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Abstract

The River Brahmaputra is one of the largest rivers, ranking ninth in terms of
mean annual discharge (19, 800 m3?). The river has a multi-channel,
braided/anastomosed planform that changes frequently and exhibits rapid
transformations in channel morphology. This research was set in the context of
the River Brahmaputra near Majuli Island, Assam, India. Morphologically, this
part of the river is very volatile, increased braiding intensity of the river is
believed by many to be responsible for severe erosion in the southern part of
Majuli Island. Therefore in this research, a medium-term morphological
evolution and change are investigated, in a study reach of 40 km near southern
part of Majuli Island, Assam. There is a limited number of morphological
models that can model the landscape evolution of braided rivers. Beside this,
there is high cost and difficulty in collecting the hydrological, hydraulic,
morphometric and sediment data needed to run a 2D, physics-based model in a
very large, complex braided river, particularly as data for such rivers is often
sensitive and therefore classified. Therefore the best alternative for modelling
complex, braided rivers with limited data availability is to use a form of
simplified morphological model which is known as a reduced complexity model
or RCM. The rcm model CAESAR-Lisflood was used in this research to model
medium term channel evolution. New indices were developed to validate the
rcm model which quantify lateral shifting of the thalweg (Thalweg Migration
Index, TMI), braiding intensity (Modified Plan Form Index, MPFI), cross-
sectional disposition of anabranch channels (Modified Flow Geometry Index,
MFGI) and change in bar area (Bar Deformation Index, BDI). Trends and
changes in the four braiding indices that were forecast by the C-L + models
indicated that the Brahmaputra in the study reach is likely to remain volatile
morphologically for the next two decades. Deposition in this reach is very likely
to continue to exceed erosion, with net deposition increasing through time due
to increased sediment inputs associated with greater monsoon runoff. The River
Brahmaputra may widen its primary channel in response to increased runoff and
net deposition and therefore the braiding intensity will most probably intensify.
The thalweg channel may remain shifting northwards towards Majuli Island.

The number of sandbars is likely to increase and rates at which sandbars are



formed and deformed are likely to rise. The bank erosion and loss of floodplain

may become more severe, especially in the southern part of Majuli Island.
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Chapter 1: Introduction
1.1 Setting the scene

The Brahmaputra is one of the largest rivers on Earth, ranking ninth in terms of
mean annual discharge (19, 800 m3s™). It drains a basin usually stated as having
an area of 520,000, although this has been revised to 712,035 km? based on
recent satellite-based terrain analysis (Assam Tribune, 2011). The overall length
of the Tsangpo-Brahmaputra-Padma-Meghna drainage system from its source
at the Angsi Glacier in the high Himalayas to the sea at the Bay of Bengal is
5,425 km. The river carries a heavy load of sediment, varying between about
500 million and over 1 billion tonnes per year depending on the magnitude and

duration of the annual monsoon flood (Sarker, 2008).

The middle course of the Brahmaputra runs through the Vale of Assam in India.
In this reach, the river has a multi-channel, braided/anastomosed planform that
changes almost constantly and periodically exhibits rapid transformations in
channel morphology. In this research, medium-term trends of morphological
evolution and change are investigated, in a study reach near Majuli Island,
Assam. Majuli Island is the World’s largest riverine island, though its area
decreased during the twentieth century (from a reported 1,255 km? in 1901 to
just over 420 km? in 2001, according to Sarma and Phukan (2004)) due to
erosion by the Brahmaputra and it is proposed to make it a UNESCO World
Heritage Site with a view to better protecting and conserving the island and its
rich culture (TNT, 2018).

To examine the morphological changes of the river Brahmaputra researchers and
investigators have used remotely sensed data. The Space Application Centre
(SAC) and Brahmaputra Board (1996) have jointly studied the extent of river
erosion in Majuli Island. This was undertaken in order to identify and delineate
the areas of the island which have undergone changes along the bank line due to
dynamic behaviour of the river Brahmaputra. Fluvial landforms are formed due
to geomorphological processes operating in the river channel. The channel
pattern or the landform of a river or a reach reflects the hydrodynamics of flow
within the channel and the allied processes of sediment transfer and energy
dissipation (Sharma et al., 2012).
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In large rivers like the Brahmaputra, braiding is generally favoured by the very
large and highly variable discharge, heavy sediment load (including a substantial
component moving as bedload) and easily-eroded, non-cohesive river banks. In
the resulting, wide, shallow channels, multiple secondary flow cells split the
flow into several high velocity threads, which contribute to the formation of mid-
channel bars that grow through time to divide the river into multiple anabranches
(Bathurst et al., 1979; Richards, 1982: Richardson and Thorne, 2000).

Das and Saraf (2007) studied course changes in the River Brahmaputra between
1970 and 2002, and the influence of neotectonics in different reaches of the river
using Landsat-MSS, TM and ETM images. For assessing the rate of erosion of
the river Brahmaputra, Kotoky et al. (2005) studied selected reaches using topo-
sheets (1914-1975) and IRS satellite images in the cloud-free period. In this
study, they superimposed the bank lines to get the areas of erosion and
deposition. However, there was lack of representation of braiding because only
the outer bank lines of the river were mapped, even though braiding processes
have long been recognised as primarily controlling the distributions of erosion

and deposition in time and space (Thorne et al. 1993).

Sharma (2004) did measure the braiding behaviour of the Brahmaputra using
Landsat images, applying a Plan Form Index (PFI) to assess and quantify
braiding intensity. Nevertheless, a comprehensive study of morphological
evolution and braid-channel migration in the Brahmaputra in India has not yet

been undertaken.

The understanding past landscape evolution in such a large and complex river
and developing the ability to forecast future morphological trends and changes
over the medium-term, are key not only to understanding and explaining
morpho-dynamics in great rivers like the Brahmaputra, but also to forecasting
and managing the impacts of future changes in the riverine landscape on people,
property and infrastructure located in and near the river.

There is an increasing demand for understanding, predicting and controlling
large braided rivers (Schuurman et al., 2018). However, one-dimensional (1D)
hydraulic and sediment models that are routinely used for single-channel rivers

are insufficient to simulate the behaviour of braided streams due to their inability
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to simulate the transverse flow field. For better and more realistic representation
of the flow field, two-dimensional (2D) or three dimensional (3D) numerical
models are required. However, 3D models are numerically expensive for
anything larger than very short river reaches and time scales. Hence, 2D models
should be used for realistic hydrological and sediment modelling of braided
rivers. Unfortunately, it is not currently feasible to model substantial reaches of
a braided river over periods longer than a few months or years using a physics-
based, two-dimensional, hydraulic and sediment model with a fully mobile bed

and erodible banks.

Reduced Complexity Models (RCM) provide an alternative approach to physics-
based simulation of braided rivers because they represent process-form relations
in complex geomorphological systems in a simplified manner. However, the
simplifications involved in RCM approaches can reduce the suitability of RCMs
for making precise forecasts of, for example, the exact future locations of
anabranches or bars in a braided stream. On the other hand, RCMs have been
found to be able to simulate changes in overall stream morphology (e.g. channel
width and braiding intensity), evolutionary trajectory (e.g. narrowing/widening
and/or incision/aggradation), and sediment dynamics (e.g. sediment budget)
(Ziliani et al., 2013). Hence, there are reasons to believe that RCMs could be

useful in modelling gross reach-scale braided river morpho-dynamics.

Past studies have evaluated the capacity of RCMs to reproduce laboratory
experiments ((Doeschl-Wilson, 2005), the topographic detail in short river
reaches (Nicholas and Quine, 2007), and processes that operate over geological
timescales (Coulthard, 2002). However, little attention has so far been paid to
the capacity of RCMs to simulate channel behaviour in large, braided rivers at
the time and space scales useful for river science, engineering and
management.To address this research gap, this study evaluates the capacity of
an RCM to model selected morphological indices and behaviours in the braided

River Brahmaputra near Majuli Island, Assam.
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1.2 Research Question

To what extent can a cellular automaton, landscape evolution model be used to

simulate medium-term channel evolution in a large complex braided river? A

case study of Majuli Island, in the River Brahmaputra, Northeast India.

1.3 Objectives

1.

To undertake a literature review to characterise the major hydrologic,
hydraulic and geomorphologic processes driving landscape evolution in
Majuli Island, and also undertake a review of the literature on channel

evolution modelling in very large, complex rivers.

To develop new braiding indices that better describe braided river
morphology and that can be used to derive morphological performance

metrics for validation and interpretation of numerical models.

To identify an appropriate modelling approach and a specific tool for
simulating channel evolution processes near Majuli Island at a reach-

scale and over the medium-term.

To understand the performance and limitations of cellular automaton
models in braided river modelling.

To identify the data sources and pre-processing requirements for
parameterisation of the CAESAR-Lisflood model and to assemble the data
required for CAESAR Lisflood to undertake hindcasting of channel

evolution.
To develop a method for calibrating CAESAR-Lisflood.

To assess changes in medium-term river morphological forecasts by the

cellular model.

Compare the trends and changes forecast using the C-L + HO8 model
combination with the results of previous studies to assess their plausibility
and validate the modelled forecasts of morphological changes responsible

for medium-term landscape evolution in Majuli Island.
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9.  To evaluate the applicability of landscape evolution modelling and

interpret research findings in the context of the future river and land

management at Majuli Island.

1.4 Thesis Structure

The structure of the thesis is designed to address each of these nine research

objectives in turn. Table 1. sets out the structure of this thesis.

Table 1.1. Structure of the thesis

Chapter(s)

Topic(s)

2, 3 and 4 Background,
braiding indices and model
selection

Description of geomorphological changes occurring in the
River Brahmaputra.

Development of new braiding indices to measure the
morphological process response of the river Brahmaputra.
Explanation of the need to develop medium-term
landscape evolution of the River Brahmaputra near Majuli
Island.

Justification for the use of the CAESAR-Lisflood reduced
complexity, cellular automaton model in this research.

5 and 6 Hindcasting

Description of model operation and data requirement.

Changes in model parameter values and model operation

Model evaluation criteria and model evaluation

7 Forecasting

Selection of the best fit

Forecast of reach hydrology

Ensemble of forecasting runs
Trends of medium-term channel evolution
(thalweg sub-channel behaviour, braiding intensity)

8 Discussion of contribution to
knowledge

Discussion of the new knowledge in the research findings
with respect to modelling and forecasting medium-term
landscape evolution in the Brahmaputra and other large,

braided rivers.

9 Conclusion and
recommendations

Conclusions, key research findings and recommendations
for future research.
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Chapter 2: Study Basin
2.1 Geography

The Brahmaputra is one of the World’s largest rivers. It originates as a snow-
melt fed stream in the high Himalayan mountains of Southern Tibet, China,
where it is named the Tsangpo. Within China, the river initially flows eastward
before it turns northeast to cross a series of falls and rapids. It turns sharply
south-south-west and steepens for about 500 km (Figure 1.1) before entering the

Indian state of Arunachal Pradesh where it is called the Siang.
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Figure 1.1. Long profile of the River Brahmaputra. Source WAPCOS (1993).
In Arunachal Pradesh, the gradient decreases markedly, as the river flows across

the plains of Pasighat. The tributaries Dihang, Dibang and Lohit enter the Siang
near Laikaghat, which is about 50 km downstream of Pasighat, forming the
Brahmaputra (Figure 1.2). The Brahmaputra then flows through the relatively
narrow Assam valley within the state of Assam (Sarma and Phukan, 2005),

before it makes it way to the Bay of Bengal via Bangladesh.

The overall length of the river is 2,880 km, of which 1,625 km is in Tibet, 918
km is in India and 337 km is in Bangladesh. The drainage has an area of 520,000
km?, of which 293,000 km? is in Tibet, 45,000 km? is in Bhutan, 195,000 km? is
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in India and 47, 000 km? is in Bangladesh (Sarma and Phukan, 2005). The
Brahmaputra is the World’s 7th largest river, with the highest specific water and
sediment yields (Thorne et al., 1993).

The 40 km study reach for the research reported in this thesis is adjacent to
Majuli Island, which is near the city of Bessamora, Assam, India (Figure 1.2).
Due to the marked reduction in slope downstream of where the river exits the
Himalayas, sediment dynamics within the river in this reach are dominated by
deposition processes, which result in a braided planform and a long-term trend

for sediment accretion (Sarma and Phukan, 2005).

Majuli Island is bounded by the River Subansiri to the northwest, the Kherkatia
suti (a seasonal, flood spill channel) to the northeast and the Brahmaputra to the
south and southwest. Majuli is the World’s largest river island, measuring 80 km
in length (east-west) and 10-15 km in width (north-south). The island ranges in
elevation between 30 and 114 m above mean sea level and has an area of just
over 520 km? (Brahmaputra Board, 2013).

The annual average discharge of the Brahmaputra is around 8,830 m3 s at
Bessamora (period 1975-1990, WAPCOS, 1993) and the annual average
suspended sediment load (measured at Pandu, which is 200 km downstream of
Majuli Island), is about 400 million tonnes (period 1955-1979, Goswami, 1985).
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Table 2.1: Rationale description of the scale and boundaries of the study area.

Action

Justification

1. 17 years, daily simulations

(1998- 2015)

Availability of continuous daily water
discharge and sediment load data for river

Brahmaputra.

Extrapolating  discharge
and suspended sediment
data the data by calculating
the catchment area of
Brahmaputra near Majuli
Island form the satellite
image and suspended
sediment rating curve of

Pandu.

17 years data (1998- 2015) were collected
from Pandu gauge discharge, sediment site
(GDS), Water Resource Department, Govt.
of Assam, India.

Daily data available in Water Resource
Department for this period.

Pandu is the only gauge discharge, sediment
site (GDS) in river Brahmaputra in Indian
counterpart. This gauge discharge site is 200
km away from Majuli Island. The other
discharge site of Brahmaputra measure
discharge only which is not useful for this
study.

CAESAR Lisflood model has simulated
both daily water discharge and suspended
sediment load.

Catchment area was calculated in Arc GIS

using hydrology tool.

3. Selection of the reach (40

km approximately).

Based on the results outcome of the five
newly developed indices, the research has
investigated that the southern part of Majuli
Island is very vulnerable in term of land
degradation (Figure 1.3).

Hence it will be very significant to run the
simulations for this reach and compare the
modelled output with the Landsat data

output.
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Figure 1.2. Location map of the gauge stations in the whole catchment of the River Brahmaputra, study area Majuli Island in Assam.
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Figure 1.3. Location map of the study area Majuli Island in Assam.
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Table 2.2: An overview of the combined field work, remote sensing, hydrological, sedimentological, bathymetric data, existing earth observation and

modelling approach

Technique

Data and modelling approach

Purpose or Use of data and modelling
approach

1. Fieldwork

1. Collected sediment samples from the
floodplain, sandbar (stable and unstable)

2. River reconnaissance survey

3. Interaction with the local people, NGO,
Govt. official and news media channel

1. Classify the grain sizes which were used in
hydrological modelling

2. Measuring the slope of the river bank which
was used in the hydrological modelling

3. Vegetation type and growth which was used
in the hydrological modelling

4. Information about the level of flooding and
erosion in Majuli Island

5. Mitigation measures which were undertaken
by the government

6. View of the local people and NGO’s about
those mitigation measures and their opinion

2. Remote sensing

1. Landsat images
2. SRTM 90 m resolution

1. NDVI technique was used to classify the
land-use and landcover from the Landsat
images of the study area, which has helped in
delineating the river channel, sandbar and
floodplain to calculate the braiding pattern of
the River Brahmaputra near Majuli Island

2. To create the Bathymetry of the River
Brahmaputra in GIS.

3. Modelling approach

1. Reduced complexity modelling which is
designed to model the long-term landscape
evolution of the large fluvial system

1. Reduce complexity modelling approach
was used to model 40 km reach of the River
Brahmaputra for 20 years near Majuli Island.
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4. Hydrological data

1. Daily discharge flow (source: Water
Resource Department, Government of India).
2. Daily discharge flow (H08, JULES, LPJML
and MacPDM) (source: ISIMIP, University of
Potsdam)

1. Hindcasting 17 years flow model (1998-
2015 March) River Brahmaputra near Majuli
Island

2. Forecasting 20 years (2015 April — 2035)
River Brahmaputra near Majuli Island

5. Sedimentological data

1. Daily suspended-sediment load data for
three-grain size (2mm, 600 pm and 75um).
The daily suspended sediment load was
extrapolated from the sediment rating curve of
the River Brahmaputra.

1. The extrapolated suspended sediment load
was used both for hindcasting and forecasting
landscape evolution model for the River
Brahmaputra.

6. Bathymetric data

1. Bathymetric data was prepared by
combining SRTM 90 m DEM and measured
cross-section data (source: Water Resource
Department, Government of India).

1. SRTM data was used to create the
floodplain and sandbars, while cross-sections
data were used to create the bathymetry of the
river channel (more detail in chapter 5).

7. Accessing of existing earth observation

1. Landsat images and SRTM 90 m DEM
e Tracing the braiding pattern
e Thalweg channel migration
e Sandbar formation and deformation
e Channel widening

1. Quantifying the braiding pattern, thalweg
migration, sandbar formation and
deformation, channel widening using newly
developed braiding indices.

22




2.2The planform classification of the River Brahmaputra

Character of Sinuosity

Character of Braiding

Character of Anabrancing

A

A. Single Phase, Equiwidth
Channel, Deep

NN

B. Single Phase, Equiwidth
Channel

C. Single Phase, Wider at
Bends, Chute Rare

D. Single Phase, Wider at
Bends, Chute Common

ARG

E. Single Phase, Irregular
Width Variation

F. Two Phase, Bimodal
Bankfull Sinuosity

G. Two-Phase, Bimodal
Bankful Sinuosity

A. Mostly Bar

B. Bars and Islands

\/\/_’
‘.:._‘
\/\/\/

C. Mostly Islands, Diverse
Shape

=8

D. Mostly Islands, Long and
Narrow

JEN

A. Sinuous Side Channels Mainly
[~
/\J@\
/\/\
B. Cutoff Loops Mainly
==

C. Split Channels, Sinuous
Anabranches

=

D. Split Channel, Sub-parallel
Anabranches

Oy

E. Composite

Figure 1.4: Channel pattern classification devised by Brice (1975)

The existing classification of channel morphology fails to account for dynamic

adjustment or evolution of the fluvial system. Therefore geomorphologist has

begun to develop a new classification of channel morphology. Brice 1975 has

classified channel morphology based on the simple characteristic of river i.e.

sinuosity, braiding and anabranching (Figure 1.4). In 1981 Brice has modified
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the classification of channel morphology based on relatively simple adjustment

which has identified channels as degrading, aggrading, widening and lateral

shifting.
Meandering Braiding Style Anastomosing style Combination of all the
Style three river style (hybrid

river)

I — e
0 2 4 8 12 16

[ == Kilometers
0 2 4 8 12 16

Figure 1.5: Deconstruction of planform pattern of the River Brahmaputra.

The most comprehensive system of channel classification was given by Rosgen
(1994) which was based on the channel entrenchment, width-depth ratio,

sinuosity, slope range and channel material.

Rivers are subjected to alter the shape and morphology when there is a change
in the velocity, boundary roughness, slope, discharge, sediment grain size,
sediment concentration and channel width and depth (Leopold et al., 1964). The
River Brahmaputra can be classified as a complex or hybrid river system as it is
composed of all the river pattern described by Brice, Rosgen etc. The River
Brahmaputra has meandering, braiding and anastomosing channels pattern. In
different location the pattern varies, the dominance of one pattern coexist with

the other channel pattern (Figure 1.5).
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2.3 Fluvial geomorphology and the influence of seismicity

The channel of the Brahmaputra near Majuli Island is wide and shallow, with

multiple sub-channels through which the flow is distributed around and dissects

numerous sandbars and islands in the braided planform. According to Sarma
(2005) and Charlton (2008), braid bars can be divided into four categories:

mid-channel braid bars and islands,

1
2. lateral or sidebars,
3

. tributary bars,

4. unit bars.

Salient features of the geology and geomorphology of the Assam Valley around

Majuli Island are described in Table 2.1.

Table 2.3. Salient geological, hydrological and geomorphic features at Majuli Island.

Features

Impacts

Tectonics

Elevates river bed and increases discharge and

sediment yield, causing floods and erosion.

Precipitation

Heavy rainfall during monsoon causes flooding.

