time.

The basis flow equations are two equations for conservation of momentum (equation C.1 and
C.2), and one for the conservation of mass (equation C.3).

ou ou ou 02y guvu? + v? u  0%u

Gt aE) FR=0 (€D

ov ov ov 0z = guvu? + v? *u  0%u B

Oh n Ohu i Ohv
ot ox y
where z is the coordinate in downstream direction (m), u is the velocity in x-direction (m/s), y
is the lateral coordinate (m), v is the velocity in y-direction (m/s), z,, the free water surface level
(m), h the water depth (m), g the gravitational acceleration (m/s?), C the Chézy roughness

(m'/2/s), V is horizontal eddy viscosity (m?/s) and Fy,z external forcing due to streamline
curvature.

=0 (C.3)

For the transport of sediment many formulations can be chosen. Most typical for rivers are
the the Engelund and Hansen formula (Engelund and Hansen, 1967), the Meyer-Peter & Miiller
formula Meyer-Peter and Miiller (1948) and van Rijn formula (Van Rijn, 1993). In this study
the general formula is used, which can be modified by the user and reads:

S = OéD50\/ AgD509b(,u9 — 59@«)0 (04)

The physical processes influencing morphodynamics in braided rivers 7



APPENDIX C. SET-UP OF PHYSICS-BASED NUMERICAL MODEL DELFT3D

in which:

q )2 1 C
_ (4 5
(C A Dsp ( )
where a, b, ¢, p and £ are user defined variables, Dsy the median particle diameter (m), A the
relative density (—), 6 the shields mobility parameter (—) and ¢ the discharge (m?/s).

The general formula calculates total transport for each cell centre, including the direction and
magnitude. Different factors can still influence this magnitude and direction. Examples that
can reduce sediment transport are a too low availability of sediment at the bed or hiding and
exposure phenomena. The two factors used in this study that change the direction are the
bed-slope effect and the spiral flow. These both result in a deflection of the sediment transport.
The equations used for spiral flow read:

v—argls

t )= C.6

onlr) = o ©9
in which: ) "
—“p o (1_VY

ar = KQEspzr (1 2/‘60) (07)

where £ is the Von Karman constant (—), U the depth-averaged flow velocity (m/s) and Egp;,
the user defined coefficient for the magnitude of the spiral flow (—).

The equations used to determine the bed-slope effect are:

sin(¢r) + i S22
tan(ps) = f(l ) dzyb (C.8)
COS(¢T) + Wa
in which: c b
D, shield D shield
— . pBshieta [ v
10 = AusaatPs (2) 7 () (©9)

where Agp, Bgp, Csp and Dy, are user defined variables (—), D; the median grain size of the
fraction (m), D,, the median grain size of the bed (—), #; the fraction mobility (—), ¢s the
direction of sediment transport (°), z; the bed level (m) and ¢, the direction of the shear stress

(°)-
C.2 The digital elevation map and grid

The grid and digital elevation map (DEM) are created in the coordinate system UTM 47N. The
DEM is acquired by combining four different data sets, which are obtained (except SRTM, which
is from 2000) by MBCCDL (Mandalay business capital city development 1td., 2016). These data
sets are:

e Multibeam echo-soundings
e Stereophotogrammetry

e Levelling measurements

e SRTM (Shuttle radar topography mission, 2010)

The levelling measurements are used for the islands, the multibeam echo-soundings for the
channel, the stereophotogrammetry for the banks and the SRTM for the floodplain north of
Mandalay. Since the SRTM mission was in 2000, the data is not up to date and not fitting the
other data sets. However, the flow and sediment transport on top of the floodplain are assumed
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to have a minimal effect on the shift the channels and movement of the islands, which is where
this research is focussed on. Although effects are assumed to be small, attention still has to be
paid on this.

The used grid is a curvilinear grid. According to Schuurman et al. (2013), the formation of
larger bars and channels is grid independent (where he uses a grid size up to 80*200 m?). Only
smaller morphological features are influenced by the grid. Grid cell lengths in the used grid
vary between 30 and 200 metres, where the width is between 50 and 250 metres. Only on
the floodplain north of Mandalay, where morphological changes are assumed to be relatively
unimportant, much larger grid sizes can be found.

C.2.1 Boundary conditions

The boundary conditions are derived from data of the DMH (Department of meteorology and
hydrology, 2014) and a feasibility study of RVO, performed by Royal HaskoningDHV, Rebel,
Arcadis and Deltares (2015). Some statistics of the discharge are displayed in Figures 3.2 to
3.4. The hydrograph is essential for a good result in the simulation. Different stages that can
be distinguished in the hydrograph are low water, rising stage, high water and falling stage. To
investigate the effects of the different stages, which is done in this study, it is necessary that
these are strictly separated in the hydrograph.