Topography Low relief (30-114 m above mean sea level) in the
Island make it vulnerable to flooding during the
monsoon season.

Braiding Deposition in the river creates sandbars and islands.

Anabranching

Leads to erosion and dissection of the island fragment
it into smaller islands and leads to new bars forming.

Meandering Tuni
River and  Dback
watering

High stages in the Brahmaputra cause backflow in the

Tuni River which floods the island and causes erosion.

Lateral shifting of

Brahmaputra River

Causes of bank erosion, especially along the southern
flank of the island.

Embankment failure

Breaching due to bank erosion or during floods leads

to severe life risks and property damage on the Island.
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Mid-channel bars are formed in areas of flow divergence and are mostly sand
with little vegetation. They are elongated and either rhombic or triangular in
shape, with their long-axis aligned parallel to the direction of flow. Islands are
more stable mid-channel bars, covered by vegetation. However, during high
flows, when and where currents breach the channel boundary, they create new
sub-channels by eroding either a stable island or the floodplain. As new sub-
channels are created, existing sub-channels are abandoned as their flow is
diverted elsewhere, or when they become infilled with sediment (Charlton,
2008).

The Brahmaputra is able to form and reform numerous sandbars due to its
abundant load of sediment, which is derived from the catchment upstream and
local river bank erosion. During high flows, these braid bars are partly or wholly
submerged, the sub-channels tend to merge into a single, very wide channel with
few visible bars (Figure 1.3). Conversely, during low discharges, extensive
numbers of bars and areas of bar surface are exposed, with the river divided into
a thalweg channel and multiple, secondary and tertiary anabranches (Figures 1.4
and 1.5). Sub-channels in braided reaches of the Brahmaputra are highly
dynamic, frequently changing in size and shifting in position (Figurel.6).
Alterations, involving dissection and modification of existing sandbars and the

genesis and growth of new bars, occur over relatively short periods (days to a

year).

The presence of braid bars and islands, coupled with the large discharge and
sediment load of the river generates complex patterns of flow and sudden shifts
in the patterns and locations of sub-channels. Individual sub-channels may be
created, abandoned and/or reoccupied within the space of a few days (Charlton,
2008). This phenomenon leads to a distinct planform type, referred to as

anabranching.

Anabranches are substantial second-order sub-channels etched into the braid
plain and/or the surrounding floodplain. Anabranches divide up the land into a
number of large islands. This is type of planform is predominant in the
Brahmaputra in Assam. In fact, anabranching is currently dissecting the southern

part of Majuli Island (Figure 1.6). Unlike sub-channels, major anabranches each

26



have their own characterises and their planforms may be straight, meandering or
braided. The sinuosity of actively meandering anabranches is, however,

relatively low and rarely exceeds 1.5 (Sarma and Phukan, 2004; Charlton, 2008).

Figure 1.6. Sandbar formation near Majuli Island during high flow.

Figure 1.7. Exposed sandbar near Majuli Island during low flow.
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Figure 1.8. Exposed sandbar near Majuli Island during low flow.

There are also low-energy anabranches that are relatively inactive
geomorphologically. In these reaches, the Brahmaputra is described as
anastomosing. In contrast to braided reaches, rates of lateral channel migration

are typically very low in anastomosing reaches.

While the sub-channels and even some anabranches are unstable and change
frequently (especially during floods), the overall course of the Brahmaputra near
Majuli Island is relatively stable. That said, it has changed historically and could

do so again, depending on future flow and sediment transport conditions.
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The shifting planform of the river, its capacity to increase in width (creating the
space for the genesis, growth and movement of braid bars) depends on the
existence of readily erodible river banks. A history of severe erosion and
morphological change at Majuli Island demonstrates that its bank materials are
highly susceptible to erosion (Figure 1.6). The fact that bank erosion is
concentrated in the southwestern part of the island, near the confluence of the
Brahmaputra and its tributary the Subansiri, indicates that it is these rivers that
are primarily devouring the land, with the maximum long-term rate of bank
retreat being on the order of 50 m y*. Sediment eroded from the southwestern
part of the island is feeding bank accretion along the River Subansiri to the north,
where the banks in some locations are advancing at a long-term, average rate of
about 150 myr? (Sarma and Phukan, 2004). Notwithstanding these contrasting
rates, erosion has dominated accretion overall. For example, the total area of
Majuli Island in 1914 was 734 km? but this had decreased to 506 km? in 2008.
Most of that decrease has occurred since the Assam Earthquake of 1950. In fact,
the area of the island has decreased by more than 370 km? since 1950 alone
(Singh, 2011). Recently, however, there has been an increase in the landmass of
Majuli Island, which was measured to be 523 km? in 2013.

The severity of erosion in the area can be attributed at least in part, to its
seismicity, with the 1950 Assam Earthquake being pivotal. Morphotectonic
models created by Lahiri and Sinha, (2012) describe how coseismic and
interseismic forces influence the morphodynamics of the Brahmaputra,
including in the reach adjacent to Majuli Island. Lahiri and Sinha (2012) model
depicts the pre-1950 earthquake the Brahmaputra as being highly dynamic and
aggradational in the upper two units of the Assam valley (Figurel.9). Frequent
avulsions in tributaries draining from the north contrast with older, meandering
south bank tributaries. This reflects the influence of two different tectonic
domains: namely, the Himalayan thrust belt to the north and the Naga Patkai
thrust to the south.

The Great Assam earthquake of 1950 had a magnitude of 8.7, making it the most
powerful recorded earthquake at that time. This event caused landslide on a huge
scale in the eastern Himalayas and led to liquefaction of large areas in the Assam

Valley. Massive disturbance of the landscape increased the supply of sediment
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to the Brahmaputra, resulting up to 3 m of bed aggradation in a very short period
following the earthquake. Coseismic subsidence in the Subansiri and Lohit
depressions generated further morphodynamic changes in the Brahmaputra.
Aggradation occurred in the Lohit depression, destabilising the channel and
accelerating rates lateral erosion in unit 1 (Figure 1.7).

A) Pre -1950

Unit 1

Coeeismic subsidence of the
Subansiri depression

Majuli Island

Dramatic increase in

lateral erosion md

C) Post-1950 onward N m“:,aw' Mm
(interseismic)

Shift in the site of effective
aggradation from unit 1 to
unit 3

Interssismic
upper cantral
upift conbinues

Interseismic uplift of the Mikir hills
influences Dhansin depression and it is free
from subsidence as well as generation of naw
accommodation space

Figure 1.10. Coseismic and inter-seismic forces influencing morphodynamics
in the Assam Valley. (A) Pre-1950 earthquake. (B) 1950 earthquake caused
subsidence in the Subansiri and Lohit depressions which helped to generate
more space for sedimentation. (C) Post-1950 earthquake to the present-day
scenario. Aggradation in the Lohit depression decreased the bedload/suspended
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load ratio and increased lateral erosion tremendously in unit 1. Unit 2 does not
show much change in braid bar/channel area ratio. The site of effective
aggradation shows a switchover from unit 1 to unit 3. Subsidence in the
Subansiri depression caused a number of channels of the north bank to avulse
in the southwest direction. South bank tributaries remained mostly unaffected.
Source: Lahiri, and Sinha (2012).
Following the earthquake, subsidence to the north of Majuli Island continued in
the Subansiri depression. This has resulted in channel widening and an increase
in the amount of sediment locally supplied to the Brahmaputra after it has left
the Himalayas and entered the plains, overloading the river and driving a

gradually accumulating, morphodynamic trend (Goswami, 1999).

Local sediment supply is also controlled by hillslope stability, the extent and
density of vegetation cover. In this case, sediment supply is the dependent
variable and vegetation cover the controlling variable. Climate change affects
both vegetation cover and hillslope stability, which, in turn: determine local
sediment supply; influence channel pattern; affect in-stream flow dynamics,
and; govern sediment transport capacity. Over long periods, it is the cumulative
effects of these small-scale processes and adjustments that drive large-scale

changes in the Brahmaputra.

According to the neotectonic models developed by Lahiri and Sinha (2012),
Majuli Island is northward dipping due to the influence of the Main Frontal
Thrust in the foothills of Himalaya. The dip slope of the island is believed to
promote northward channel migration and affect patterns of valley
sedimentation. Additionally, the Jorhat Fault (in the south of Majuli Island) is
thought to define the southern boundary of the island.

Based on these models, Lahiri and Sinha (2012) interpreted historical trends and
changes in selected fluvio-geomorphic parameters including: channel belt area
(CHB), channel belt width (W), braided bar area (BB), channel area (CH),
thalweg changes, and bankline migration at Majuli Island for the years 1915,
1975 and 2005. Their interpretations suggest that temporal variability in CHB,
W, BB, CH, LB and RB is strongly correlated with the rate at which Majuli
Island is eroded. Channel belt area (CHB) and width (W) are negatively

correlated with erosion rate, while braid bar (BB) and channel (CH) areas are
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positively correlated, particularly in the lower half of Majuli Island. Lahiri and
Sinha (2012) argue that increased erosion of the Majuli Island, particularly
between 1975 and 2005, is clearly related to the increase in braid bar area
observed in the lower reaches of the Brahmaputra in the study area.

Time itself is an important factor. Every drainage basin has a historical legacy
resulting from past changes that have taken place. Channel changes over periods
of tens to hundreds of thousands of years can materially adjust the slope of the
entire valley. The current form of the Assam Valley results not only from
tectonics but also from the cumulative effects of fluvial processes of sediment
erosion, transport and deposition over short as well as long periods. Figures 2.6
illustrate changes in the form and features of the basin and how the evolution of
the drainage networks of the Brahmaputra and Subansiri between 1917 and 2010

has changed the shape and size of Majuli Island.

2.4 Bank and bar sediments at Majuli Island

The banks of the Brahmaputra are composed of fine sand and silt in varying
proportions, with the only minor amounts of clay (generally <5%) (Goswami,
1985). According to the subsoil surveys carried out by the River Research
Station at various locations on Majuli Island and encompassing a depth of up to
30 m, the island is mostly underlain by grey coloured, fine to medium sized,;
poorly graded sand covered by light grey coloured silt mixed with clay, and; fine
sand of varying thickness ranging from 1.5 to 12 m. However, there are few
pockets (for example, Salmora, Dakhinpat and Bessamora, all located in the
southwestern part of Majuli Island bordering the Brahmaputra), where the soil
is rich in inorganic clay and the depth of clay-rich horizon is greater than 15 m
(Goswami, 2001; Singh and Goswami, 2011). Field investigations conducted
during this doctoral research at various locations on Majuli Island corroborate
these finds, as described later in this section.
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The Wentworth scale was used in this research (Table 2.2).

Table 2.2. Wentworth (1922) grain size classification
4.75 mm —» Granule

2mm ——» Very Coarse Sand
1mm —— Coarse Sand

600 pm ——p Medium Sand
425 um ——p Medium Sand
300 um ——p  Medium Sand
212um —p Fine Sand

150 um — Fine Sand

75 um —» Very Fine Sand
Pan — Silt & Clay

Major morphological changes are possible in the Brahmaputra due to its great
power and the high erodibility of the channel banks, which may, in turn, be
attributed to the lack of cohesive materials. In detail, the hydraulics of the near-
bank flow and the composition of the bank materials control the types and rates
of bank failure. Generally, rapid bank retreat results from frequent failure events.
As noted above, according to the literature, bank material at Majuli Island varies
mostly from coarse sand to fine sand and silt.

To investigate the size distributions and properties of sediments and bank
materials, in this study samples were collected from river banks and sandbars at
selected locations along the Brahmaputra near Majuli Island. The locations
were: Dhakhinpat (samples DHK1, 2, 3, 4, 5), and; Kamalabari (samples at the
ghat, (Figure 1.10) a sandbar opposite the ghat, and the embankment (Table 2.3).

Table 2.4: Sediment sampling locations.

Location Latitude Longitude Elevation m
DHK 1 26°55'58.24"N | 94°13'05.93"E 86
DHK 2 26°55'07.98"N 94014'40.16"E 87
DHK 3 26°55'24.40"N | 94°17'52.86"E 87
DHK 4 26°56'47.66"N 94018'25.71"E 89
DHK 5 26°54'24.42"N 94016'44.67"E 88
Kamalabari 26°54'57.39"N | 94°09'37.93"E 84
Sand Bar 26°54'59.20"N | 94°09'38.47"E 85
Embankment 26°55'12.08"N | 94°09'10.51"E 91

Samples DHK 1 and DHK 5 come from sandbars visited under low flow
conditions during December 2014. These samples have a high proportion of
medium sand and they are, consequently, non-cohesive. In contrast, samples
DHK 2 (Figure 1.11), DHK 3 and DHK 4 are from the bank of the Brahmaputra.
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These samples are more than 50% silt and clay and they are cohesive. Dakhinpat
(as well as the nearby communities of Bessamora and Salmora) are in the region
of Majuli Island which is less affected by erosion. Samples collected from
Kamalabari ghat and a sandbar opposite contain more than 50% of silt and clay
and are also cohesive. At Kamalabari ghat, a sample was also collected from the
earthen embankment, which is known as the ‘lifeline of Majuli Island’ (Figure
1.10). The embankment mostly comprises medium sand and is non-cohesive.
Due to its non-cohesive nature, the embankment is highly prone to erosion or

breaching during high flows.

Figure 1.12. Sediment sample collection near Kamalabari ghat.
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Figure 1.14. Sediment sample particle size distributions.
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Figure 1.15. Particle size distribution for the embankment sample.
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The government has constructed 155 km embankments to protect Majuli Island
from flooding, including the south-east embankment (Figure 1.13), which is the
longest and is known as the ‘lifeline of Majuli Island’. During floods, the
Brahmaputra sometimes breaches the embankments, leading to serious flooding.

Bank retreat between 1996 and 2001 consumed land in Majuli Island at an
average annual rate of 6.42 km2yr! (Sarma and Phukan, 2004) and in areas
where the bank is retreating, the embankment is also threatened by erosion. In
response, the embankment has been retired along about 42 km of its length over
the last 20 years. Consequently, only about 88 km of embankment still follows
its original alignment. Conversely, in 2013, the Brahmaputra Board reclaimed
2.47 km? of land at Majuli Island by raising and strengthening 96.2 km of the
embankment (Table 2.4).

Figure 1.16. The south-east embankment, the ‘lifeline of Majuli Island’.
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Table 2.5: Total land area, eroded area, reclaimed area and loss area of the Majuli Island, 1914- 2013. (Source: Brahmaputra Board, Guwahati).

Area of Majuli Island Area eroded Area reclaim The average loss of area per

Year in km? in km? in km? year in km?
Source

1914 733.79 Survey of India map
1949 708.91 24.88 0.71 Survey of India map
1963 588.79 120.12 8.58 Survey of India map
1988 513.89 74.90 2.996 IRS LISS Il
1998 510.79 3.10 0.31 INSAT IC LISS Il
2000 520.23 9.44 INSAT ID LISS I
2003 511.89 8.34 2.78 INSAT ID LISS I
2004 502.21 9.68 9.68 IRS P6 LISS 111
2008 506.37 4.16 IRS P6 LISS 11
2013 522.73 16.36 247 3.27 IRS P6 LISS 111
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2.4 Cross-sectional evolution of the Brahmaputra near Majuli

Island
The Assam Department of Water Resources has established and periodically

resurveys 65 cross—sections in the Brahmaputra within the state of Assam.
Cross-sections in the reach adjacent to Majuli Island extend from C.S. 45
upstream to C.S. 58. These cross-sections were resurveyed in 1988, 1998 and
2007 (Figures 1.14 and 1.15)

Near Majuli Island, the width of the river varies between 9 and 18 km and cross-
sections are characterised by multiple channels of varying depths that are
separated by bars and islands with varying elevations. For example, in 1988, at
C.S. 55 the major anabranch was in the middle of the braided channel and there
were also two second-order channels and a few small sub-channels near both the
north and south banks of the river. At the same cross-section (C.S. 55) in 2007,
the main channel had deepened and widened while the second-order sub-
channels had disappeared due to sedimentation, with a few small sub-channels

remaining in the braided pattern.

Further downstream, at C.S. 54, in 1988, the main channel was close to the north
bank, with two second-order channels and a few small sub-channels located
towards the south bank. In 2007, the location and dimensions of the main
channel remained unchanged, but the second-order channels were replaced by
additional sub-channels in a more intensely braided pattern. Further downstream
again, at C.S. 53, in 1988, the main channel was along the south bank with two
second-order channels towards the north bank. When next resurveyed in 2007,
the major anabranch had deepened and one of the second-order channels had
disappeared due to sedimentation processes.

At C.S. 50 in 1988, a deep main anabranch was found slightly to the south of the
centreline of the braided channel. However, in when the cross-section was
resurveyed in 1998 (following the massive flood event with a record daily
discharge 37,709 m3s™ and the highest recorded daily sediment load of 18,000
m3s! the main anabranch had shallowed due to deposition of flood sediments.
In 2007, C.S. 50 the main anabranch was still in the same position, though it had
widened slightly, and two second-order sub-channels had formed towards the
north bank.
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At cross-sections C.S. 49, 48 and 47, the major anabranch was narrow and
shallow in both 1988 and 1998. However, at C.S. 48 and 47 in 2007, the major
anabranch had split into two large, second-order sub-channels, one adjacent to
the north bank and the other one in the middle of the braided river, together with

a number of small sub-channels which had developed in these cross-sections.

At cross-sections C.S 48, 47, 46 and 45 the river seems to have evolved into a
broadly anastomosing pattern within which the sub-channels remain relatively

stable and in approximately the same locations between 1998 and 2007.

Notwithstanding its relative stability, some changes are still evident in the reach
between C.S 48 and C.S. 45. For example, at C.S. 46 in 1988, the main
anabranch was locally divided into two, second-order, sub-channels. But in 1998
(following the major flood event that summer) the second-order channel closer
to the south bank widened and deepened due to erosion. Conversely, in 2007 the
main channel was shallower due to sediment deposition. At C.S. 45 in 1988, the
main anabranch was adjacent to the south bank. In 1998, following the flood, a
new main anabranch and another second-order channel had developed closer to
the north bank, while the abandoned course of the 1988 main anabranch had
partially silted to form a channel complex that included one, second-order, sub-
channel and a small number of lesser sub-channels, all flowing along the south

bank. This pattern remained unchanged in 2007.

It is clear from consideration of cross-sectional changes observed in 1998 that
the record flood event (and the associated record sediment load) had a
tremendous morphological impact on the Brahmaputra adjacent to Majuli
Island. Generally, the great flood simplified the multi-channel morphology,
scouring shallow areas and filling deep areas. This contrasts with generalised
morphological changes observed at intermediate stages and discharges when the
flow is divided between a number of anabranches and sub-channels of different
orders that are separated by braid bars (Sharma, 2005). Under these flows, bar
growth reduces the overall cross-sectional area, concentrating flow in the
anabranches and sub-channels. Sub-channel deepening, widening and lateral
erosion then ensues, forming one or two large anabranches and/or multiple

second-order sub-channels. In anabranches and sub-channels adjacent to the
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floodplain, bank retreat results in the Brahmaputra widening and/or migrating
laterally, usually towards the north. Braiding is most intense in reaches where
bank materials are non-cohesive and easily eroded because such banks do not
restrict processes of widening or lateral migration driven high discharges that
deposit a significant proportion of their heavy sediment loads. In reaches where
the bank is formed in cohesive materials, for example near Dakhinpat and
Bessamora on Majuli Island, bank retreat and/or lateral migration is somewhat
restricted, which results in deeper channels being scoured.
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Chapter 3. Quantitative analysis of morphology
and process-response in braided rivers

3.1. Introduction

Braided rivers generally have higher stream powers than otherwise equivalent
single-thread rivers. It follows that braided rivers must be able to dissipate the
excess energy somehow, given that hydraulics in both single-thread and braided
rivers approximate uniform, steady flow. Braided rivers achieve this by
transporting heavy sediment loads, building multiple bars, eroding their banks,
and developing very wide, shallow channels which are hydraulically less
efficient than the channels of single-thread rivers. Processes of bank erosion and
braid bar formation, deformation and destruction are, consequently, intertwined
with the need for braided rivers to dissipate their excess stream power through

morphological changes that increase flow resistance.