The used hydrograph is given in Figure C.1. The discharge during high water, Qp;gn, is chosen at
18,000 m?3 /s and the discharge during low water at 2,000 m?3/s. The threshold for submerging of
the islands is approximately 11,000 m3 /s, so with the choice of these discharges a clear distinction
is there between periods where the islands are submerged, and where not. In between high and
low water, there are the rising and falling stage. A fluent decrease/increase of the discharge is
implemented in the hydrograph to avoid abrupt changes in flow velocity and sediment transport.
The of the rising and falling stage are respectively 120 days and 80 days in morphodynamic time.
High water takes 50 days and low water 115 days. With this input, the hydrograph gives an
good representation of the yearly hydrographs. An example of the year 1988 is given in Figure
C.1.

As downstream boundary a QH-relation is used. This is derived from a Sobek model from a
RVO study and given in Figure C.2
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Figure C.1: Hydrograph 1988 and the schematized hydro- Figure C.2: QH-relation as downstream

graph used in this study with the different parameters to

vary

boundary derived from the Sobek model
from the study RVO
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C.2.2 Bed roughness model

To solve the flow equations (equation C.1 and C.2) and to determine the sediment transport, the
bed roughness has to be expressed in a Chézy value. In the Delft3D software three different bed
roughness models can be chosen to determine this value. The default is an uniform Chézy value
for the complete model. In this option it is also possible to vary the Chézy value over space.
Variation in time is not possible. The other two models are Manning en White-Colebrook, which
are both depth-dependent. Even though the roughness with Manning is dependent on the water
depth to a power one-sixth, and with White-Colebrook a logarithmic profile is used, the methods
show a similar behaviour. The most important choice for the roughness is to use a dependency
on depth or not.

With a depth dependent roughness, the roughness will be higher on top of the bars, compared
to in the channels. A higher roughness leads to a decrease in flow velocity, which causes a
decrease of the sediment transport. However, the roughness is also included in the sediment
transport formulations, where a higher roughness would mean a higher transport. With these
counteraction effects it is always hard to predict what the cumulative effect on the sediment
transport would be. (Schuurman et al., 2013) found a higher movability of the bars using
manning, which means that he found higher transport on top of the bars compared to in the
channels. Where braided rivers are characterized by their movability, it might be favourable to
choose a depth-dependent roughness model.

Still is chosen to use a uniform Chézy in this study. This has two reasons. The first reason has to
do with the calibration of the model. Calibration was done on water levels and flow distribution
over the channels. Chézy performed best here. The other reason is that the roughness-depth
dependency is also used in the derivation of the transport formula (shown in section C.2.4).
This would mean that this dependency is used twice.

C.2.3 Sediment fractions

In the sediment samples in the different channels, as discussed in chapter 3, mostly sand can
be found. In the different channels and on different locations in these channels, a variation of
sediment sizes can clearly be found. This is the reason why multiple fractions are used in the
model. The different chosen Dsg’s are 0.16 millimetre, 0.32 millimetre and 0.6 millimetre.

Chosen is also to use a multiple layer arrangement to be able to model the sorting in the bed.
According to (Yang et al., 2014), this is something which enhances the braided pattern in the
model. The fines can be found on top and just behind the bar, where the coarse sediments are
predominantly found inside the channels. This enhances the moveability of the bars, relative to
the channels.

C.2.4 Sediment transport formula

Widely used sediment transport formulas for sand bed rivers are the Engelund and Hansen
formula (Engelund and Hansen, 1967), the Meyer-Peter & Miiller formula Meyer-Peter and
Miiller (1948) and the van Rijn formula (Van Rijn, 1993). First results with these formulas are
shown in Figure C.3a to C.3c. The van Rijn formula gave relative elongated narrow islands as
result, which differs from observations of satelitte imagery. With Engelund and Hansen deep
channels and high islands were created, which is much different then found from the initial bed.
Meyer-Peter & Miiller performed better there, but showed lower mobility of the islands.

Where Molinas and Wu (2001) also state that the widely used sediment transport formulas
are most of the time not a good estimator for sediment transport in large sand-bed rivers, E.
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Figure C.3: Simulation results with different sediment transport formulas after a period of 2 years with
a constant discharge of 18,000m?/s

Mosselman (personal communication, December, 2016) advised to use an adjusted version of
the Engelund and Hansen formula. In this adjusted version a lower power for the flow velocity
must be used. To keep the unit of the constant equal, this is translated to a change in the
dimensionless shield mobility parameter. The derivation of this formula will be shown in this
section. The expectation for better results lays in the relation between the bed roughness and
the water depth. This relation evolves from combining the formulations for flow velocity of

Chézy and Manning, and reads:
C = Coh'/® (C.10)

In this formula C is the Chézy roughness (M'/?/s), Cy a constant (M'/3/s) and h the water
depth (m). Important in this relation is the power of 1/6. It is expected that a relation with a
power of a half would be a better fit. Then the relation reads:

C = Coh!/? (C.11)

If we rewrite the Chézy formula to C? = ?L—j and equation C.11 to h = C?/CZ, you can find that:

202
c2 = “Z = (C.12)
This means that C*  u2, and so:
3 o ud/? (C.13)
If we take the Engelund Hansen equation, which reads:
m
gs = Eu‘r’ (C.14)
and fill in equation C.13, we can conclude:
u’ 3.5
Gs O 375 XU (C.15)

Since the power of 1/2 in equation C.11 is not a precise fit, the power of 3.5 in equation C.15
is not strict. However, following this formulation, a lower power above the velocity could be
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more appropriate. For this research a power of 4 is chosen. This is implemented in the model
by using the general formula (equation C.4). With the user defined variables v = 20, b = 2 and

¢ = 0, the formula reads:
S = 20D50\/ Ang)()QQ (016)

in which:

2
0= (3)2 L <“h> ! (C.17)
C ADg,g C AD50

Here is visible that the sediment transport is formula is dependent on u*. Using this formula
increased the mobility of the bars and islands significantly. With flow velocities on top of the
bars below 1 m/s (which is as observed in the model always the case), this lower power above the
velocity increased the sediment transport on top of the bars. In the channels, where velocities
with high water are above 1 m/s, this lead to a decrease of of the sediment transport. This
results in higher differences of the sediment transport around bars and so faster movement of
the bars.

In the sensitivity analysis, transport formulas with three different powers above the velocity
are tested, namely 3, 4 and 5 (where 5 is the actual Engelund and Hansen formula). To make
these formulations comparable, total sediment transport was calibrated for all the formulations
with calibration parameter o. C.J. Sloff (personal communication, December, 2016) made a
first estimation of 20 for o using u*, based on measured total sediment transport (including
wash load). This has just been an estimation, since it was unknown which part of the total
load was the bed and suspended load. To keep the different formulations comparable, a similar
amount of sediment transport has to be computed for them. Calibration of the amount of
sediment transport for a certain moment in time is not straight forward. Changing the amount
of sediment transport influences the bed development, which is also of influence on the sediment
transport again. After two iterations the fit in Figure C.4 is obtained. Found magnitudes for
a are 14.6 and 26.8 with u? and u® respectively. The calibration was done at the bridge near
Sagaing (see Figure 3.5).
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Figure C.4: Cumulative bedload transport of the sediment transport formulas proportional to u? (red),
u? (blue) and u® (green)

In the model all sediment transport is defined as bedload. This has as consequence that the
advection and diffusion of the suspended sediment concentrations do not have to be solved,
which reduces the computational time significantly. This change can only be made when the
grid size is larger than the adaptation length of the suspended sediment. The results of the two
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methods (using only bedload and using both bedload and suspended load) are compared and
show equal results (bed levels and sediment transport). For sensitivity analysis it was necessary
to be able to control the amount of sediment input. Using only bedload, the input of sediment
had to be determined as sediment discharge per metre width. With the complex bed and the
continuously changing water level it was impossible to determine a specified amount of sediment
input. In order to predefine the amount of sediment input, it was necessary to switch to the
use of both bedload and suspended load. This gave the possibility to determine a predefined
sediment input as concentration. The sediment in the concentration was directly dropped on
the bed, since the flow was not able to carry it.

C.2.5 Morphological parameters

In many research the bed-slope effect is mentioned as a very important parameter to influence
the braided behaviour of the river (Schuurman et al., 2013; Jang and Shimizu, 2005). It is the
only negative feedback on bar growth, which enhances a dynamic system needed to model a
braided river. In addition, the spiral flow is also an important factor (Schuurman et al., 2013).
For the bed-slope effect the parameters Agpieiq and Bgpiera (see equation C.9) are set to 0.7 and
0.5 respectively. These are default values. For the spiral flow a magnitude of 1.0 is chosen (see
equation C.7). Variations in the magnitude of the bed-slope effect and the spiral flow are both
tested in the sensitivity analysis.