In a braided river, sandbars are transient and relatively unstable sediment
features, while islands are relatively stable and more long-lived. Sandbars are
modified almost continuously by processes of sediment erosion, transport and
deposition: they respond quickly and evolve rapidly during their short lives.
Vegetated islands are modified intermittently: they respond slowly and persist
for decades to centuries.

Major changes in the dimensions of the braided channel take place during
medium to high, in-bank flows due to rapid rates of erosion, transport and
deposition facilitated by high stream power, mobile bed sediments and erodible
banks. Flow in the wide, shallow channel that results in features multiple
secondary flow cells that break it up into multiple flow threads, with sub-
channels forming where secondary currents converge at the surface, down-well
and diverge at the bed, and medial bars forming where secondary flows converge

at the bed upwells and diverge at the surface.

Such is the power and sediment load of the River Brahmaputra that the processes
outlined above are able to mould a channel that is huge and hugely variable, with
flows that divide and rejoin to give that channel a complex and ever-changing

morphology. In short, the Brahmaputra manifests braiding process-response at
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a scale seldom observed elsewhere. The magnitude of discharges in the river
derived from snowmelt in the World’s highest mountain range, coupled with
rainfall in the Indian monsoon. The abundant sediment supply is attributed to
erosion of actively uplifting mountains of the Himalaya together with re-

entrainment of highly erodible, alluvial deposits stored in the Assam valley.

Recognising these basic facts explain why the Brahmaputra is one of the largest
and most active braided rivers, globally. The extent of variability of its overall
waterway ranges from its narrowest width of about 1 km, near Guwahati, to the
23 km wide braid plain about 30 km downstream in Gumi. The study reach for
this research extends about 40 km along the River Brahmaputra adjacent to
Majuli Island. As described in Chapter 2, this stretch of the river features sub-
reaches exhibiting anastomosed, anabranched and braided channels divided by
varying patterns and sizes of sandbars and islands, none of which are permanent
in nature. To support systematic and quantitative analysis of the complex
geomorphological traits of the study reach, it is essential to apply rationally
derived and rigorously defined parameters capable of faithfully characterising
and representing the nature of the river’s morphology. This type of analysis is
not new and a number of ‘braid indices’ have been developed in past studies for
this specific purpose. The next section reports work undertaken to determine the
suitability and utility of existing indices that led to the decision to modify

selected indices to make them compatible with the objectives of this study.

3.2 Existing and Modified Braiding Indices

Generally, braiding indices fall into one of two categories. The first category
considers the mean number of active channels or braid bars per transect across
the channel. The second category considers the ratio of the sum of channel
lengths in a reach to a measure of the reach length. Bridge (1993) presented a
useful compilation of braiding indices and suggested that braiding intensity is
better represented by indices in the first category because the second category
actually represents a form of ‘total sinuosity’. Bridge’s Table provided the basis

for an expanded and updated version compiled during this study (Table 1).
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Table 3.1. Existing Braiding Indices. Source: Bridge (1993).

Author

Braiding Index

Brice (1960, 1964)

2(sum of lengths of all bars+islands in the reach)

Braiding index = -
centreline length of the reach

Howard et al. (1970)

Braid index =(Av.no.of anabranches per cross — section) — 1

Engelund and Skovgaard (1973),
Parker (1976), Fujita (1989)

Mode= number of rows of alternate bars (and sinous flow paths)
= 2 X the number of braid and side bars per cross — section

Rust (1978)

Mode=number of braids per meander wavelength

Hong and Davies (1979)

length of channel segments

Total sinuosity=
channel belt length

Mosley (1981)

total length of banfull channels

Braiding index=—: -
distance along main channel

Richards (1982)

total active channel length

Total sinuosity= valley length

Ashmore (1991)

Mean number of active channel per transect, or
Mean number of active channel links in braided netwrok

Friend and Sinha (1993)

. . sum of mid—channel lengths of all channels
Braid Channel Ratio= i 9 !

length of mid—line of widest channel

Sharma (2004)

Flow top width(T)
Overall river width (B)

number of braid channels (N)

X100

Plan Form Index=

Sharma (2004)

Y depths (d;)x widths (x;) of submerged sub—channel

Flow geometry Index=

Hydraulics mean depth of stream(R)XFlow top width of the stream(T)

X Number of braid channels (N)
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Early braiding indices measured the sum of bar or island perimeters relative to
reach length, making them very strongly flow stage dependent. For this reason,
an early proponent of braiding indices, Jim Brice, abandoned this form of
braiding index (see Brice, 1964 and Table 3.1) instead classified the degree of
braiding as the proportion of the channel length in a reach that is divided by bars
and islands, and the character of braiding in terms of (1) whether bars or islands
are dominant and (2) the planform shapes of bars and islands. Subsequent
indices of the first type have evolved from the early work of James Brice. The
most recent entries listed in Table 3.1 are type one indices developed by
Professor Nayan Sharma at the IIT in Roorkee, India (Sharma, 2004) and these
provided the basis for the modified braiding indices developed in this study,
which are listed in Table 3.2.

The modified braiding indices developed by the candidate under the supervision
of Professor Nyan Sharma himself, during a period of study at the Indian
Institute of Technology, Roorkee. They too fall in the first category of indices
because they consider either the number of active sub-channels or braided bars
at transects across the river. The Modified Planform Index measures the
planform change in a defined node of a braided river, which includes the number
of bars, braid channels their size and length. The Modified Flow Geometry Index
considers local flow variability across a transect while treating the thalweg (main
and deepest) channel separately. The Bar Deformation Index is a measure of the
change in the size of islands or bars between two dates of observation. The
Thalweg Migration Index quantifies the extent of lateral movement of the
thalweg channel between two dates of observation, and whether the movement
is towards the left or right bank of the river Governing equations for these

modified indices are given in Table 3.2.
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Table 3.2. New Braiding Indices developed during this study.

Description

Modified Braiding Index

Modified Planform Index measures the
planform change in a defined node of a
braided river, which includes the
number of bars, braid channels their
size and length.

Modified Flow Geometry Index
considers local flow variability across a
transect while treating the thalweg
(main and deepest) channel separately.

Bar Deformation Index is a measure of
the change in the size of islands or bars
between two dates of observation.

Thalweg Migration Index quantifies the
extent of lateral movement of the
thalweg channel between two dates of
observation, and whether the
movement is towards the left or right
bank of the river.

Y. length of the bar (LBi)
Length of reach (LR)

Number of braid channels (N)

Mean flow top width (T)

Mean overall river width (B)><100

Modified Plan form index (MPFI)=

Y. depths of submerged channels (d;)xY, widths of submerged channels(x;) depth of the thalweg channel(dth)

hydraulic mean depth of the channel (R)

Modified Flow Geometry index = -
hydraulic mean depth of the channel(R)

Changed Bar Area (AC)

Bar Deformation Index (BDI) = Reference Bar drea (AR)

x 100

Changed of fset of the average length from the reference latitude to the thalweg channel.(OLC)

Thalweg Migration Index = ,
Reference of fset of the average length from latitude to the thalweg channel.(OLR)
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3.3 Acquisition of data needed to identify fluvio-morphological
features

3.3.1 Introduction

Such is the national and international significance of the River Brahmaputra that
data pertaining to it are classified in India. Consequently, access to hydrological
and morphological data is strictly limited, which makes non-governmental
studies centred on landform change in the Brahmaputra challenging. In this
study, cross-section data used in quantitative analysis of process-response and
changes in braiding intensity in the study reach near Majuli Island between 1977
and 2007 were obtained from the Water Resource Department of Guwahati and

Majuli Island, Assam and the Indian Institute of Technology, Roorkee.

Application of remote sensing techniques made the use of braiding indices
possible, providing a way of identifying fluvio-morphological features as
necessary to quantify not only the intensity and type of braiding but also how
the braided pattern has shifted and changed through time. In this study, Landsat
images for the period 1987 to 2015, were obtained from the United States
Geological Survey (USGS).

In Landsat images, areas of deep water in the river appear black in the near-
infrared (NIR) band of the satellite imagery because of high absorbance.
However, the bed surface of shallow water regions reflects back some of the
incident visual and infrared light and, therefore, the reflected radiance of shallow
water is different from that of the deep water. Using this concept, it is possible
to distinguish deep pools from shallow areas in a braided river (Karmaker and

Dutta, 2016) and that utility was used to advantage in this study.

The Landsat images used in this study were mostly taken during the low flow
season (October to January). Images for the period 2003 to 2008 were found to
have stripes in them, making them less than ideal for use in this study. Another
limitation was related to cloud cover. Most of the images of the area around
Majuli Island have some cloud cover, even during dry season. While cloud-free
Landsat images are relatively rare, it proved possible to find sufficient low flow

season images to provide a consistent series throughout the period 1987 - 2015.
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3.3.2 NDVI classification

The Landsat images were analysed based on the Normalised Difference
Vegetation Index (NDVI), using the image classification tool in Arc GIS 10.3.
The NDVI data layer is defined as:

NDVI= (NIR-R)/ (NIR+R)

where NIR represents the spectral reflectance in near infrared band and R

represents the red band.

NDVI values range between -1 and +1, where increasing positive values indicate
green vegetation and negative values indicate non-vegetated surfaces such as

water, barren land, ice, snow or cloud.

Landsat ETM images (1987 — 2015) were analysed to categorise the Landuse.
Hence, based on NDVI values, a supervised classification was used to classify
water bodies (active channels), sand surfaces (sandbars) and vegetated land
(islands and floodplains) within the image (Figure 2.1). These three categories
of Landuse were used to apply the new, modified braided indices and to establish
their utility in identifying and characterising fluvial and morpho-dynamic

changes in the study reach during the last 30 years.

3.3.3 Raster to vector conversion

| Legend
| NDVI_1995

| Value
o High : 0.854962

- Low : -0.916667

Figure 2.1: Image classification using NDVI near Majuli Island.
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NDVI based classified images (Figure 2.2) were converted into vector data by

using the conversion tool raster to a polygon in Arc Gis.

Method:

LandSat ETM

Vegetation NDVI

Classification

(Supervised)

Raster to
Polygon using
= Conversion

Tool in Arc Gis
| Legend

l:| Others
- Sand bal

. W veervers \Vater = (-0.4) - (-0.9)

Sand=0.2-0.1

Vegetation =0.8-0.3

Figure 2.3: Vector data conversion.

This technique provides a more accurate measurement of the size, shape and
length of all the entities (i.e. water, sandbar and island) in the vector that could
be obtained using manual digitisation (Figure 2.3). These vector data were used
to apply the modified braiding indices, as reported in the remainder of this

chapter.
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3.4 Thalweg Migration Index (TMI)

The TMI represents the degree and direction of lateral shifting by the deepest
anabranch or sub-channel in the braided planform during the period between two
observations. The terms within the TMI are illustrated in Figure 2.4., 2.5

Numerically:

— OLC
" OLR

where, OLC = changed offset of the average length from the reference latitude
or longitude base on the thalweg channel orientation and OLR = reference offset
of the average length from latitude or longitude base on the thalweg channel

orientation.

Reference Latitude or Longitude

Offset —>

Length
Northern Bank

(+) 1.5 (le-)\ l

Thalweg in reach

Centreline (0) Flow

(-) 1.5 (TML)\

Southern Bank

Figure 2.4: Definition sketch for OLC for OLR.

Landsat images from 1987 to 2015, were analysed in Arc GIS to calculate the
TMI values as functions of space and time. These TMI values quantify the

changing position of the deepest sub-channel in the river study reach (Figure
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2.6). Thalweg channel offset lengths were measured for three locations were
measured from the reference latitude (Figure 2.7). These offset lengths were

used to quantify the thalweg channel migration using TMI (Figure 2.8).

Reference Latitude or Longitude

Offset —
Length

(+)1.5 (TMH\
Northern Bank

-~ NorthernBank |
Distance measlred above centreline (0) is considergd as positive

Centreline (ON
P ——— I

Distance measured below centreline (0) is considered as negativ:

()1.5(T

Southern Bank

Figure 2.5: Definition sketch for OLC for OLR.

Reference Latitude or Longitude

Offset Length

Centl;é:line
Northern Bank S

Thalweg channel

Southern Bank

Kilometers

Figure 2.6. 2009 Landsat image of the 40 km study reach of the Brahmaputra adjacent
to Majuli Island.
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Figure 2.7. Thalweg channel migration in the study reach 1987 - 2015.

Figure 2.7 indicates that the position of the thalweg channel has changed more
significantly in the downstream third of the study reach, with the position

changing little in the upstream half of the study reach.

The range of TMI values measured for the river Brahmaputra near Majuli Island
during the period 1987 to 2015 is -1.5 to +1.5 and the direction of change is
indicated by the negative and positive signs. This range is dependent on the
distance of the geographical coordinate from the thalweg channel, hence this
may vary according to the lateral movement of the river from the reference

coordinate at the different time period.

Migrating Migrating
towards 1.5 0 1.5 towards
North Bank South Bank
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Figure 2.8: Thalweg migration index near Majuli Island.

Figure 2.8 indicates that during the period 1987 — 2015, the thalweg channel in

the study reach migrated steadily northwards towards Majuli Island.

3.5. Madified Plan Form Index (MPFI)

In a braided river, the high energy fluvial environment, heavy bedload and
erodible banks generate complex channel morphology that changes frequently.
There is consequently a need to formulate appropriate indicators to describe
these braiding phenomena and the fluvial landform patterns that result, in

quantitative terms (Sharma, 2004).

Sharma (2004) proposed the Plan Form Index (PFI) for this purpose, defined as:

T 100
PRl =8

where, T = water surface width, B = overall river width and N = number of braid

channels (Figure 2.9).
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WATER LEVEL

Figure 2.9. Definition of terms in the PFI developed by Sharma (2004).

In this study, the PFI has been modified to better account for the relative length
of bars as well as their relative width and a threshold value of MPFI for the reach
adjacent to Majuli Island has been defined. The original PFI represents the
product of the actual flow width over the overall width per braid channel
whereas MPFI represents the product of the actual flow width over the overall
bankfull width, while also accounting for the length of the bars relative to the
length of the reach, per braid. Taking the length of the node in the channel as the
length of the reach, Modified Plan Form Index is calculated from:

Y length of the bar (LBi) Mean flow top width (T)
Length of reach (LR) Mean overall river width (B)

Number of braid channels (N)

x 100

MPFI =

where, Y, LBi = length of the bar (3, LBi = LB, + LB, + LB5 + -+ +
LB,or ¥, LB) , LR = length of node, T = Mean flow top width, N is the
number of braid channels or multi channels.

T +T,+Ty+-+T, _ YL.T
T=-21_2 n3 Dyor T = 222

and B = mean over all bankful river width,

(E_B1+BZ+B3+”.+BTL

>or1§:
n

and the key dimensions are illustrated in Figure 3.9.
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Figure 2.10. Schematic layout definition sketch for Modified Plan Form Index.

MPFI is the product of the length of the bar as a proportion of the length of the
reach and means flow top width as a proportion of mean overall width divided
by a number of channels (Figure 2.10). This represents the spatiotemporal
dynamics of planform changes. MPFI reflects the fluvial landform disposition
with respect to a given water level with lower values indicative of a higher

degree of braiding.

MPFI values were calculated using the Landsat images for 1987 to 2015, with
the study reach divided into sub-reaches 1 (upstream, around Kamalabari) and 2
(downstream, around Burha Chapori) (Figure 2.11). The MPFI value for sub-
reach 1 in 1987 indicates moderately intense braiding (Figure 2.12). In 1993 this
reach had become highly braided and it remained highly braided in 2015. In sub-
reach 2, the MPFI value in 1987 indicated a high intensity of braiding. By 1993
MPFI decreased towards being high to moderate braiding. In 2009, MPFI
indicates a return to highly intense braiding. This is image was taken just after
the very high monsoon runoff that occurred in 2008 (Figure 2.13). Sub-reach 2
continued to be highly braided in 2015.

Contrast in braiding intensity between sub-reaches 1 and 2 indicated by their
different MPFI values and trends are consistent with the hypothesis that bank

cohesion (and therefore erosion resistance) is higher in the area around
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Kamalabari, so that the potential for the river to widen sufficiently to
accommodate highly intense braiding is lower, relative to that sub-reach 2 where
the banks around Burha Chapori are non-cohesive and highly erodible,
increasing the potential for river widening, anabranching and the formation of

numerous braid bars and islands.

Lahiri and Singha (2014), proposed that the valley floor in the vicinity of sub-
reach 2 is northward dipping, due to the topographic expression of the main
Himalayan frontal thrust (see Figure 3.1 in the next Chapter). Their argument
that an increase in the area of active braid bars observed in the Brahmaputra
adjacent to the southern part of Majuli Island (i.e. in sub-reach 2 as defined in
this study) may be driving increased erosion along the southern edge of the
island due to neotectonics effects is supported by initial assessment of the record

of MPFI values and their changes through time over the last 30 years.
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Figure 2.11. 1987 Landsat image of the study reach with sub-reach 1 (Kamalabari) and sub-reach 2 (Burha Chapori) indicated.
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Figure 2.12. Trends in Modified Plan Form Index values in sub-reach 1.
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Figure 2.13. Trends in Modified Plan Form Index values in sub-reach 2.
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MPFI < 6 — High braiding

6 > MPFI < 18 - Moderate braiding
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3.6 Modified Flow Geometry Index (MFGI)

The Flow Geometry Index (FGI), developed by Sharma (2004), reflects the
underwater sub-channel disposition and the hydraulic efficiency of a braided
stream. Higher values indicate the occurrence of a higher intensity of braiding.

This index is illustrated in Figure 2.14 and defined numerically by:

> dixi
FGI = x N
RT.

where, di and xi = depth and width of each of the active (i.e. wet) sub-channel,
T = overall water surface width, R = overall hydraulic radius, and N = number

of sub-channels.

\ /.~ WATER LEVEL /\ /
+ '

? F f
d d; d3 ds d
1———»){1-——- 1—!2—|--1—-—x3—- 4—x4—r- 4-_-)(5.—-.

Figure 2.14. Flow geometry used to define FGI. Source: Sharma (2004).

The original, two-dimensional, FGI was modified as part of this research, to

account for additional, important, fluvial parameters.

Modified Flow Geometry Index (MFGI) is a parameter that reflects the cross-
sectional and planform dispositions of active (i.e. wet) sub-channels and, hence,

the hydraulic (in)efficiency of the braided river. It is defined by:

n n th
=1 d XXt X y d

MFGI =
R R

where, YL d =dy+dy, +ds + -+ dand Y x =x; +x, Fx3 + o+ xy

are depth and width of each active (i.e. wet) sub-channel, d" is the depth of the
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thalweg channel and R = % is the overall hydraulic radius of the braided

river and the terms in the equation are illustrated in Figure 2.15.

Water Level Water Level /

dth d4 d5 d6 d7

d2

X Yo g X > R e it o e

Figure 2.15. Definition sketch illustrating cross-sectional parameters in the MFGI.

MFGI is the product of two terms, each of which represents a dimensionless,
morphological parameter. The first term is the product of the sums of the depths
and widths of the wet parts of active sub-channels, divided by the overall
hydraulic radius of all the active sub-channels. The second term is the maximum
depth of the thalweg sub-channel, divided by the hydraulic overall radius of the
all the active sub-channels. High values of MFGI indicate intense braiding,
which tends to reduce the hydraulic efficiency of the river channel and increase

the rate at which stream energy is dissipated due to high flow resistance.

MFGI values for cross sections 49-47 in the study reach have been calculated
for the years 1988, 1998 and 2007 (Figure 2.16 —2.17). These are the only cross-
sections for which data are available in the study reach (see Figure 1.14). The
results indicate that braiding intensity in the study reach increased between 1988
and 2007. In 2007, MFGI values suggest that braiding intensity was moderate at
cross-sections 49 and 48 (in sub-reach 1) but highly intense at cross-section 47,
which is in sub-reach 2. Hence, in terms of braiding intensity, these results for
MFGI are consistent with those for MPFI.
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Figure 2.16. Record of MFGI values for cross-section 49 in the study reach.
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Figure 2.17. Record of MFGI values for cross-section 48 in the study reach.
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Figure 2.18. Record of MFGI values for cross-section 47 in the study reach.

MFGI Thresholds

MFGI > 5 - Low Braiding

5 > MFGI < 15 - Moderate Braiding

MFGI > 15 - High Braiding
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3.7 Bar Deformation Index (BDI)

The Bar Deformation Index (BDI) developed in this research represents the
change in the planform area and shape of a braid bar during the period of time

between consecutive measurements. It is defined by:

BDI = Ac x 100
" AR

where, AR = Reference Braid Bar Area at the time of the first observation, AC
= Braid Bar Area at subsequent times of observation, and the terms in the
equation are illustrated in Figure 2.19.

Bar growth scenario: AR is
the original area in the base
year (1987 in this study). AC
area in subsequent years of
observation. BDI = new area
as a percentage of area in
1987.

Bar erosion scenario: BDI
=% decrease in area with
time since original
observation (in 1987 in

Figure 2.19. Definition sketch for AR, AC and Bar Deformation Index.

Three braid bars within the study reach were selected for BDI analysis, based on
the same Landsat images (taken between 1987 and 2015) used in applying the
TMI and MPFI. The bars are labelled A-1. A-2 and A-3 in Figure 2.20. A-1 was
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a transient, unstable, mostly unvegetated bar, A-2 was a smaller, stable,
vegetated bar that was occupied by people, and A-3 was a larger, stable bar with
dense vegetation cover (Figure 2.20). 1987 was the reference year. The braid
bars were categorised into micro, meso and macro-bar size classes with the

categories defined as follows:

Micro-Bar: 1 - 15 km?
Meso-Bar: 15 - 30 km?

Macro-Bar: > 30 km?
Changes to the areas, lengths and width of the three selected braid bars that took

place between 1987 and 2015 are complex in both sequence and nature. For this

reason, they are chronicled and described in detail in Table 3.4.
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Figure 2.20. Braid bars selected for BDI analysis of the same study area (Figure 1.3) (date of the image are 1987, 1993, 1999 and 2015).
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Table 3.4. Observed Braid Bar dimensions and changes 1987 - 2015

Image Date | Bar Size Class | Bar code Area Length (km) Width Remarks
(km?) (km)
Macro A-1 68.07 17.64 7.48
19.12.1987 Meso A-2 18.25 6.68 4.80 Base Year
Meso A-3 24.99 16.69 3.55
Meso A-la 18.86 10.86 3.76 Transformed into two
Meso A-1b 18.15 7.63 502 | Meso-Bars (a+b) & one
_ Micro-bar (c) by dissection
Micro A-1c 4.90 3.76 2.57
Meso A-2 21.13 11.66 3.04 Transformed into a Meso
01.11.1993 Bar
Transformed A-3 43.71 18.85 4,78 Transformed into Macro-
into Macro bar by merging of A4, A5,
A6, A7 and A8
Transformed A-la 26.78 7.68 3.58 Transformed back to Macro
into Macro bar by accretion
Meso A-1 34.61 21.30 3.46 Merge A-1b & A-1c to be
one Meso-bar
Transformed A2 26.17 19.44 2.955 Expanded as a Meso-bar
into Meso through sediment accretion
07.11.1995 Transformed A-3 67.63 13.80 5.20 Transformed back to
into Macro Macro-bar by merging A4,
A5, A6, A7 and A8 through
accretion
Transformed A-la 11.98 4.733 1.37 1998 monsoon flood
into Micro washed away much of bar.
Remnants are visible as
indistinct micro-bar
complex
Meso A-1 22.88 6.80 6.12 Bar diminished but still
meso in size
Micro A-1b 1.61 2.06 1.28 New bar created by
25.10.1999 dissection of Ala
Micro A-2 14.63 8.52 4.00 Transformed into a Micro-
bar by 1998 flood. Remnant
stable and vegetated
Macro A-3 74.53 35.33 4.42 Transformed into a macro-
bar by accretion. Stabilised
and vegetated
Micro A-la 0.82 1.85 0.55 Transformed into remnant
Micro-bar
Meso A-1 19.98 6.70 6.78 Still a Meso-bar
Transformed A-1b 1.42 3.09 1.05 A cluster of new micro-bars
into Micro-bar formed by dissection and
cluster accretion
Micro A-1c 4.56 4.95 142 New cluster of micro-bars
17.10.2002 Micro A-1d 0.67 1.20 0.92 created by dissection of A-
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Micro A-le 0.89 1.70 0.56 la & widespread, local

Micro A-1f 0.82 1.46 0.78 accretion

Meso A-2 25.09 11.50 3.97 Transformed into a meso
bar by accretion. Stable bar
with vegetation

Macro A-3 51.99 23.34 3.57 Transformed into a Macro-
bar. Stable, with vegetation

Micro A-la 6.95 7.45 2.83 Remained Micro-bar

Meso A-1 23.98 12.27 8.11 Still Meso-bar

Meso A-2 22.16 11.28 3.83 Macro-bar. Stable, with

21.11.2009 vegetation

Macro A-3 57.79 26.93 6.35 Stable Macro-bar with
vegetation

Meso A-la 15.36 5.58 3.81 Transformed into Meso-bar

Meso A-1 17.13 8.70 3.16 Meso-bar, size some what
reduced

Macro A-3 39.08 24.63 2.64 Became a stable bar with
vegetation cover.
Transformed into a macro

13.10.2015 bar

Micro A-2 12.86 6.51 2.74 Transformed into a Micro-
bar stable bar with
vegetation when about 50%
of bar joined Majuli Island

Any change in the BDI value will demonstrate the transformation in the fluvial
landform feature depicting the extent and behaviour of channel instability
processes. During the flood, the capacity of the channel to transport sediments
becomes high while on the falling of flood it becomes weak and started
depositing sediment in a haphazard manner. This resulted in creating mid-
channel bar, elongated bar and anabranches in the channel. When the size of the
bar increases braiding intensity increases. This is because the channel becomes
shallower and narrower due to the falling of flood which makes the channel
hydraulically less efficient and starts depositing on the edge of the existing
braided bar.

In 1987, A-1 (Dabar Chapori), was a single, macro-bar (68.1 km?). The record
of changes in this bar is described in Table 3.4 (above) and BDI values are
graphed in Figure 2.21. In 1993 this bar was dissected by sub-channel to be
fragmented into two meso-bars and one micro-bar. The BDI, based on the
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change between 1987 and 1993, was 28%. In 1995 several of the micro-bars
rejoined and A-1 turned back into a macro-bar, with the BDI rising to 50%.
During the major monsoon flood of 1998, this macro-bar was washed away,
leaving a number of micro-bars, which are visible in the image for 1999. The
BDI in 1999 increased again, to 53%. The BDI of A-1 was calculated because
this is the most transient of all the sandbar present in the study reach. In 2002,
A-1 the size of the bar decreases, the BDI declined to 43% and a cluster of new
micro-bars formed by dissection and accretion nearby. In 2009, A-1 sandbar the
BDI increased slightly to 45% but the cluster of new sandbars were completely
washed away by the high discharge flow. Finally, in 2015 A-1 was transformed

back into a meso-bar, with a further reduction in BDI to 22%.

1993 1995 1999 2002 2009 2015
Years

Figure 2.21. Record of Bar Deformation Index values for braid bar A-1.

In 1987, braid bar A-2 (Burha Chapori), was a meso-bar (18.25) km?. In 1993
the BDI decreased to 84%. In 1995 the BDI value increased t0105%. After the
high monsoon flood in 1998, the bar was reduced in size by erosion and
dissection, becoming a micro-bar (14. 62 km?) with the BDI decreasing again,
to 58%. In 2002 the size of the bar recovered to again become a meso-bar (25.09
km?) and the BDI increased to 100%, which indicates that the bar had returned
the size it had in 1987. In 2009, the bar shrank slightly and the BDI decreased
to 88%. Finally, in 2015 A-2 transformed into a micro-bar (12.86 km?). It
became a stable bar with vegetation cover and a BDI of 51%, indicating the bar

was half its original size (Figure 2.22).
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Figure 2.22. Record of Bar Deformation Index values for braid bar A-2.

Bar A-3 (Natun Kartik Chapori), was a meso-bar (18.25 km?) in 1987. It grew
into a macro bar (43.71 km?) in 1993, with a BDI of 240%. This was due to the
amalgamation of adjacent bars with A-3 through accretion (Table 2.23). The bar
grew again through further accretion, with the BDI rising to 340%. In 1999,
continued accretion had increased the BDI again, to 408%. That is, the bar was
four times larger than when first observed Erosion between 1999 and 2002
reduced the size of braid bar A-3, although it still met the criterion for
classification as a macro-bar. In 2002, the BDI value of A-3 was reduced to
285%. In 2015 the area of the bar was again reduced, with BDI decreasing to
214% BDI (Figure 2.23).
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Figure 2.23. Record of Bar Deformation Index values for braid bar A-3.
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3.8 Conclusion

This chapter outlined the development of new braiding indices and their
application in measuring the braiding intensity of the river Brahmaputra. These
newly developed braiding indices were used for validating the medium-term
landscape evolution model for the river Brahmaputra in subsequent chapters.
Based on the research reported in this chapter, it may be concluded that the
southern part of Majuli Island is increasingly exposed to the threat of bank
erosion due to river widening, intensified braiding and northward migration of
the thalweg channel. These morphological trends are liable to result in serious
loss of land and damage to the lives and livelihoods of people living and working

close to the southern edge of the island.

Quantitative analysis of river channel changes and process-response
relationships in the Brahmaputra suggest that sub-reach 2, alongside the
southern part of Majuli Island’s southern bank, is particularly volatile
morphologically. Therefore, chronicling and explaining the history of channel
evolution in this complex, braided river and developing a model capable of
forecasting future channel changes in the medium-term are necessary not only
to better understand river system dynamics and process-response relationships
responsible for channel evolution, but also to inform river training and bank
stabilisation measures designed to protect Majuli Island from erosion by the
great River Brahmaputra.
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Chapter 4. Modelling morphological evolution and
change in braided rivers

4.1 Introduction

The study and forecasting of channel adjustments and morphological changes
play an important role in river science, management and conservation. Time and
space scales of interest for river management and restoration are decades and
tens of kilometres, respectively, which are typically larger than those commonly
adopted in  model-based studies intended to improve understanding
geomorphological processes (Church, 2007). Large, braided rivers are modelled
far less frequently than single-thread streams, whether using conceptual models
(Surian, 2015), empirical models (Rhoads, 1992; Alchouri et al., 2015) or
numerical models (Ferguson and Church, 2009; Vide, 2010) and, to date, no
Computational Fluid Dynamics (CFD) model has been applied and fully
evaluated at the mesoscale (10-100 km, 10 -100 years) in a braided river system
(Bertoldi, 2005; Ferguson, 2007; Kleinhas et al., 2010).

Limited use of physics-based, deterministic models to simulate braided rivers is
partially explained by the fact that such systems are highly complex and exhibit
unpredictable behaviours (Paola and Georgiou, 2001). Autonomous evolution
and responses to changes in the variables that control process and form in
braided systems are highly sensitive to their initial state (Lane and Richards,
1997) and, no matter how sophisticated a deterministic model may be, it is
highly unlikely that any physical-based, river model could reproduce the exact
time-dependent evolution of a braided stream like the Brahmaputra (Thorne et
al., 1993). This is due to:

(i) uncertainties in initial model and boundary conditions (e.g., inflow

distribution of water and sediments, the spatial distribution of grain size),

(if) upscaling problems in bank erosion and non-uniform sediment transport

modelling approaches (Mosselman, 2012), and

(iii) partially understood, multiple, nonlinear feedback loops in the coupled

flow — morphology — sediment transport system (Haff, 1996).
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The fact is that the evolution of a braided system is deterministically-predictable
only at very short timescales. The possibility for quantitative, deterministic

prediction quickly breaks down over medium to long timescales (Paola, 2001).

4.2 Modelling braided rivers

According to Mosselman (1995), different mathematical models of river
planform change were developed, which helps in understanding the underlying
processes, yet they are considered valid and easy to use software packages.
Schuurman et al., (2013) used the 2D depth average morphodynamic model
which produce many morphological characteristics and dynamics of a braided
river with a chosen set of boundary conditions yet insufficient for long-term
modelling. With a few notable exceptions, limited attention has been paid to
morphological behaviour and change in very large, braided river systems like
the Brahmaputra over management-relevant time and space scales (Thorne et
al., 1993; Richardson and Thorne, 1998; Mount et al., 2012; Sarker et al., 2014).
This is due, in part, to the high cost and difficulty of research on very large rivers,
limited data availability (especially for politically-sensitive rivers, for which
data are classified) and the inherently unpredictable and risky behaviour of very

large, braided river systems.

Hindcasting using models provides insight regarding historical process-form
linkages and past evolution of rivers, which provides the basis for understanding
and explaining morphological responses to past events. Modelling also allows
investigators to study how environmental process drivers, such as climate,
geology and vegetation act through processes of erosion, sediment transport and
deposition to effect channel adjustments that can, through time, transform
channel morphology. Popular models used to simulate fluvial hydraulics at the
reach scale level and over short to medium timescales include MIKE 11, ISIS,
ONDA, FLUCOMP, Flood Modeller pro, TUFLOW and HEC-RAS. Some of
these are one dimensional (1D) models, and some are mixed 1D and two

dimensional (2D) models.

With respect to modelling the Brahmaputra, 1D (i.e. long-stream flow field)
models are insufficient to simulate hydraulics and morphology in braided

streams due to lack of information simulating the transverse flow field. For
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adequate simulation of the flow field, 2D or, ideally, three dimensional (3D)
numerical models are required. That said, at present, 3D models (which include
the vertical flow field) are too numerically expensive for use at medium to macro

space and time scales, in large rivers.

A reduced complexity model (RCM) is an alternative approach to simulating
braided rivers numerically. These models run much faster than fully, physics-
based models because they represent process-form relations in complex
geomorphological systems in a simplified manner. While this allows the models
to simulate longer reaches over longer timespans, the simplifications involved
in RCM approaches can reduce their capacity to make detailed forecasts of
future channel morphologies as, for example, the exact locations of future
anabranches and bars in the braided pattern. Notwithstanding this, RCMs have
been shown to be able to simulate evolution and change in overall stream
morphology (e.g. channel width and braiding intensity), evolutionary trajectory
(e.g. narrowing/widening or incision/aggradation), and sediment dynamics (e.g.
net sediment budget) (Ziliani et al., 2013).

Past studies have evaluated the capacity of RCMs to reproduce laboratory
experiments (Doeschl-Wilson, 2005), topographic detail in short river reaches
(Nicholas and Quine, 2007), and processes that operate over geological
timescales (Coulthard et al., 2002). However, little attention has so far been paid
to the capacity of RCMs to simulate channel behaviour in very large braided

river systems at time and space scales useful for river management.

To address this research gap, this study evaluated the capacity of an RCM to

model selected morphological features, based on comparisons between:

i. modelled channel bed elevations and those observed through cross-

sectional surveys,

ii. simulated thalweg channel migration rates and directions and those
observed from available satellite images, over relatively short periods (e.g.

1 to 2 years, or a single flood event).

For changes over longer periods, it was accepted that it would be more

appropriate to compare the statistical characteristics of simulated and observed
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braided characteristics (e.g. braiding intensity, average channel width) as
suggested by Nicholas (2005).

To generate data useful for braided river model validation, some system-scale
generalisation of braided river features and behaviour is required. There is a rich
literature on braiding indices, mostly focused on planform parameters (Bridge,
1993; Egozi, 2008; Mosley, 1983) and topographic aspects (Wilson, 2005); as
well as methods designed to characterise the planform pattern of a braided river
(Murray and Paola, 1996; Sapozhnikov et al., 1998). Most of the research using
RCMs to date has been performed in the context of hindcasting and forecasting
sediment yields at catchments and/or reach scales (Coulthard et al., 2002; Ziliani
et al., 2013; Meadows, 2014). A negligible amount of research has been
conducted on the utility of RCMs to hindcast and forecast morphological
evolution in very large rivers that exhibit profound morphological change,
intensively braided patterns and complex evolutionary trajectories. Therefore, in
this study, an attempt was made to evaluate the capacity of an RCM to simulate
the morphological behaviour and planform change in the River Brahmaputra

near Majuli Island, Assam.

4.3 Landscape evolution models

Landscape evolution models (LEMSs) are a category of reduced complexity
models. They are cellular models that simulate long-term landscape
development and they are at the opposite end of the model spectrum to CFD-
based models (Table 4.1). LEMs simulate hydrological, fluvial and slope
processes in 2D, using a cellular grid and reduce the complications involved in
setting up boundary conditions, and slope-channel coupling. These models route
multiple flow routing which enables landforms such as slopes and rivers to

migrate and change their morphology over time (Coulthard, 2002).

Murray and Paolo (1994) wrote the first cellular model LEM for braided rivers.
This model routes water discharge through grid cells representing the channels
within the braid plain, depending on their relative elevations and the overall bed
slope. Their model was able to reproduce the dynamic behaviour of a braided
river such as lateral migration of channel and bars (Coulthard, 2007). There are
various LEMs such as SIBERIA, GOLEM, CASCADE, CHILD and CAESAR
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Lisflood. Details of these models are presented in Table 4.2. From the Table, it
emerges that CAESAR Lisflood is appropriate for simulating medium-term
landscape evolution of the River Brahmaputra. However, it does not meet the

criteria to include tectonic effects on the river within the model.
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Table 4.1. Salient features of LEM and CFD models for simulating channel morphology.

Model Type

Time-scale

Space-scale

Capacity to simulate fluvial process-response mechanisms

Landscape
evolution model
(LEM)

Designed to model river and
catchment evolution over
medium to very long time

periods (10 — 10,000+ years)

Designed to the model river
and catchment evolution over
large areas (10 - 100 km?)

Designed to model long-term landscape development such as

hydrology, fluvial erosion, slope processes, tectonic changes,

climate and lithology combine drainage density and the shape
characteristic of the drainage basin.

Computational
fluid dynamics
(CDF)

Designed to model a small part

of the river for relatively short

time periods (1 to a few years)

Usually applied to specific flood

periods or short periods of high
fluvial change

Designed to model small
features or single cross-
sections of river, or at most,
short reaches.

Designed to investigate hydraulic flow properties over unchanging
topography and model flood propagation and inundation extent.
Unsuitable to simulate river evolution as the river morphology
does not change in a CDF model.
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Table 4.2. Salient features of various LEM models for simulating channel morphology.

Attributes

SIBERIA

GOLEM

CASCADE

CHILD

CAESAR Lisflood

Study associations

Between hydrology,
tectonics and catchment

from geomorphic time scale.

Landscape evolution
linkages between
erosion and tectonics.

Landscape evolution
linkages between erosion
and tectonics.

Landscape evolution
linkages between erosion
and tectonics.

Between hydrology,
catchment or reach from
geomorphic time scale.

Type of Mesh or grid

grid cell representation of
the river channel.

grid cell representation
of the river channel.

Irregular grid (the area
where there is repeated
action near river channel

Irregular grid (the area
where there is repeated
action near river channel

Small square grid cells (from 1
m ...50 m ... 100 m etc.) to
represent the landscape.

have more nodes). nodes).
Surface Erosion Diffusive slope process Diffusive slope process Diffusive slope process Diffusive slope process Diffusive slope process
Landsliding No clear Slope failure No clear No clear Slope failure
representation threshold representation representation threshold

Erosion/ deposition
Process

By channel flow

By channel flow

By channel flow

By channel flow

By channel flow

Flow routing process

The steepest line of descent

The steepest line of
descent

CASCADE flow model

The steepest line of
descent

LISFLOOD-FP flow model

Sediment transport equation

Universal sediment
transport function

Universal sediment
transport function

Universal sediment
transport function

Einstein (1950)

Einstein (1950) and Wilcock &
Crowe (2003)

Number of grain size One One One Two (sand and gravel) Nine (based on grain size
distribution)

Suspended sediment No No No No Yes

Catchment or reach scale size and Large scale catchment Small to bigger catchment or

time step (square grid cells 1 km x reach and from 10 to 10,000

1 km) and from 100,000 years.
to 10,000,000 years.