In this study the morphological factor is used to reduce the computational time. This did have
an influence on the sediment transport in the model with the used hydrograph. In Figure C.5,
the differences between a simulation with a morphological factor of 10 and 30 are displayed for
three different locations. Differences at the inflow boundary are largest and decrease further
downstream. When a morphological factor is used, this squeezes the hydrograph (in hydrody-
namic time). This leads to more rapid increase and decrease of the discharge during the rising
and falling stage. When the change in discharge is more rapid than the water level is able to
adopt, this leads to unrealistic velocities. The large flow velocities cause large sediment trans-
ports. In Figure C.5 can be seen that with a morphological factor of 30 the sediment transport
is much higher just after the rising stage. With a rising period of 80 days morphodynamic time
and a morphological factor of 30, the hydrodynamic time of the rising stage is 2.7 days. This
is unrealistic short, so unrealistic sediment transport occurs. This is especially at the inflow
boundary, and decreases further in the system as the flood wave dampens out. With a mor-
phological factor of 10, the peak in sediment transport is already more than 40% lower. Still
is chosen to use a morphological factor of 30, because this decreases the computational time
significantly. Differences in bed level are predominantly found in the first 10 kilometres of the
system, which is similar to changes in the sediment input in the system (see section 4). Because
the 'real’ magnitude of sediment transport is unknown and degradation of the bed in the first
10 kilometres is still found (with a morphological factor of 30), input of extra sediment in the
system is assumed to form no problems for the results.
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Figure C.5: Instantaneous bedload transport at the inflow of the research area, Min Kun (just before the
first large bifurcation) and at Sagaing for in red the simulation with a morphological factor 10 and in
blue the morphological factor of 30.

C.3 Modelling changing inflow direction and bars moving into
the system

This section only holds for the parts where a changing inflow direction is used. In the sensitivity
analysis (chapter 4) this is used for one run and in the evaluation of the model (chapter 5) to
create a more dynamic situation. Both are used in slightly different ways, so they are discussed
separately in this section.

First attempts were done by putting five boundaries at the upstream end of the system. The
inflow was varied yearly by changing the magnitude of discharge of the different boundaries.
Changing the flow on such an irregular bed resulted in instabilities of the model. This gave
reason to extend the with sixteen rows of grid cells. The bed level on the floodplain were
determined using the SRTM data, just like with the rest of the floodplain. At the new inflow
boundary a bed level of 64 metres was chosen. The remaining part of the bed was created using
the ’internal diffusion’ option in Delft3D, which created an almost flat bed. This part of the
grid and bed are shown in Figure C.6.
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Figure C.6: The extended grid and new bed levels
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Creating bars moving into the system with changing boundaries

Bars moving into the system were simulated using five boundaries of equal length in the channel
area. The distribution of the discharge changed every five year as displayed in table C.1. A
sixth boundary was used for the floodplain. As soon as the discharge was high enough to fill the
floodplain, twenty percent of the discharge was assigned to the floodplain. This turned out to be
an overestimation of the discharge there, with erosion channels in the floodplain as consequence.
This problem was solved for the run with changing boundaries for the sensitivity analysis, as
described in the next section.

Table C.1: Flow distribution over time used to create bars

Year‘Ql Q2 Q3 Q4 Qb5

1104 03 0.1 0.1 0.1
5101 01 01 03 04

For the sediment input the option in Delft3D to calculate an equilibrium amount of sediment
with the corresponding flow was used. This gave as result, with a large discharge on one side of
the system and a low discharge on the other side of the system, that sediment input was also
non-uniform over the width. With the water level approximately uniform over the width, but
with large variation in discharge over the width, differences in flow velocity were also significant.
This caused a large sediment input at the location of high flow velocity and low sediment input
on the location of low flow velocity. Because the flow merged directly after inflow, the relatively
high flow velocity decreased directly and the overload of sediment was deposited. In this way
bars were created, which slowly moved into the system. This is shown in Figure C.7. With
this method it was possible to increase the dynamics of the system, but it cannot be used for
a correct simulation of the input of sediment. The amounts of incoming sediment are hard to
control and also the location op deposition is uncertain.
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Figure C.7: The creation of new bars at the boundary of the system
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Changing inflow direction for the sensitivity analysis

With the sensitivity analysis the open boundary at the upstream side is divided into four different
boundaries. One boundary for the floodplain and three boundaries with equal length for the
channel area. The number of boundaries differed from the method in the previous section for an
easier implementation. The inflow direction was changed every year by changing the magnitude
of the discharge of the three boundaries in the channel area. This in periods of eight years, as
shown in table C.2. To solve the problem with the erosion channels in the floodplain discussed
in the previous section, the discharge assigned to the floodplain was changed. Most important
here, is that the floodplain is filled from the downstream side. For this reason it was necessary
to assign a discharge to the floodplain in a later stage. This was done when the total discharge
reached 16,000m3/s.