Insertion of meandering channel No No No Meander Meander and Braiding

and braiding channel channel both

Representation of discharge regime Runoff constant Runoff constant Runoff constant Sequence of discrete Hourly or daily discharge or

storm events

rainfall time series

Validation

Experimental and field
geomorphological data

Field data from flood records
and alluvial stratigraphies
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The tectonic setting of the Majuli Island is shown in Figure 3.1. The island is
situated between the Bouguer gravity anomaly (contours 220-240 mGal) and
first-order basement depth contours 3.6 to 5.0 km (Narula et al., 2000). The
tectonic map clearly shows a prominent ‘low’ in the SW part of the island. Th
remainder of Majuli Island falls into the lower part of the ‘central uplift’ zone.
Seismological evidence suggests that the Himalaya mountains to the west of the
Majuli Island, and the Indo-Burma thrust areas to the east, both experienced
significant large earthquakes (greater than magnitude 4) between 1950 and 1993
(Narula et al., 2000). However, the area of the Brahmaputra valley where the
Majuli Island is located is an aseismic zone. This observation is in line with the
study of the Coda waves (Hazarika et al., 2009) generated by smaller
earthquakes (magnitudes varying from 1.2 to 3.9). Consequently, the CAESAR-
Lisflood (C-L) model is appropriate for simulating the morphological change in
this large, complex braided river because the influence of tectonic activity is of
limited significance to the morphological evolution of the Brahmaputra near
Majuli Island. The C-L model operates through hydrological, hydraulic, fluvial
and slope erosion sub-models and can also represent the hydrological effects of
different types and densities of catchment vegetation cover. The C-L model can
indicate inundation extent by exporting simulated water levels to a DEM or it
can be linked to an existing, 2D or 3D hydraulic model to support physics-based

routing of water across a landscape.

The structure of the C-L model is shown in Figure 3.2. The name of the model
is derived from ‘CAESAR’, which is an acronym, standing for ‘Cellular
Automaton Evolutionary Slope and River’, and LISFLOOD, which is just a
name that refers to a GIS-based, distributed model for river basin-scale water
balance and flood simulation. The combined, C-L model represents the river
basin landscape using a grid of uniformly-sized cells, within which development
of the landscape is determined by the interactions between cells that have fluxes
of water and sediment as inputs and outputs. Water and sediment routing, and
hence landscape changes, are simulated using rules (i.e. each cell is an
automaton whose behaviour is governed by simple cause and effect rules) based

on simplifications of the physics of water flow and sediment movement
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(Nicholas, 2005). The model uses square grids to represent the dynamics. The
cellular grid is user-defined and the maximum number of cells in the DEM is
limited only by the computer power and memory available. CAESAR has been
run with up to 2 million grid cells but is best suited to applications with 250,000
to 500,000 cells. Generally, C-L can simulate periods of 10 — 100 years with
these numbers of grid cells, but smaller numbers of grid cells are necessary for
very long simulations, which may range from thousands to tens of thousands of
years (Figure 3.3)

A good example of the application of the C-L model was its use in the River
Waitaki, New Zealand for exploring interactions between vegetation and
morphological dynamics of a braided, gravel-bed, reach. The reach length was
20 km and the braid plain was 4 km wide, and simulations were run for 20 years
duration (Coulthard, 2007). The C-L model’s outputs suggested how changes in
vegetation cover interact with flow and sediment transport patterns to drive
morphological responses. The findings were used to inform sustainable
management of the river. Like the Waitaki, the Brahmaputra has a braided
planform that tends to change its channel morphology very rapidly, with serious
implications for sustainable management of the impacts of those changes on the
lives and livelihoods of people living in and close to the river. In that respect,
the success of C-L in its application to the River Waitaki, New Zealand, is
encouraging. Hence, based on both the underpinning theory of reduced
complexity, cellular automata models, and CAESAR-LISFLOOD’s success in
modelling the history of landscape evolution of a complex, braided river (albeit
a much smaller one than the River Brahmaputra near Majuli Island), there was
reasonable optimism that a C-L model would be (a) possible and (b) informative.
Consequently, in this research, a 40 km study-reach near the south part of Majuli
Island was modelled for a duration of 20-years to help understand river system
dynamics and forecast future channel changes in the River Brahmaputra (Figure
4.4).
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pattern, roughness, etc.

Current topography
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Erosion/ deposition

Topography adjustment

Outputs
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Next iteration (forward simulation)
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inundation, grain size, erosion
and debposition mabos.

Figure 3.2. Conceptual structure of the CAESAR model. Source: Coulthard and De Wiel Van (2007)
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Figure 3.3. Structure of the CAESAR-LISFLOOD model.

100 — 1000 years

More than100 km?

100 - 1000 years

More than100 km?2

87



Ve

1998 — 2015 (March)

~N

(year)
Hindcasting
(Recreating the \
channel morphology r

based on past events)
40 km? near South

Maijuli Island

Landscape evolution

model (LEM) (CAESAR

LISFlood)
2015 (April) -
2035(year)
Forecasting (Creating
the channel \
morphology based on -

future climate model)
40 km? near South

Maijuli Island

Figure 3.4. Structure of the CAESAR-LISFLOOD maodel built to simulate the River Brahmaputra in the study reach.

88



Chapter 5. CAESAR-LISFLOOD: operation, parameter
selection, data requirements and model set up

5.1 Introduction

This chapter address operation, parameter selection, data required and model set
up required to use C-L as a medium term, landscape evolution model for the
River Brahmaputra near Majuli Island. The chapter also discusses data
preparation, including bathymetry, discharge and suspended sediment loads

needed to run the C-L model. C-L can be run in three different modes:

(i) catchment,

(i) reach,

(iii)  tidal.
In this research, the ‘reach’ mode was selected. There is no requirement for
rainfall data to run a C-L model in reach mode. Setting up a reach mode model
requires that the initial topography and bathymetry of the modelled reach be
defined in a DEM and that initial boundary conditions be specified for discharge,
sediment input (both amount and particle size distribution), and vegetation

pattern (which affects surface roughness).

5.2 Topography and Bathymetry

It is challenging to survey cross-sections in a very large, braided river like the
Brahmaputra, and to do so was well beyond the scope and resources available to
this project. In fact, there only 65 monumented cross-sections within the 918 km
length of the Brahmaputra in India (see Figure 1.14), even given all of the
resources available to the States of Arunachal Pradesh and Assam. Hence, in this

study, reliance was placed on data available for these cross-sections.
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Figure 4.1. Flowchart showing steps followed in preparing the river bathymetry.
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5.3. Preparing the cross-sectional data

Data from cross-sections CS 44 to CS 59 (see Figure 1.14) in 1998 were used as
the initial topographic and bathymetric data representing the Brahmaputra in the
study reach. However, these cross-sections are too unevenly spaced and too
widely spaced to support the application of triangulation methods to create a
DEM. Instead, the geostatistical wizard in ArcGIS was used to perform

exponential ordinary kriging. The justification for using the ordinary kriging was

to keep the model as simple as possible (Table 5.1).

Table 5.1. Advantages and disadvantages of Triangulation and Ordinary Kriging
methods for application in this research. Source Carter and Shankar (1997).

Grid Interpolation
Method

Description

Advantages/Disadvantages

Triangulation

Creates triangles by joining
lines between data points in
such a way that no triangle
edges intersect.

Very good at preserving abrupt changes in topography.
Triangulation works best when there is an even
distribution of data, as it uses only three values in the
interpolation. Cannot be used for extrapolation.

Ordinary Kriging

Associated with the
acronym  Best  Linear
Unbiased Estimator
(BLUE).

Considered the best as it minimises the residual variance
of the grid and allows confidence intervals to be
calculated.

The variogram model allows the spatial structure to be
accounted for.

Kriging can use any number of points, with 12- 15 being

recommended.

Exponential ordinary kriging was applied to generate river bathymetry because
it provides a better representation of the bed, bars and floodplains than circular,
linear, spherical and gaussian ordinary kriging methods. The governing equation
is:

Exponential ordinary kriging = y(h) = C, + C[1 — ()]
where, C_ = nugget effect, C = scale, a = range, h = horizontal distance, and

C., C and a = the three parameters in the model variogram equation (Carter
and Shankar, 1997).

The geostatistical wizard in ArcGIS produced three different semi-variogram
values for the ordinary kriging model of the river Brahmaputra. These values
were used to fit the model to the available, cross-sectional data. In Figure 4.2,
Red Dots are the binned values (which show local variation in the semi-

variogram) and Blue Crosses are the average values (which show smooth
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changes in the semi-variogram. The best model is the one which has a root mean

square standardized error near to unity (Figure 4.3).

Y .10°
3.365
2.524
1.682
0.841

] 0619 1.238 1.8586 2475
Distance m

= Model * Binned ¥ Average
Figure 4.2. Semi-variogram model of the ordinary kriging model.

With the nugget effect = 0, number of lags = 12, and the partial sill = 0.0013,

the root mean square standardised error = 0.92

Standardized Error
7.857

5.238

0.669 0.743 0.817 0,8.91 0.965 1.039

. Mezasured -10-2
Distance m

Figure 4.3. Standard error of the ordinary Kriging model.

The kriging method calculated grid node values in the reach using the nearest
surveyed neighbour points, which could be some distance away. Hence, this
approach may smooth out important local features like sub-channels, braid bars

and floodplain hollows and hills.

To counterbalance the risk of important features being missed, additional
information on the bathymetry of the river was obtained from the available
ground, oblique and orthogonal aerial photographs used in remote sensing
techniques.
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Also, a Shuttle Radar Topography Mission (SRTM) derived, 90 m resolution
DEM for the year 2000 and a Landsat image acquired on 27 October 1997 were

used to identify sub-channels, bars and important floodplain features.

The SRTM collected radar interferometry data over 80% of Earth’s landmass
from latitude 60° N to 56° S in February 2000. C-band (A= 5.6 cm) data acquired
during the mission, that are currently being processed by the Jet Propulsion
Laboratory (JPL), have horizontal and vertical accuracies near 20 m and 16 m,

respectively, with a linear error at 9% confidence (Jordan et al., 1996).

Due to non-availability of satellite images for 1998, a Landsat image taken
during the 1997 low flow period was used to mask the river channel from the
kriging DEM. It was, therefore, implicitly assumed that there were no dramatic
changes in the landscape depicted between the low flow condition in October
1997 and the start of the model runs, in January 1998.

Based on this assumption, the krigged river channel bathymetry was clipped
using the river channel observed in the 1997 Landsat image. The clipped DEM
and SRTM DEM were then converted into points using the conversion tool in
the Arc toolbox in ArcGIS. Following this, the krigged, channel points were
merged with the SRTM DEM floodplain and sandbar data points to create a 2D
bathymetry for the landscape in study reach.

Subsequently, some manual editing was conducted within the river channel
through the application of the raster editor tool. Successively, bathymetry was
resampled to 100 m x100 m (cellular grid) resolution from 90 m x 90 m (cellular
grid) resolution. A cellular grid resolution of 240 m was found to be sufficient
to represent representative components of the river’s bathymetry, because the
dimensions of sub-channels, bars and islands in the River Brahmaputra that are
significant to reach-scale morphology have been found to be equal to, or larger
than, several hundred metres (Sarker et al., 2014).

Next, the new 100 m x 100 m DEM was rotated through a 20° angle using a
bilinear method using the rotate tool in Arc map (Figure 4.4). This was necessary
so that the direction of flow in the C-L model was from right to left. Finally, the
bathymetric DEM was converted from a raster file into an asci file, so that it

could be used to support simulations in the C-L model.
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Figure 4.5. Cross-section CS 47 (1998) observed and the estimated.
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New versions of the three available cross-sections were generated from the DEM
100 x 100 m resolution grid size and these estimated cross-sections are
compared to the surveyed (observed) cross-sections in Figures (4.5 to 4.7). Itis
clear that noticeable differences exist between the observed and estimated cross-
sections. This is because some of the original information gathered in the
surveys has been lost in the process of creating the DEM and due to the relatively
coarse resolution of the 100 x 100 m DEM used in the modelling. Discrepancies
were smaller in the finer-gridded DEM, but it was necessary to use a coarser
grid in the DEM that was used in the C-L modelling to keep model run times

manageable.

5.4 Preparing the catchment and flow parameters

The only discharge gauging station on the Brahmaputra in Assam is at Pandu,
which is 200 km downstream from Majuli Island (Figure 4.8). Data records from
this station include daily mean discharge and suspended sediment load. These
data were used to estimate daily mean discharges in the river near Majuli Island
based on a comparison of the catchment drainage areas at Pandu and Bessamora
(Figure 4.9), calculated in ArcGIS using the hydrology tool. The catchment area
at the Pandu GDS site near Guwahati is 417,100 km?. The catchment area at
Beesamora on Majuli Island is 13, 5351 km?. Discharges at Beesamora were
estimated by scaling those measured at Pandu, using the ratio of these drainage

areas:

Mean daily discharge of Beesamora =

Daily mean discharge of Pandu
X Beesamora catchment area

Pandu catchment area

Daily mean discharges were estimated for the 17 year period between 1998 and
2015 (Figure 4.10) and these daily mean discharges were used to run the C-L
models in the hindcasting study. Table 5.2 describes the different flow
parameters used in the model, flow model operation, flow parameter selection

and justifications for selection of these parameters.
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Pandu (200 km downstream of Majuli
Island) is the only gauge discharge site in
the main channel of the river
Brahmaputra that measures daily mean
discharge and suspended§diment load.
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Figure 4.10. Daily mean discharge hydrograph for the Brahmaputra near Majuli Island from 1998 to 2015. Source: Water Resource Department, Govt. of
Assam, India).
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Table 5.2. Preparing discharge and flow parameters used in the C-L model.

Parameter | Units | Suggested | Selected values | Justification Model operation
S values
input/outpu | m3?* | 0-1 0-500 The value based on the daily mean discharge | The input-output difference is used to speed up the
t difference flow during low flow condition, which is C-L model. This permits the model time step to
(Quifr) Unsteady, 1500 m3s™according to the hydrograph. A increase from c.10 seconds to up to 30 min. during
uniform flow 0 | value less than 500 will compromise the low flow periods. The value of the input-output
m3s1,Unsteady, | runtime. Setting the value below 1500 m3s? | difference (m3s) between input and output
non-uniform will minimise discrepancies between input discharges that is acceptable to allow the model to
flow 500 m3s* | and output discharges. run in this faster mode. Generally, it can be set to be
close to a low flow value or the mean annual flow.
Min. Q for | m 10 m cell 100 m cell size | In this research, the grid cell size is 100 m, This is a threshold value above which C-L will
flow depth size 0.1, and | dmin used was 1. | therefore 0.1 m is the suitable value for calculate a flow depth that will cause erosion or
calc. (dmin) a 50 m cell running the C-L model. deposition. This variable dependent upon grid cell
size of 0.5. size.
Max. Q for | m 1000 1000 (default) The default value was used, as no proper The water added from every cell must be greater
flow depth (default) explanation is given in C-L guidance to than Min Q , but less than the limit set in the C-L
calc. (dmax) justify any adjustment to this parameter. model. If the value is reduced it will add more water
to the headwaters rather than gradually flowing
down the catchment.
Water m 0.01 0.01(default) The default value was used, as no proper Flow depth at which C-L starts to calculate erosion.
depth explanation is given in C-L guidance to This is normally set to 0.01. In higher resolution,
threshold (default) justify any adjustment to this parameter. DEMs a smaller value is generally used and vice-
for erosion versa in a very lower resolution DEM, such as
greater than 50 m.
Slope of m - 0.01 Braided river systems generate deposition If the value is set too low the C-L model will create
edge cells within the channel. In this research, a value of | more deposition or if set too high it will create scour
(Sedge) 0.01 m was able to generate deposition in heading back upstream.

models, which resulted in creating braided
sub-channels in the river.
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Evaporation | m - 0.06 The average evaporation rate in Assam is 0.06 | --
rate day? m day* (Source: Central Water Commission,
Govt. of India.).
Courant - 0.7 0.7 Values are 0.5 for 50 m DEM, 0.2 for 10 m This controls numerical stability and speeds up the
number (o) etc. For cells equal to or above 50 m the flow model. Numerical instability creates
recommended value is 0.7 (Bates et al., 2010). | chequerboard results and slows the model.
flow m 0.00001 0.00001 The default value was used, as no explanation | This is the water elevation surface difference
threshold is given in C-L documents to justify an between two cells. This value is used to prevent the
(Pfiow adjustment to this parameter. flow model from trying to move water when the
threshold) gradients between two cells are too small.
Froude - 0.8 (default) | 0.8-1 In this research values, 0.8 — 1 were used to A value 0.8 creates sub-critical flow in the C-L
number run the C-L model, which is appropriate for model. A value of 1 creates supercritical flow.
flow limit the Brahmaputra (Woldemichael et al., 2010). | Froude number affects the speed of the flood wave.
(Fr) This can cause increases in water depth and reduces
erosion rates in the reach.
Manning’s | - 0.04-0.05 0.04 A value of 0.04 is appropriate for the River Manning’s n controls flow resistance and flow
n Brahmaputra (Woldemichael et al., 2010) depth. Higher values result in lower flood peaks due

to wave attenuation.
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5.5 Preparing suspended sediment load parameters

Suspended sediment loads were estimated using estimated daily mean
discharges at Beesamora and the suspended sediment load rating curves made
available for coarse, medium-fine and fine sand at the Pandu gauging station,
between 1998 and 2015 (Figures 4.11 to 4.13). These are essential empirical
correlations between sediment discharge (y-variable) and water discharge (x-
variable), for the River Brahmaputra at that location. The form of the curve is a

power function with the form:

S=aQ’

where, S = sediment discharge (m®s), Q = discharge (m%™), a = an
empirically-derived constant and b = an empirically-derived exponent.

The sediment rating curve for coarse sediment load is,
SSL_C =0.00000001x%8
the curve for medium-fine sediment load is,
SSL_M =0.00000673x%%°
and the curve for fine sediment load is,

SSL_F = 0.0002x29%

where, SSL = sediment discharge (m3s™), x = discharge (m3s™), a = a constant
and b = an exponent. These estimated daily suspended sediment loads were used
to run the C-L models (Figure 4.14).

In CAESAR Lisflood sediment load units are in m3s™/ model time steps. The
input discharge data is in m3s™* and input suspended sediment grain size data are

in m3s as the output file will have a similar structure.
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5.6 Preparing sediment transport parameters

Discharge is the main driver of landscape evolution in the C-L model, but,
geomorphological changes result from erosion, sediment transport and
deposition. Sediment transport is calculated for multiple size fractions in the C-
L model, with coarser material transported in the form of bedload and finer,
more mobile sediment fractions moving as suspended load. For heterogeneous
mixtures, the C-L model employs up to 9, user-defined grain size classes and,
depending on the sediment transport relationship selected, lateral erosion

parameters are distributed spatially (Van De Wiel et al., 2007).

As reported earlier, no bedload data are available for River Brahmaputra in
Assam. As the vast variety of sediment carried by this great river moves in
suspension (bedload probably makes up no more than 5 or 10% of the total load),

it was accepted that suspended sediment load were sufficient to run the model.

In a reach mode C-L model, the bed consists of one active layer and one bedrock
layer. The active layer represents the erodible, alluvial deposit in the bed of the
river. The bedrock layer is fixed and cannot be eroded (Van De Wiel et al.,
2007). In the model, sediment incoming from upstream plus or minus that
exchanged with the active layer and any derived from bank erosion is routed
downstream using Rubey’s law, which provides the basis on which to calculate

the velocity of suspended sediment load (Van De Wiel et al., 2007).

The C-L model offers a choice of two sediment transport relations, namely that
of Peter Wilcock and Joanne Crowe (2003) and that of Hans Albert Einstein
(1950). In reach mode, if the re-circulation tab is checked, the output of sediment
from the downstream boundary (as calculated using the selected sediment
transport equation) is fed back into the reach model through its upstream

boundary at the beginning of each iteration.

For interior cells, suspended sediment is distributed from the current cell to
neighbouring cells with lower elevations. If the sediment transport capacity is
less than the input from cells upstream, the excess suspended sediment load is
kept in the cell until next iteration. (Van De Wiel et al., 2007).
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Table 5.3. Preparing parameters used in the sediment transport module of the reach mode C-L model.

Parameters Units | Suggested | Selected Justification Model operation
values values

1. Transport - - Both In the Brahmaputra, grain size varies | Einstein (1950) is predominantly used in sand bed streams that

relation: were from silt to sand. Either formula | include grains ranging between 0.785 and 28.65 mm (Gomez and

Wilcock-Crowe tested. could be used and both were tested. | Church, 1989). Wilcock and Crowe’s formula (2003) was

or Einstein Wilcock and Crowe work very well in | developed from flume experiments using five different sand-

the braided river system. gravel mixtures, with sizes ranging between 0.5 and .64 mm.

2. Max erode m 0.01 0.02 Based on experiments 0.02 m was | This parameter regulates the maximum amount of material that
limit selected as this did not create check- | can be eroded or deposited within the cell. It prevents the
(AZmax) pattern erosion and deposition and it | numerical instability caused by too large amounts of material

allowed the model to run faster. | being moved from cell to cell in a single timestep. When the
Setting it to 0.03 and 0.04 m created | value is set high then this will result in some numerical instability
checkbox-patterns and slowed down | —blocky or check pattern erosion and deposition patterns. On the
the model run time. other hand, if the value is set too small the model will run too
slowly. This factor also depends on the grid cell size. Fora 10 m
DEM recommended value is 0.01 m.
3. Fall velocity | ms? 0.584 Calculated for the fine sand (0.2 Rubey’s law:
(Vf) mm). R_JWZV2pzfluid+3ZZ(Pparticle—Pfluid)qu+WV2Pfluid
B g(Pparticle—Pfluid)g
Rubey’s law is appropriate for rivers
which have heavily turbulent flow. | where V = fall velocity, cm/sec; p = mass density, g/cm?; R =
This includes River Brahmaputra. particle radius, cm; p = dynamic viscosity, dyne-sec/cm?; g =
Hence, this law is applicable (expert | gravitational acceleration cm/s?; W = pressure drag coefficient,
advice from Prof. Nayan Sharma, IIT | dimensionless = 0.5305; Z = viscous drag coefficient,
R, India, 2015). dimensionless = 0.622; ¢’ = phi size. Source: Watson (1969).
4. Active layer m 0.1 0.1 This value is greater than four times | The thickness of a single active layer which represents bedload,

thickness (Ln)

of maximum erode limit. The default
value was used, with no explanation
given to justify an adjustment to this
parameter.

surface layers and subsurface layers. The default normal range
for this parameter is 0.1- 0.2 and it must be 4 times the maximum
eroded thickness. This defines the thickness of the active,
alluvial layer in the bed.
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5. Proportion to 1 1 A reach mode C-L model was used in | When the re-circulate checkbox is ticked during runtime,
be recirculated this research. The re-circulate | sediment that departs from the right-hand side of the DEM is fed
checkbox was ticked. This function is | back in via the upstream boundary. This is only used in reach
only applied when sediment input and | mode and prevents the model from unrealistically degrading or
output from a reach is set to zero in | aggrading the reach during the simulation.
the simulation in C-L.
6. In channel 20-50 Higher values were used as the river | This regulates the in-channel lateral transport of suspended
lateral erosion Brahmaputra is a wide and a shallow | sediments. Higher values result in shallow, wide channels
rate (A) river. whereas lower values result in deep, narrow channels.
7. Lateral (0.01-0.001) | (0.0001) | Lateral erosion rate 0.0001m was | According to Prof. Tom Coulthard, based on his wide experience
Erosion (A) used for the River Brahmaputra, | with using the C-L model the lateral erosion rate for a braided
because of the presence of sinuous, | river should be 0.01m to 0.001m and 0.0001m for a meandering
anastomosed reaches which are | river. Though the study reach is predominantly braided it has sub-
identical to meandering rivers. This | reaches that are anastomosing and some braided channels which
also speeded up model runs. are dissecting the sandbars.
100 10-30 Values10-30 were considered as the | Low values are recommended for high sinuosity, meandering or
8. Number of (default) Brahmaputra has highly sinuous | braided channels, whereas high values are recommended for
passes for edge meanders and anabranches as well as | meandering or straight channels. This specifies the number of
smoothing filter braided reaches. More details are | passes made by the edge-smoothing filter and is used to calculate
(Nsmooth) discussed in Chapter 6 (Table 6.3). local bend radius of curvature and lateral erosion rate.
9. Number of (1-5) 2-5 One-tenth of the Nsmooth. More details | This determines the number of cells required for downstream
cells to shift are discussed in Chapter 6 (Table | migration of meandering bends. This value must be an integer
lateral erosion 6.3). which should be one-tenth of the Nsmooth.
downstream
(Nshift)
10. Maximum 0.0001 (0.0001- | The width of the river Brahmaputra | This calculates the cross-channel gradient from the radius of
difference (default) 0.0002) |ranges from 9 km to 18 km near | curvature, which regulates the lateral distribution of sediments
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allowed in cross-
channel
smoothing of
edge values.
(AVmax)

Majuli Island. Therefore a lower
value is most appropriate. More
details are discussed in Chapter 6
(Table 6.3).

eroded from the outer bank and delivered to the point bar in a
meander bend. A lower value is recommended if the channel is
wide.

11. Grain size

(mm)

Three-
grain
sizes:
2mm,
0.212mm
and
0.075mm

These three-grain sizes represent the
three, available daily mean
suspended sediment rating curves for
the River Brahmaputra.

Up to 9-grain size fractions are available in the C-L model.
However, only three-grain sizes were used to run the C-L model
for river Brahmaputra based on data available from Pandu.
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5.7 Preparing slope processes parameters

One of the strong points of the C-L model is that it simulates lateral as well as
downstream morphological changes, including situations where the river widens
or migrates not only by eroding the stream bank separating the channel from the
floodplain, but also coupled hillslope-channel processes responsible for the
erosion and mass failures (landslides, shallow slides, slope creep) in the much

taller terraces and the valley sides.

Slope model parameters include: slope failure threshold, creep rate and soil
erosion rate. These parameters are user-defined. In the slope sub-model,
sediments are moved from high elevation cells (the active layer) to one or more
of the adjacent, lower cells (receiving layer) until the slope angle is lower than
the threshold angle for failure (Coulthard, 2002, Meadows, 2014).

In the slope sub-model, an iterative process is applied to check for failures in
adjacent cells by comparing the slope angle to the threshold angle until the slope
becomes stable. C-L then routes failed slope sediments from the active layer in
unstable areas to cells in the receiving layer. This allows freshly-derived
sediment from slope failures under gravity to be transferred from failing slopes
into the river channel(s) (Coulthard, 2002, Hancock et al., 2015).

Due to lack of higher resolution data, to describe the slope failure threshold in
the present study slope angles were derived from the 200 m grid cell DEM using
the ‘slope’ tool in the ArcMap spatial analyst toolbox. This tool calculates the
maximum rate of change in elevation between a cell and its neighbours and
produces a raster file with the maximum slope value for each cell. The output
raster file backed up the observation made by the candidate during fieldwork
that in Majuli Island slopes steeper than about 10° (Figure 4.15) are rare and are
usually unstable (Figure 4.16), while slopes gentler than about 10° are usually
stable (Figure 4.17) Slope near Burha chapori (A 2) (figure 4.18) is
comparatively higher than 10° and therefore these region experience higher

lateral erosion and channel migration.

111



84°3'0"E
1

841 3.‘30'E

S
6.183 - 10.143

B 10.143-13.832

— — A
SR N

0
Kilometers

T
94"30"E

T
94"1330°E

Figure 4.15. Slope model of the river Brahmaputra near Majuli Island.
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Based on field observation backed up by slope analysis using the DEM, a
threshold slope of 10° was selected as being the most appropriate for use in the

reach-scale model.

Soil erosion rate is also a user-defined parameter. This parameter controls the
rate of soil removal by surface erosion of the hillslope depending on soil type
and land management practise. This parameter was not used in the current
research as this parameter, E; is still under development and has not yet been
extensively tested (Coulthard et al., 2013, Meadows, 2014).

The value of Crae Was set at 0.0025, which is a default value (Table 5.5).

Figure 4.16: Bank of the river Brahmaputra near Majuli Island where the slope is higher
than 10° angle (near A 1 sandbar) where to protect the bank temporary structure were
laid.
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Figue .1 Bnk of the river Brahaputra anabranch) near Mjuli IIan

(Kamalabari) where the slope is less than 10° angle.

Figure 4.18: Bank of the river Brahmaputra (the thalweg channel) near Majuli Island
(Buhra chapori) where the slope is more than 10° angle submerged in flood water during
2016 flood. (Temporary erosion protection structure were laid to protect the bank from
erosion).

114



Table 5.4. Preparation of parameters of slope failures in the C-L model

Parameter

Units

Suggested value

Selected values

Justification

Slope

Degrees

10-13

Based on the field observations, slope
analysis using the DEM and
experimental test runs of the C-L model
for the study reach.

Crate

myr?

0.0025

0.0025 (default value)

The default value was used as there is
an absence of steeper slopes in the low-
amplitude terrain of Majuli island, apart
from steep river cliffs that form and
collapse very quickly in bars and banks
subjected to lateral, fluvial erosion.

E

myr?

This parameter was not in use in this
research as this is still under
development.
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5.8. Preparing the vegetation parameters

C-L simulates the influence of in-channel and riparian vegetation on fluvial
processes using a vegetation growth model that allows a vegetation layer to
develop above the active layer. This vegetation layer shields the underlying
sediment from fluvial entrainment, limiting the volume of material that can be
removed from a cell during a model step. Vegetation parameters in C-L are
vegetation shear stress, grass maturity and the proportion of erosion that can occur
when vegetation is fully grown. All these parameters are user-defined. They act as a
governor to regulate the influence of vegetation on bed scour and lateral channel
erosion. C-L also recognises that vegetation can be destroyed during a flood and,
therefore, the vegetation’s critical shear stress (Tcrveg ) Was used in this study to
simulate the degree to which the shielding effect of vegetation on fluvial erosion

is lost during flood events.

To evaluate the effect of vegetation on river channels under measured conditions
researchers have used laboratory-based flume experiments (Gran and Paola,
2001; Tal and Paola, 2010; Tal et al., 2004). These innovative experiments have
shown that, in perennial streams, increased vegetation densities growing on
unsubmerged bars and floodplains can stabilise the banks, reduce lateral erosion,
increase mean channel depths to significantly reduce width-depth ratios and
braiding indices. Importantly, studies like those listed above are starting to
explore the effects of vegetation not only on linear bank erosion but also on
planform channel patterns. Essentially, as vegetation density and resistance
increase the river is forced to occupy a larger number of smaller channels,

decreasing the braiding index and promoting an anastomiosed pattern.
According to Prosser (1996), the tcrveg Values range from:

1. around 70 Pa for heavily degraded aquatic plants or tussock and sedge,
2. >105 Pa for undisturbed aquatic plants,

3. >180 Pa for lightly degraded tussock and sedge, and,

4. > 240 Pa for undisturbed tussock and sedge.

In this research, and based on observations during fieldwork (Figures 4.19

and 4.20), the value of zcreq Selected was 180 Pa, which is also is a default
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Terveg Value in the C-L model. 180 Pa is suitable for the River Brahmaputra
as vegetation there can be put in the category of ‘lightly degraded tussock
and sedge’ because of its presence of vegetated meta-stable sandbars, but
also its relatively low density. Preparation of vegetation parameters is
described in Table 5.3.

Figure 4.19: Vegetation cover on the sandbar of the river Brahmaputra near Majuli
Island.

Figure 4.20: Vegetation cover and a newly formed deposition adjacent to the sandbar
of the river Brahmaputra near Majuli Island.
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Table 5.3. Preparation of parameters of vegetation growth model in the C-L model

Vegetation parameters are largely based on restricting erosion occurrences. In CAESAR Lisflood vegetation is not a specified plant, bush, grass or tree but it is more
concerned with how vegetation will impact on erosion and deposition within the channel.

Parameter Units Suggested Selected Justification Model Operations
value value
_ The growth rate is set to 1 then after 1 year the vegetation This is the speed at which vegetation reaches its
Tueg Year maturity will be 1. full maturity in years.
0-1
The Brahmaputra has three types of braid bar. They are (i) | This parameter controls the gradient of the
unstable sandbar with no vegetation cover, which should ideally | relationship between maturity and time i.e.
have a 70 Pa tcveg Value; (ii) semi-stable braid bar with human | maturity reset to zero. The value of the bed shear
habitation, which should ideally have a 180 Pa tcneg Value, and; | stress above which vegetation will be removed
— 180 (iii) stable braid bar with thick vegetation cover, for which 240 | by fluvial erosion by fluvial erosion. If the value
Terveg Pa Pa would be ideal (Prosser, 1996). However, a constant tcveg = | IS Set low vegetation will be easily cleared away
180 Pa or Nm? was used because in the C-L model there is no | or if the value is set high vegetation will act as a
option to assign different tcrveg Values to these three categories of | resistance.
braid bar.
The proportion of If it is set to 1, then vegetation will have no influence and This parameter determines how vegetation
erosion that can occur erosion will occur, however, if it is set to 0 when fully grown maturity impact on the inchannel lateral erosion
when the vegetation 0-1 0.1 there can be no scour or lateral erosion. In this C-L model, it rate and the lateral bank erosion.

is fully grown.

was set to 0.1 which means the amount 1 x normal erosion with
vegetation maturity of 0, and 0.1 x normal erosion with
vegetation maturity of 1.
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Vegetation on the floodplain and banks also contributes to hydrological changes
and riparian vegetation increases hydraulic resistance (Baptist, 2003; Gurnell
and Petts, 2006; Bennett et al., 2008) increases bank resistance due to root
systems (Thorne, 1990, Pollen and Simon, 2005, Eaton, 2006), decreases the
effective boundary shear stress (Abernethy and Rutherford, 2001) and enhances
bar sedimentation (Gurnell et al., 2001). The growth of vegetation leads to
sediment trapping (Gurnell and Petts, 2006, Baptist, 2003; Braudrick et al.,
2009).

Weaker banks lead to channel widening so that mid-channel bars can develop.
In this study, a constant value of tcrveg Was used, equal to 180 Pa. In the C-L
model, the vegetation maturity parameter affects the channel lateral erosion rate.
Ifitis setto 1, then vegetation has no influence and erosion will occur unfettered.
However, if it is set to O then when the vegetation is fully grown there can be no
erosion. The maturity parameter for newly deposited sandbars should be 1,
which means that 100% of expected erosion occurs. Similarly it should be 0.1
for vegetation on bars with a maturity of 1 year (meaning that 10% of normal
erosion occurs). It should be set to O for densely vegetated bars, meaning that no
erosion was allowed. But in this research, a constant value 0.1 was used as C-L

doesn’t have provision for applying separate value for different sandbars.

Vegetation also has a complex association with river dynamics and morphology
due to its effects on bank erodibility and stability. It can significantly change
near bank flow velocities, as well as increasing the cohesion and physical
resistance to erosion of bank material. According to Thorne (1990), vegetation
can reduce river bank erosion and increase bank stability with respect to mass
failure. It can (1) slow near bank velocities, reducing boundary shear stress and
thus flow erosivity, (2) reduce soil erodability, (3) increase bank shear strength
through soil reinforcement and by improving bank drainage and (4) lead to
accretion at the base of the bank, by damping turbulence. Transforming these
flow and bank properties can influence channel shape (Mackin, 1956; Nanson
and Knighton, 1996; Millar, 2000). In summary, vegetation reduces bank
erosion rates and the supply of bank erosion-derived sediment to the river, which
hinders braiding and promotes development of a meandering or
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anabranching/anastomosed planform in what might otherwise be a braided
reach. This could not be simulated using C-L, but it is worth noting in the context
of sub-reach scale changes in the character of the channel of the Brahmaputra
within the study reach and with respect to options for managing bank erosion

and land loss on the southern margin of Majuli Island.
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Chapter 6: Hindcasting of landscape evolution of the
river Brahmaputra

6.1. Introduction

The study of channel adjustments and the prediction of morphological
change play important roles in river management and conservation policies.
Nevertheless, the time and space scales of interest for river management, (i.e.,
scales of decades and tens of kilometres) are typically larger than those most
frequently adopted in studies intended to improve understanding
geomorphological processes through modelling (Church, 2007). Large-, braided
rivers have been modelled less commonly, frequently than single-thread streams
whether using conceptual (Simon, 1989; Surian, 2015), empirical (Rhoads,
1992) or numerical approaches (Ferguson, 2009, Martin-Vide, 2010) and no
Computational Fluid Dynamics (CFD) model has been applied and fully
evaluated at the mesoscale (10-100 km, 10 -100 years) in a braided river system
(Bertoldi, 2005; Ferguson, 2007).

As discussed in Chapter 4, with a few notable exceptions, little attention has
been paid to braided stream behaviour of large braided river systems like the
Brahmaputra over management-relevant time and space scales (Thorne et al.,
1993; Richardson and Thorne, 1998; Mount et al., 2012; Sarker et al., 2014).
This is due, in part, to the high cost and difficulty of research on large rivers,
limited data availability and the inherently unpredictable behaviour of braided

river systems.

For changes over longer periods, it was accepted that it would be more
appropriate to compare the statistical characteristics of simulated and observed
braided characteristics (e.g. braiding intensity, average channel width)
(Nicholas, 2005).

To generate data useful for braided river model validation, some system-scale
generalization of braided river features and behaviour is required. There isarich
literature on braiding indices, mostly focused on planform parameters (Bridge,

1993; Egozi, 2008; Mosley, 1983) and topographic aspects; as well as methods
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designed to characterize the planform pattern of a braided river (Murray and
Paola, 1996; Sapozhnikov, 1998). Most of the research using RCMs to date has
performed in the context hindcasting and forecasting sediment yields in
catchments or reaches (Coulthard et al., 2002; Ziliani et al., 2013; Meadows,
2014). A negligible amount of research being conducted on using RCMs to
hindcast and forecast river evolution in streams that exhibit profound
morphological changes, braiding patterns and complex evolutionary trajectories.
Therefore in this study, an attempt was made to evaluate the channel behaviour
and planform change of the river Brahmaputra near Majuli Island, using the
CAESAR-LisFlood (C-L) RCM.

6.2. Calibration and sensitivity analysis

This section describes calibration and sensitivity analysis of all the C-L models
built in this research to hindcast morphological changes observed over a 17 year
period (1998 — 2014), in a 40 km reach of the river Brahmaputra to the south of
Majuli Island. The bed level in 1998 was used as the initial boundary condition
and, initially, 15 C-L models were run to test the sensitivity of model outputs
defining channel evolution, for the calibrated model settings, with a 1-year spin-

up period.

A CL model was run for a meandering river Teifi for a 4.2 km reach near
Lampeter, Wales with a 10 m resolution DEM. The simulations were carried out
for short period of 171 days with high and low flows (20 — 200 m3s™) which
took 42 hours to complete on a desktop PC (Van De Wiel et al., 2007). As
described in Chapter 4, the river Brahmaputra near Majuli Island has huge and
variable daily mean water discharge (1,000 — 45,000 m3s™) and a heavy
suspended sediment load (1000 — 20,000 m3s1). The initial bathymetry had a
spatial resolution of 90 x 90 m, but it was reclassified to 100 x 100 m resolution
to allow the model to run faster (as described in Chapter 4). With those inputs
of discharge and suspended sediment, and the C-L model running in unsteady
and non-uniform flow mode, it took 24 hours to complete each year of the
hindcasting simulations. For comparison, it took 35 hours to complete each year
of a simulation with the model running in unsteady, uniform flow mode (Table

6.1). Due to these long run times, it was only possible to run a limited number
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of C-L models. Hence, 15 models were calibrated and run. Out of 15
calibrations, only 10 C-L models were able to generate the morphological
changes occurring in the river Brahmaputra. Therefore 5 models were eliminated
as they were producing deep gorges which are not the characteristic of the river
Brahmaputra. These models fail to activate the secondary channels both in peak
flow or low flow season. This results in unable to reproduce planform change in

the river channel.

Table 6.1.Simulation set up
Model flow mode . Input-output
Simulation D(ﬁgitr'g)n difference of flow
Q (m®s™)
Unsteady, uniform flow 1 year 35 0
Unsteady, non-uniform flow 1 year 24 500

Of the 10 C-L models, 6 used the Wilcock and Crowe (2003) sediment transport
model and other 4 used the Einstein (1950) sediment transport model. Runs
using Wilcock and Crowe were able to produce similar channel planform
patterns and changes to those observed in the available Landsat images. In
contrast, runs made using FEinstein’s sediment transport equation produced
planforms featuring a deep, wide thalweg channel and the river activate the
secondary channels, during the monsoonal, high flow season which otherwise
remain dry during low flow season. Details of the relative performance of
models using the two sediment transport methods are discussed later in this
Chapter.