Because the sediment input had to be controlled in the sensitivity analysis to make the simulation
comparable with the other runs, sediment input had to be controlled. Switched is therefore to
the use of both bedload and suspended load instead of only bedload, because sediment input
could than be controlled as concentration.

Table C.2: Flow distribution over time used for the sensitivity analysis

year ‘ QL Q2 Q3

1107 02 01
2105 03 02
3103 02 03
4102 03 05
5101 02 0.7
6102 03 05
7103 02 0.3
8105 03 0.2
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Appendix D

Bed levels after different runs
sensitivity analysis

In this appendix the bed levels after 10 years simulation time are given for all the different runs

performed for the sensitivity analysis. The input for the different runs can be found in appendix
C.4.

D.1 The use of a hydrograph
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D.2 Variation in peak discharge
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D.4 Variation in sediment input

2444 2444 %
2439 2439}
0 T
5 e o
52434 E 2434 } £
g g
2 i<l ks
s} 8 2
g 2429 g 2429 oM
- - 60
2424 2424}
190 195 200 190 195 200 55

x coordinate (km) —

(a) Equilibrium sediment in-
put (reference)

x coordinate (km} —

(b) Two times equilibrium
sediment input

D.5 Variation in sediment transport formula
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D.6 Variation in magnitude spiral flow
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D.7 Variation in magnitude bed-slope effects
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Appendix E

Channel width correction for varying
discharge on satellite imagery

On the satellite images the width of the channels can vary due to variations in discharge. For
the investigation of change in channel width, it is necessary to subtract the perturbations in
width due to variations in discharge. How this is done, is explained in this appendix.

The first step is to derive a relation between the width of the channels and the discharge. This
is done separately for both the left channel and right channel in the same cross-sections as used
in the sensitivity analysis (see Figure 4.5). The relation is obtained using the initial bed with
varying discharge. The necessary assumption her is that the slopes of banks over the twenty five
cross-sections are on average equal over time. Measurements were performed within the range
of 500 m3/s to 5,000 m3/s. The found relations are displayed in Figure ??. Visible for both
channels, is that the width does not decrease any further after a certain discharge. This means
that the decrease in width from those points is lower than the grid size.
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Figure E.1: Discharge-width relation

The next step is to determine the discharge representative for the used images. The composite
images are an average over approximately eight measurements (eight fly-overs of Landsat in
periods of four months). With a relatively constant discharge over the dry season, it is assumed
that the discharge representing the image is the average of the discharges over the whole period.
With this assumption, fly-over times do not have to be looked up to find the average discharge
of the moments at which the satellite data was obtained. This is assumed to be allowed, because
just some peaks in discharge can be found during the dry season. With the appearance of such
a peak discharge at a fly-over time of the Landsat satellite, the channel width during this high
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SATELLITE IMAGERY

discharge will be fade out in the composite image.

Knowing the average discharges for the images, all widths measured on the satellite imagery
can be corrected for the varying discharge. Correction will be done to a width for a discharge
of 2,000 m3/s. In table E.1, the representative discharges and width corrections are given.
Negative values mean a decrease of the measured with (a discharge higher than 2,000 m3/s) and
positive values an increase of the measured width (a discharge lower than 2,000 m3/s). In this
table is visible that the correction for most years is equal, which means that this analysis does
not have a significant effect on the results in the change of width.

Table E.1: Representative discharge for the different years with corresponding correction of the width of
the two different channels

Year Discharge Correction right Correction left
(m3/s) channel (m) channel (m)
1994 2475 -30 -45
1995 2287 -22 -40
1996 2540 -43 -55
1997 1478 22 35
1998 1953 9 )
1999 1311 22 35
2000 1122 22 35
2001 820 22 35
2002 834 22 35
2003 658 22 35
2004 691 22 35
2005 1746 14 30
2006 754 22 35
2007 704 22 35
2008 1342 22 35
2009 916 22 35
2010 530 22 35
2011 1229 22 35
2012 964 22 35
2013 652 22 35
2014 731 22 35
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