Uncertainty analysis is the study of how variations in the output of a model can
be distributed, qualitatively or quantitatively to different sources of variation and
how the response of the model depends upon the information fed into it (Salttelli
et al., 2000). Good modelling practice requires that the modeller proceeds with
an assessment of the confidence that can be placed on model outcomes, based
on using uncertainty analysis to estimate the importance of each factor and,
specifically, to identify those factors that are most relevant to calibrating the
model (Ziliani et al, 2013). The analysis addresses the sensitivity of outcomes
to (1) variation in model parameters such as the thickness of sediment layer in
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the sediment transport scheme, or the dimensions of the grid cells, and (2)
uncertainty in model input data for topography, discharge, grain size distribution
etc. There are two types of uncertainties in modelling: uncertainty of model

parameters and uncertainty of time.

The Generalised Likelihood Uncertainty Estimation (GLUE) (Beven and
Binley, 1992) is a method in which uncertain observed data can be used to
calibrate a none error-free model and allow the uncertainty in model parameters
to be assessed without making restrictive assumptions about the error in the
observed data. It is based on rejecting the idea that there is a unique, optimum
parameter set in a model calibration, and instead identifying the many different
combinations of parameter values that may equally be acceptable in simulating

the system under study (Hunter et al., 2005).

The range of parameter values used to run the C-L models built in this research

(e.g. discharge, sediment input, vegetation and slope) were derived from:

1. the relevant published literature citing values used in previous
applications of C-L,

2. expert advice from the actual originator of the model, Prof. Coulthard,

3. exploratory runs of the C-L models prior to the formal calibration and
validation programme,

However, limitations were imposed by difficulties in accessing the data

required to fully represent conditions in the modelled reach of the

Brahmaputra at Majuli Island.

Consequently, the GLUE method could not be applied in calibrating the C-
L models because it was computationally intensive. Instead, a method called
‘blind testing’ (Ewen and Parkin, 1996) was used in the selection of model
parameters and the number of models to be used in the hindcasting
programme. In the blind testing method, the modeller can set the output
uncertainty bounds from a much smaller number of simulations (Bathurst et
al., 2004). In this method the final bounds of the parameter values are set
based on expert judgement, literature review or field measurement but not

on the basis of extensive calibration. Therefore, in this study, 10 sets of
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parameters were used to run the C-L models which were based on the

sensitivity of parameters and model run time.

6.2.1. Sensitivity to discharge

In an unsteady, uniform flow model, the input discharge varies through time
but is always equal to output discharge. C-L models 4 and 7 used unsteady,
uniform flow with the discharge input-output difference = 0 m3s* at all times
(details were given in Chapter 4, in the section of flow parameters). In the
unsteady, non-uniform flow models (1, 2, 3, 5, 6, 8 and 9) the difference between
discharge input and output was set at 500 m3s* (again, for details see Chapter
4). The channel planforms and changes simulated by models using (a) unsteady,
non-uniform flow with an input-output difference of 500 m3™* and (b) the
Wilcock and Crowe sediment transport model provided the best match to those
observed in the available Landsat images (1999- 2014).

6.2.2. Sensitivity to bed roughness

The morphology of a river is known to be sensitive to small changes in flow
resistance. The Manning roughness coefficient, n, was used to represent flow
resistance in all the C-L models built in this research project. In a braided river,
surface roughness differs significantly between the bed, bars and floodplains
(Schummer et al., 2018). This is especially the case where the bars and
floodplain are relatively stable and mostly covered by vegetation. Hence,
ideally, when modelling a braided river, different Manning’s n values should be
used for the channels, bar surfaces and floodplains. However, the C-L model
does not make provision for separate Manning’s n values to be used for the
channels, bar surfaces and floodplains. Consequently, in this research, a uniform
Manning roughness coefficient of n = 0.04 was used. Although this resulted in
more sediment being deposited on bars and floodplains than would be expected
in nature, the planform pattern of bars simulated by the C-L models with a
constant n-value of 0.4 provided the best fit with bar patterns observed in the
available Landsat images (1999- 2014).
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6.2.3. Sensitivity to lateral erosion coefficient

Lateral migration of the thalweg was evident in all ten C-L models, with
rates and patterns being highly sensitive to the value selected for the lateral
erosion coefficient. According to Prof. Coulthard, and based on his long
experience with the C-L model, lateral erosion coefficients of 0.01 to 0.001 m
are typical for braided rivers, which 0.0001 m is typical for meandering rivers.
In this study, it was found that setting the lateral erosion coefficient to 0.001 m
resulted in very long run times (as described in Chapter 4, the section on
sediment and flow parameters). For example, setting the lateral erosion
coefficient used in C-L models 5, 6 and 7 to 0.001 m not only resulted in these
models running very slowly but also created a ‘checkbox effect’ depicting
instabilities in flow routing through the river channel. The other models used a
value of 0.0001m. This reduced run times and eliminated the ‘checkbox effect’.
Though the Brahmaputra is classed as a braided river, the study area features
some reaches that are anastomosed in character (i.e. multiple anabranches that
operate semi-independently) and some reaches that are braided (i.e. a single
large channel with flow divided around mid-channel bars). Therefore, running
C-L with a lateral erosion coefficient of 0.0001 m seems suitable for the
Brahmaputra, because of the presence of anastomosing anabranches which
behave in a manner similar to meandering rivers. Also, thalweg channel
migration rates and patterns simulated by models using a lateral erosion
coefficient = 0.0001 m produced the best fit to thalweg channel migration rates
and patterns observed the Landsat images (1999- 2014).

6.2.4. Sensitivity to grain size

C-L allows a spatially variable sediment size distribution (with up to nine size
classes) to be modelled and it simulates selective erosion, sediment transport as
bedload and suspended load, and deposition of different size fractions (with
deposition of bedload and suspended load being managed separately) (Coulthard
and Van De Wiel, 2006).

As described in Chapter 2, no bedload data are available for the Brahmaputra in

Assam. Available daily mean suspended sediment load data for the
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Brahmaputra, specify grain sizes as very coarse (2.00 mm), medium sand (less
than 2 mm — greater than 75 um) and very fine sand (75 pum ) ( further more
details are given in Chapter 4). Therefore, this research available suspended
sediment data were used to run the simulations. As discussed in Chapter 2,
during the field survey campaign, sediment samples were collected from
selected locations in the Brahmaputra near Majuli Island and subject to particle

size analysis in the geotechnical laboratory at Tezpur University (Figure 5.1).

Figure 5.1. Drying and sieving the sediment samples collected during fieldwork.

Sediment samples were dried and sieved using a 9-sieve stack. It was found that,
on average, 65% of the sediment was silt and clay (<64 um), 32% = very fine
sand (<75 pum), 1.26% = fine sand (150 — 212 pum), 0.84% = medium sand (300
—600 um) and 0.155% = coarse sand (1 — 2 mm). It is notable that the percentage
of coarse sediment (medium and coarse sand) in the Brahmaputra is tiny
compared to the percentage of fine sediment (silt and clay). Given the low
availability of grain size data, it was decided to use just three-grain sizes in the
C-L models. As silt and clay constitute wash load in the Brahmaputra (for which
the load is controlled by supply rather than transport capacity), it was not
attempted to simulate the dynamics of this very fine sediment in the C-L models.
As a result, the models were unable to simulate the exact numbers of bars
observed in the Landsat images (1999- 2015), although the models were able to
simulate broad morphological changes in the study reach of the river.
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6.3. Model evaluation criteria

Quantifying medium to long-term evolution and change in the morphology of a
braided river requires the use of statistically-derived indices that characterise the
channel form and pattern, such as braiding intensity and average channel width
(Nicholas, 2005; Sharma and Akhtar 2012). Hence, when assessing the capacity
of the C-L model to simulate morphological evolution and change in study
reach, it is necessary to identify indices suitable for testing goodness of fit
between simulated and observed morphologies and morphological changes. For
this purpose, three aspects of channel morphology and change were selected:

1. The behaviour of the main branch: Thalweg Migration Index (TMI).
2. Planform pattern and change at the reach scale:
a. Modified Plan Form Index (MPFI),
b. Modified Flow Geometry Index (MFGI),
c. Bar Deformation Index (BDI).
3. Cross-sectional and long-profile forms and changes:
a. Cross-section modelled,
b. Long-profile modelled,
c. Wetted perimeter
The ways in which these representations of morphology and morphological
change were evaluated are illustrated in Figure 5.2.
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6.3.1. The behaviour of the thalweg channel

As discussed in Chapter 3, the initial bathymetry data was produced using
available cross-sectional data collected by the Water Ressource Department (an
Indian Government Agency authorised to collect river data) in March 1998
together with 90 m resolution SRTM data collected in 2000. These are the
closest matched planform and bathymetry data available to define the three-
dimensional morphology of the Brahmaputra near Majuli Island.

Cross-section data were used to characterise channel bathymetry and the initial
position of the thalweg channel. SRTM data were used to derive the elevation
of the floodplain. In a braided/anastomosed river like the Brahmaputra, it is
sometimes difficult to identify the main anabranch. Hence in this study, the
deepest channel (i.e. the one containing the thalweg) was considered to be the
main anabranch. In the contexts of short-medium to long-term channel evolution
(that is the time-scales of most interest to river management and engineering),
lateral migration of the thalweg channel is one of the most important
characteristics to be modelled in this research. Hence, it was essential to
establish the degree to which the C-L model could reproduce the behaviour of
the thalweg channel observed between 1998 and 2015. This involves
investigating not only how the thalweg channel changes and shifts in response
to flood events and high sediment influxes that influence its behaviour directly,
but also how head-cutting processes in secondary channels can lead to the
creation of a new thalweg channel due to the diversion of flow away from the

existing thalweg channel.

6.3.2. Planform pattern and change at the reach scale

Validating the spatial and temporal distributions of flow depths and
inundation areas in a cellular model is straightforward where field data are
available and channel patterns are simple (Coulthard et al., 2007). However,
validation in great, braided rivers like the Brahmaputra is more challenging.
Validation options rest on parameters for planform change and/or topological
metrics such as the braiding index, which can be used to compare modelled to

observed channel characteristics (Coulthard et al., 2007; Nicholas et al., 2006)
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using sequences of aerial photographs or historical maps to show braiding

development.

Paola (2001) suggested that for models designed to simulate high-level
system characteristic (e.g. channel planform) it may be inappropriate to compare
predictions of lower level properties (e.g. flow patterns, anabranching, sandbar
size and shape, etc.). According to Coulthard (2007), the use of planform data
can be limited by the frequency of aerial photographs or map updates. Also, each
photograph or map only represents a single moment in time, which may be
unsuitable for rapidly changing systems such as braided rivers. Repeat
topographic surveys (using LIiDAR etc.) or satellite images (Landsat images
etc.) provide a better basis for evaluating morphological changes over time, but
these accessing satellite images or LIDAR equipment is expensive and
performing conventional field surveys both expensive and highly labour
intensive. Therefore in this study Landsat images were used to evaluate the
planform changes, which are freely available.

The planform characteristics of the braided channel simulated by C-L should
reliably reproduce the planform characteristics observed in nature. To provide a
quantitative assessment of the similarity between modelled and observed
planforms a number of indices of channel morphology can be used (Nicholas et
al., 2006). In this study, Modified Planform Index (MPFI), Modified Flow
Geometry Index (MFGI) and Bar Deformation Index (BDI) were used to
quantify the resemblance between modelled and observed planforms and to

compute and compare simulated and observed trends of planform change.

6.3.3. Cross-sectional and long-profile forms changes

The capacity of C-L to reproduce cross-sectional and long-profile changes
observed due to process-response mechanisms of channel adjustment in the
River Brahmaputra near Majuli Island was also tested. Specifically, changes in
cross-section, thalweg long-profile and wetted perimeter were quantified from
repeat cross-sectional surveys available for various locations in the study reach.
As described in Chapter 2, the Water Resource Department of the Government

of India, Assam has in the past surveyed 65 cross-sections on the Brahmaputra
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within the territory of Assam. Data are available for surveys conducted in 1988,

1998 and 2007. No further no cross-sectional surveys have been undertaken

since 2007.

The data sources used in evaluating the capability of thel0 C-L models to

hindcast changes the study reach are listed in Table 6.2.

Table 6.2; Evaluation criteria and source data.

Evaluation

criteria

Observed

Modelled

Thalweg channel

behaviour

TMI of Landsat images (1999,
2002, 2009 and 2014) low flow
season. (exact date of acquiring

tabulated in chapter 2)

TMI of 10 C-L models
(1999, 2002, 2009 and

2014) low flow season.

Planform change

MPFI of Landsat images (1999,
2002, 2009 and 2014) low flow
season. (exact date of acquiring
tabulated in Chapter 2)

MPFI of 10 C-L models
(1999, 2002, 2009 and
2014) low flow season.

Channel MFGI of observed CS 47, 48, 49 | MFGI of 10 C-L models
Geometry (2007) low flow seasons. CS 47, 48, 49 (2007) low
flow seasons.
Channel Observed cross-section CS 47, 10 C-L model cross-
adjustments 48, 49 (2007) low flow seasons. | sections CS 47, 48, 49

(2007) low flow seasons.
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6.4. Thalweg migration index (TMI)

Though the River Brahmaputra is considered to be a braiding river, three types

of the channel are observed in the study reach:

1. the main or thalweg channel,

2. anabranches, which dissect sandbars and form the braided pattern,

3. anastomosing channels, which are long, narrow channels generally 3 to 5
km in length that bifurcate from the main, thalweg channel but re-join it
further downstream.

As C-L is a Reduced Complexity Model (RCM), it cannot be expected to

simulate the precise number or configuration of every anabranch or secondary

channel in braided and anastomosed sub-reaches. However, the behaviour of the

main channel is particularly important and, recognising this, the capacity of C-

L to reproduce observed migration of the main or thalweg channel was

investigated. That behaviour, in simulated and observed records, was quantified

using a newly developed parameter termed the Thalweg Migration Index (TMI).

As described in Chapter 3 TMI represents the direction of movement of the
thalweg channel. If the TMI value of the thalweg channel is distance = or > +1.5
from the river centreline (0) then the thalweg channel is migrating north (i.e.
towards Majuli Island). A TMI value that is = or < -1.5 from the centreline (0)
indicates that the thalweg channel is migrating south (away from Majuli Island).
For a northward migrating case, TMI_Observed is the observed TMI value and
TMI _Modelled is the modelled TMI value.

15— 0————>-1.5

Migrating towards Centreline  Migrating towards
North Bank South Bank
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Table 6.3: Sediment transport parameters used in the hindcasting C-L models.

Model Sediment Lateral Number | Number of Maximum Note & observation thalweg channel migration
transport flow | erosion rate | of passes | cell shift | difference allowed
(m) lateral in cross-channel
erosion smoothing (m)
downstream
123& Wilcock & 0.0001 20-10 4-5 0.0002 Thalweg channel flowing along the similar route as
4 Crowe observed in the Landsat images near the Neemati ghat.
The thalweg channel became wider and shallower
(Table 6.5) (Figure 5.3)
5&6 Wilcock & 0.001 30 2-3 0.0001 Thalweg channel flowing along the north bank near
Crowe Kamalabari instead of flowing near Neemati ghat. The
thalweg channel became wider and shallower.
7 Einstein 0.001 10 3 0.0001 Thalweg channel flowing in the similar route like the
observed thalweg channel. The thalweg channel
became wider and deeper. (Figure 5.4)
8,9& Einstein 0.0001 20 2-4 0.0002 Thalweg channel flowing in the similar route like the
10 observed thalweg channel. The thalweg channel

became wider and deeper.
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Figure 5.3: Movement of thalweg channel in the six CL model and the Landsat Image of the river Brahmaputra (1999).
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Figure 5.4: Movement of thalweg channel in the four CL model and the Landsat Image of the river Brahmaputra (1999).
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Figure 5.5: Comparison of the observed TMI with the five modelled TMI of the river Brahmaputra near Majuli Island.
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In this chapter, the TMI values of the five models were displayed in the graphs
(Figure 5.5) to quantify the thalweg channel migration (TMI of rest of the
models are displayed in the appendix 1). They were compared with the TMI
value of observed thalweg channel from Landsat images of 1999, 2002, 2009
and 2015. These four years have been selected for comparison (i) availability of
Landsat images without cloud coverage (ii) they were the subsequent years of
major flood events in the River Brahmaputra. All the 10 models performed
differently (Figure 5.3, 5.4). The (Table 6.3) depict how changes in different

parameter were able to produce different flow pattern of thalweg channel.

Models 1 and 2 were able to represent the similar route of the observed thalweg
channel but they have don’t exhibit the TMI value closed to the observed ones.
On the other hand Model, no 3 and 4 were able to represent the similar route of
the thalweg channel. They were also able to exhibit the TMI value closed to the
observed ones. All the four models were depicting the thalweg channel
migration towards the north bank near Majuli Island. Wilcock and Crowe
sediment transport model was used to hindcast the CL model in these four
models. In the river Brahmaputra during the dry season the thalweg channel and
other subsidiary channels became narrow and shallow, this is due to low

discharge flow. This was clearly visible in the four models described here.

In models 5 and 6 (Table 6.3) the thalweg channel took a different route. Instead
of flowing along the south bank, near Neemati ghat, it flowed along the north
bank. Therefore these two models cannot be considered as a suitable
representation of thalweg channel movement in the study reach. They were
exhibiting higher TMI value than the observed TMI value (Figure 5.5). In these
above mentioned 6 models the rate of sediment supply was higher than the
capacity of the channel to move it. In this process, the surplus sediments were
deposited in the channel bottom or deposited in the floodplains allowing the

thalweg channel to migrate.

Models 7, 8, 9 and 10 used the Einstein sediment transport equation and they
performed differently from the rest of the CL models. The TMI value of these
four models are shown in the appendix 1. In models C-L 7 - 10, the thalweg

channel became wider and deeper. This was because the channel has washed the
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sediment without leaving any trace of sediment input along with eroding the
banks. This phenomenon is called wash load. Due to this reason the subsidiary
channel remain dry during low flow as the main channel attains the capacity to
flow the discharge and suspended sediment load.

6.5. Modified plan form index

Modified Plan Form Index (MPFI) is one of the indicators used in this research
that quantifies the braiding planform pattern. During low flows condition, the
river becomes shallow and braiding intensity is high. The low flow season was
used in this research to calculate MPFI values as the Landsat data used to
compute the observed MPFI values were acquired during low flow conditions.
As discussed in chapter 3, MPFI values calculated from the Landsat images for

both the sub-reaches have increased since 2009.

The width of the channel, number of braiding channel and number of sandbars
were the main component used in computing MPFI. C-L models 1 to 6 used the
Wilcock and Crowe sediment transport model, and these models were able to
reproduce intense braiding. This is due to the thalweg channel becoming
shallower and wider, activating the dry, secondary channels and dissecting
sandbars to create new anabranches (Figure 5.9, 5.10). In this section MPFI
values of the model, no 1- 6 were displayed for both the sub reach (Figure 5.6).
Model no 3 exhibiting the MPFI value close to the observed Landsat image
MPFI (O) values (Figure 5.7, 5.8).

C-L models 7 to 10 used the Einstein sediment transport equation, which were
unable to generate braiding. In this case, the thalweg channel became deeper and
wider, was unable to activate the dry channels to create new anabranches during
low flow. The MPFI values of these four models are shown in the appendix 2.
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Figure 5.6. Sub-reaches used to calculate MPFI for each model and observation.
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Figure 5.7: MPFI value of the six C-L model of the sub-reach 1.
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Figure 5.8: MPFI value of the six C-L model of the sub-reach 2.

142



94°13'30"E

94°3'0"E

26°43'30"N

12

1.5

|}
o413

1
94°3'0"E

26°43'30'N=]

O e s Kilometers

Figure 5.9: C-L model no 3 (2009) during low flow season showing the formation of braiding channel.
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Figure 5.10: C-L model no 3 (2015) during low flow season showing the formation of braiding channel.
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Sharma and Akhtar (2012) computed values of Sharma’s (2004) Plan Form
Index (PFI) for 120 cross-sections of the Brahmaputra in Assam (Figure 5.11).
They then divided the river into 12 sections based on their morphological
patterns (Figure 5.11). Among these, Majuli Island falls into Section 9. In Figure
5.12, Section, 9 is shown as being moderately braided prior to 2008 but it
became highly braided in 2008, which coincides with the outcome of the

hindcast C-L models.

SHILLONG

Figure 5.11. Cross-sections of river Brahmaputra used in PFI computations by Sharma
and Akhtar (2017).
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Figure 5.12. PFI values in the 12 sections of river Brahmaputra, Source: Sharma and
Akhtar (2017). Note: Majuli Island is in section 9.
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6.6. Modified flow geometry index

As discussed in Chapter 3, higher values of MFGI signify higher braiding
intensity, with commensurately reduced hydraulic efficiency due to increased
energy dissipation caused by surface roughness and form drag. Modelled values
of MFGI for the three cross-sections generated by the C-L models have plotted
along with the observed MFGI values for cross-sections 49, 48 and 47. For C.S.
48 in 2007, the MFGI value generated using C-L model 3 has the best fit
compared with the observed MFGI value. Both the observed and modelled
MFGI values depict moderate braiding in 2007 (Figure 5.14).
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Figure 5.13: MFGI of CS 49 (2007) of all the CL model and observed CS 49
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Figure 5.14: MFGI of CS 48 (2007) of all the CL model and observed CS 48 (2007).
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Results for C.S. 49 in 2007 are plotted in Figure 5.13. The MFGI value generated
by C-L model 4 has the best fit compared with the observed MFGI value. The
modelled and observed value both indicate moderate braiding in 2007.
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Figure 5.15: MFGI of CS 47 (2007) of all the CL model and observed CS 47 (2007).

For C.S. 47 (Figure 5.15) C-L models 3 and 4 do about equally as well as each
other, although neither is a very good fit.

Table 6.5: Average width (km) and depth (m) of the thalweg channel of River
Brahmaputra near Majuli Island
Cross- Observed CS 2007 Model 3 CS 2007 Model 4 CS 2007

section | average average | average | average | average | average
width depth (m) | width | depth (m) | width depth (m)

(km) (km) (km)
CS 49 4.4 12.41 3.9 13.3 3.65 10
CS 48 3.67 7.78 3.92 11.9 3.86 10.75
CS 47 4.34 7.05 4.55 10.69 4.4 9.79
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Channel width and average depth are key indicators of channel size and shape.
In both C-L models 3 and 4, the width of the river channel changes (Table 6.6).
The widths and depths of the thalweg channel and secondary channels also
change in both the models (Table 6.5). Therefore from the table, it can be
inferred that the C-L models were capable to change the width of the large
braided river like the Brahmaputra and able to change the river morphology such
as thalweg channel migration, cross-sectional change, width and depth of the
thalweg channel and minor channels. It was observed from the C-L models of
that anabranches and anastomosing channel, act as an agent of erosion like the
thalweg channel and widens the river channel. A 3 sandbar was a stable sandbar
with vegetation cover, therefore, it acts as a resistance to the thalweg channel
and allowing the thalweg channel to move towards north bank instead of south
bank; eroding A 2 and the adjacent sandbars. The anastomosing channel which
was flowing along A 3 sandbar was not powerful enough to erode the south bank
and the A 3 sandbar. However the thalweg channel has eroded the river banks
near Neematighat in the south bank (Figure 5.15, 5.16).

Table 6.6: Average width (km) of the River Brahmaputra near Majuli Island
Year Observed (Landsat) Model 4 Model 3
1999 12.00 10.15 11.12
2002 12.00 10.15 11.12
2009 11.38 11.10 11.18
2014 13.21 11.13 11.18
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Figure 5.15: Thalweg channel eroding the river bank near Neemati ghat (2009)
model no 3.

Figure 5.16: Thalweg channel eroding the river bank near Neemati ghat (2015)
model no 3.
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6.7. Wetted perimeter

Wetted perimeters generated using the 10 C-L models are plotted together with
observed values for cross-sections C.S. 49, 48 and 47 in 2007 (Figures 5.17 —
5.19). The results illustrate that wetted perimeters generated using models 3 and
4 provide the best fits with the observed wetted perimeters.
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Figure 5.17: Wetted perimeter observed for cross-section C.S. 49 in 2007 and
generated using the ten C-L models.
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Figure 5.18: Wetted perimeter observed for cross-section C.S. 48 in 2007 and
generated using the ten C-L models.
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Figure 5.19: Wetted perimeter observed for cross-section C.S. 47 in 2007 and generated
using the ten C-L models.
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6.8. Bar deformation index (BDI)

In C-L, water and sediment are routed from cell to cell in a computational grid
using simple concepts representing the governing conservation equations for
mass and momentum (Sapozhnikov et al., 1998). The C-L model appears to
reproduce the main dynamic behaviour of the thalweg channel and formation of
braiding channels separated by sand bars within which the flow shifts
continuously from the path to path, reforming and deforming sandbars. C-L
helps in comparing measures of spatial pattern and temporal dynamics of
sandbars and braided channels. In the C-L model, flow divergences tend to
produce convergence in the sediment flux and therefore create local deposition.
Further, this local deposition enhancing flow divergence leads to bar formation;
conversely, flow convergence creates instabilities and leads to deformation of

sandbars.

Table 6.7. Bed roughness and vegetation parameters of C-L model 3 and 4.

Manning Vegetation The proportion of erosion
: Grass that can occur when
Roughness crit shear ) ion is full
) (Pa) maturity | vegetation is fully grown (0-
Model 1)
Model 3 0.04 180 0 0.1
Model 4 0.04 180 1 0.1

The bed roughness should be different for river bed, bar and floodplain surfaces.
In this research n = 0.04 is applied to all of the wetted surface. Similarly,
vegetation shear stress (zcrveg) Should be different for floodplain, stable bars and
mobile bars. In case of A 1 (Figure 6.20) which is an unstable sandbar with no
vegetation cover should ideally have 70 Pa (zcveg) Which is a heavily degrading
sandbar (Prosser, 1996). On the other hand, A 2 is a stable sandbar with human
habitation, hence 180 Pa is suitable for this sandbar, which is a lightly degraded
sandbar. Conversely, A 3 sandbar (Figure 5.20) is a long stable sandbar with
thick vegetation cover, therefore 240 Pa is ideal. But in this research, a constant
Terveg 180 Pa (Table 6.7) was used as C-L doesn’t have provision for applying
separate crveg Value for different sandbars. With 0 and 1 yrs, grass maturity and
0.1 proportion of erosion that can occur when vegetation is fully grown as a

default value (detail discussed in chapter 4) were used to run the C-L models.
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Under such condition, the C-L models should generate more sediment
deposition on the floodplains and sandbars and result in increased size and shape
of the sandbars. However, the C-L models performed differently. Though the
models have produced more deposition than erosion they fail to exhibit a similar
trend of increase or decrease in the size of the sandbars like the Landsat images.
This is because of the non-availability of cohesive grain size in the model which
resulted in less deposition or erosion or vice versa than the actual one (Figure
5.21). This was proved from the bar deformation index. The BDI quantifies the
change in the size of the sandbars in percentage. Taking the size of A 1, A 2 and
A 3 for the year 1987 as 100% (i.e.) the reference size of the sandbars (Table
3.4), BDI values were calculated from the hindcasted models. The figure 5.21
compares the observed BDI of sandbars A1 O, A 2 O and A 3 O with the model
BDI of model 3 and 4. From the figure 5.21, it can be demonstrated that BDI of
model No 3 (M_3) and 4 (M_4) exhibits a similar pattern in sandbar reshaping;
correspondingly other models demonstrating the similar pattern in sandbar
formation. However, the C-L models were not able to reproduce appropriate
shape and size of a sandbar in a coarse resolution of 100 m when compared with
sandbars of Landsat images. The BDI of other C-L models are attached in the

appendix 3.
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Figure 5.20: Braid bars A1, A 2 and A 3 model no 3, 2015.
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Figure 5.21: Bar Deformation of A1, A2 and A 3.
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6.9. Cross-section and longitudinal profile evaluation

As described in chapter 2 the Water Resource Department (Govt. of Assam,
India) has surveyed 65 cross-sections (see Figure 1.14) on the River
Brahmaputra in Assam. Cross-sections within the study reach are C.S. 45to C.S.
58, which were surveyed during 1988, 1992, 1998 and 2007. At C.S. 49, 48 and
47 the main channel was narrow and shallow in 1988 and 1998, while in 2007
C.S. 48 and 47 the main channel was split into two large, second-order channels,
one adjacent to the north bank and the other one in the middle along with a
number of small channels that sprang up in the area (detail in Chapter 2). One
of the small channel adjacent to the south bank emerged as an anastomosing river
which remains the same in the C.S 48, 47, 46 and 45 in the year 1998 and 2007.
Since 2007 no cross-sectional surveys have been conducted by the Water
Resource Department, Government of Assam. Due to non-availability of cross-
section data after 2007, the C-L models cannot be validated for the subsequent
years. Hence, in this research, the 1998 cross-section data were used as the base
year to assess how the channel cross-section changed up to 2007. In this process,
all the model cross-section data (C.S. 49, 48 and 47) of 2007 were compared
with the 2007 observed data for the same cross-sections. These are the only

cross-sections which fall within the 40 km study reach.

As described in Chapter 4 there is lack of availability of high-resolution DEM
for the river. Hence, in this research, SRTM, 90 m resolution and cross-section
data were used to derive the bathymetry using the geo-statistical wizard in
ArcGIS. It is difficult to develop detailed cross-sections from a ~100 m
resolution DEM. However, in comparing observed and modelled cross-sections,
if the model was able to reproduce a similar shape of cross-section and pattern
of change, it was taken to be a reasonably good fit. Evaluation of the C-L models
for the C.S. data was undertaken using Mean Absolute Error (MAE) and Mean
Absolute Relative Error (MARE).
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6.9.1. Mean absolute error (MAE)

Mean Absolute Error (MAE) is an absolute error. This metric records in real
units between the observed and modelled datasets. It is a non-negative metric
that has no upper bound. For a perfect model, the value of MAE is zero. MAE
provides no information about under-estimation or over-estimation.

MAE is equivalent to the Total Sum of Absolute Residuals (TSAR) (Stephenson,
1979) that was suggested for the comparison of single event models in a major
review of evaluation criteria that was conducted by Green and Stephenson
(1986) and thereafter endorsed by ASCE (1993). It is not weighted towards
higher magnitude or lower magnitude events but instead evaluates all deviations

from the observed values, in both an equal manner and regardless of sign.

wAE- 51 J0i - 0i

where, Qi = observed (i.e. expected) value, Q1 = modelled (i.e. forecast) value

where /=1 to n data points.

6.9.2. Mean absolute relative error (MARE)

Mean Absolute Relative Error (MARE) is a relative error. This metric
encompasses the mean of the absolute error made relative to the observed record.
It has also been termed ‘‘Relative Mean Error’” (RME) (Khalil et al., 2001),
‘““Mean Relative Error’’ (Karunanithi et al., 1994; Elshorbagy et al., 2000;
Teegavarapu and Elshorbagy, 2005). It is a non-negative metric that has no upper
bound. For a perfect model, the MARE value is zero. This metric records as a
ratio between the observed and modelled datasets.

MARE is a relative metric which is sensitive to the forecasting errors that occur
in the lower magnitudes of each dataset. Here the errors are not squared, the
evaluation metric is less sensitive to the larger errors that usually occur at higher
magnitudes.

The principal difference between RAE and MARE is that the later measurement
Is expressed in units that are relative to the observed record, as opposed to units

that are relative to variation about the mean of the observed record. This could
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be challenging to understand in an operating or decision-making context
(Makridakis, 1993).

|Qi-Q1|
Qi

1
MARE=~YT"

n

where Q7 = observed (i.e. expected) value, Q1 = modelled (i.e. forecast) value where

i=1 to n data points.

These absolute and relative error terms were used to measure the discrepancies
in elevation between the observed and the modelled cross-sections (Table 6.8).
In figure (5.22...5.24) observed C.S. 49, 48 and 47 (1998, 2007) are plotted
against modelled cross-sections generated by C-L models 3 and 4. C-L model 3
is the best fit for the three cross-sections, followed by model 4, which was also
able to represent the three cross-sections with fewer inconsistencies than those
in the other C-L models. The cross-sections of rest of the C-L models are
exhibited in appendix 4.

The fit of long-profiles through the study reach are plotted in figure 5.25. The
observed longitudinal profiles for 1998 and 2007 are plotted and compared with
the modelled longitudinal profile of C-L models 3 and 4. The observed long-
profiles illustrate that initially, the reach was more degrading than aggrading
although, in 2007 the river in the study reach started to aggrade. Both C-L
models 3 and 4 were able to replicate the aggrading behaviour of the river
Brahmaputra in the study reach that began in 2007. The process of aggradation
led to the reach becoming moderately to highly braided.
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Table 6.8: Performance Metrics of cross-sections (change in elevation) C.S. 49, 48 and 47 in 2007.

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9 Model 10

CS_49 | MAREinm 0.036592 0.060501 0.026162 | 0.030039 0.045843 0.049264 | 0.087409 0.083802 0.083024 0.088807
MAE in m 2.879789 4.815654 2.087678 2.366433 3.547782 3.938417 7.104106 6.853093 6.64742 7.181731

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9 Model 10

CS_48 | MAREinm 0.049346 0.049554 0.039246 | 0.038884 0.049125 0.054363 | 0.06353 0.062226 0.061522 0.064218
MAE in m 3.989765 3.977406 3.180654 | 3.132951 3.947035 4.340896 | 5.04999 4951467 4.89166 5.095994

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9 Model 10

CS_47 | MAREinm 0.038333 0.051786 0.03011 0.033356 0.073656 0.044787 | 0.068199 0.065253 0.054826 0.076626
MAE in m 3.135555 4.273163 2.47315 2.740029 6.061858 3.688042 | 5.616669 5.368662 4.429968 6.336175
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Figure 5.22: Modelled and Observed cross-section 49 (1998 and 2007).
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Figure 5.23: Modelled and Observed cross-section 48 (1998 and 2007).
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Figure 5.24: Modelled and Observed cross-section 47 (1998 and 2007).
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Figure 5.25: Thalweg channel longitudinal profile of river Brahmaputra near Majuli Island, 1998 (observed) 2007 and Model No 3 (2007) and Model No 4
(2007).
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6.10. C-L model ranking process and selection of the best fit

The six braiding indices and two statistical measures were used to evaluate
the performance of the 10 C-L hindcasting models, provide the basis to identify
the best fit C-L model which will be used to forecast medium-term channel
evolution in the study reach of the river Brahmaputra near Majuli Island. To
achieve this, an Analytic Hierarchy Process (AHP) model was used to rank the
10 C-L models (Figure 5.26). AHP is a method of measurement using a ratio
scale. It is used to develop ratio scales from both discrete and continuous, paired
comparisons. These comparisons may be taken from actual measurements or
from a fundamental scale (Table 6.9) which reflects the relative strength of
preferences and feelings (Satty, 1987, Akhtar et al.,2011).

Structure elements Make a pairwise
in criteria, sub comparison of
criteria, alternative elements in each
etc. group.

Define objectives.

Evaluate

Calculate weighting | Hernatives

and consistency
ratio.

Get Ranking.

according to
weighting.

The best Model.

Figure 5.26: Analytic Hierarchy Process (AHP) model structure
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Table 6.9: The intensity of importance on an absolute scale. Source: (Saaty, 1994.)

The intensity of Definition Explanation
importance on
an absolute scale

1 Equal importance Two activities contribute equally to the
objectives
3 Moderate importance of one over another Experience and judgment strongly favour

one activity over another

5 Essential or strong importance Experience and judgment strongly favour
one activity over another

7 Very strong importance An activity is strongly favoured and its
dominance demonstrated in practice

9 Extreme importance The evidence favouring one activity over
another is of the highest possible order of
affirmation

2,4,6,8 Intermediate values between the two adjacent When compromise is needed
judgements
Reciprocals If activity i has one of the above numbers

assigned to it when compared with activity j, then
j has the reciprocal value when compared with i

Rationals Ratios arising from the scale If consistency were to be forced by
obtaining n numerical values to span the
matrix

Table 6.8: Random consistency index (RI).

9 7 5 3 1 1/3 1/5 1/7 1/9
Extreme i Strong i Equal l Strong l Extreme
Very Strong Moderate Moderate Very Strong
Strong Strong
n 1 2 3 4 5 6 7 8 9 10
Random
Consistency

index (R.1.) 0 0 058 | 09 112 1.24 |132| 1.41 | 1.45|1.49
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The comparison is made of simple pair-wise judgement between two elements
or criteria, to define how many times more important one element is compared
with another (Saaty, 1996, Vargas, 1990). The judgment is made in a square
matrix (Saaty, 1994).

To model a problem using the AHP, a hierarchic or a network structure is needed
to represent the problem and pairwise comparisons to establish relations with
the structure. In the AHP model one has to have an objective or focus and or the
problem. To identify the best-fit one has to divide the elements into criteria, sub-

criteria and alternatives based on their priorities (Figure 5.27).

The aim of this research was to hindcast and forecast the overall, morphological
evolution of the river Brahmaputra at Majuli Island. The AHP model for this
research was therefore based on three criteria and 7 sub-criteria matrices. The

criteria for this exercise were:

1. the lateral migration of the thalweg channel (TLM),
2. the braiding intensity (BM) and,
3. the cross-sectional position (CSC).

The sub-criteria were:

thalweg migration index (TMI),

Modified Plan Form Index (MPFI),
Modified Flow Geometry Index (MFGI),
Bar Deformation Index (BDI),

e. Wetted perimeter (WP),

f. Mean Absolute Relative Error (MARE) and,
g. Mean Absolute Error (MAE)

Justification of weight or preference

T &

e o

Criteria: (Table 6.11)

A. Thalweg Migration (or the lateral channel stability plays a major role in
reach-scale planform change. Weight = 7 (very strong importance).

B. Braiding Indices were able to demonstrate the level of braiding in the
study reach, which indicates within channel morphology. Weight =5
(high importance).
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C. Cross-section change affects local geometry and dimensions of main and
secondary channels. Weight = 3 (moderate importance).

A is equally importantto A - 1

B is important but moderately important than A.

C is the less important than A & B

A has been demonstrated to be more important than B and C.
Sub Criteria:

Thalweg Migration Index (TMI):

1. TMI is the most important criteria in this AHP model. This is because in
planform change as it is able to showcase the behavioural change of the thalweg
channel. TMI is included in this ranking process as it indirectly plays a
significant role in planform change.

Local Scale Planform Change:

1. Modified Planform Index (MPFI): MPFI is important as it is able to
demonstrate the planform change occurred in the sub reach.

2. Modified Flow Geometry Index (MFGI): MFGI is moderately important
as it is able to demonstrate the cross-sectional change in terms of a threshold
value. MFGI also consider the sub-channels changes occurred in the cross-
section.

3. Bar Deformation Index (BDI): BDI is least important as it focuses on the
change in the size of the sandbar in the sub reach which also represents the
planform change in the respective of sub —reach.

Cross-sectional Change:

1. Wetted Perimeter (WP): The most important as it is able to demonstrate
the cross-sectional area.

2. Mean absolute relative error (MARE): Moderately important as it
involves the mean of the error made relative to the observed record (TIM
Meadow, 2014).

3. Mean Absolute Error (MAE): Less important (It is not weighted towards
higher magnitude or lower magnitude events, but instead assesses all deviations
from the observed values, regardless of sign).
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Table 6.11: Pairwise comparison matrix and calculated weights for each criterion and sub-criteria.

Criteria
LM BM CsC Consistency Vector cl RI Consistent
TLM 1 5 7 3.13 0.027311 0.58 Yes
BM 0.2 1 3 3.02 Asitis less than 1
csc 0.14 0.33 1 3.00 If Cl is closer to RI
Sum 1.34 6.33 11 9.16 then less
trustworthy the
Av. Consistency 3.05 preferences are
Normalised Criteria
TLM BM CSC Total Average (W) Score Rank
TLM 0.74 0.78 0.63 2.17 0.72 72% 1
BM 0.14 0.15 0.27 0.57 0.19 19% 2
CsC 0.10 0.05 0.09 0.24 0.08 8% 3
sum 1 1 1 1
Normalised sub-criteria Score of sub-criteria
Thalweg Lateral Migration Braiding Index Cross-section ™I 72%
™I Total MPFI MFGI BDI W.P MARE MAE MPFI 12.16%
TMI 1 1| [MPFI 0.65 0.77 0.50 W.P 0.55 0.69 0.33 MFGI 3.99%
Sum 1 MFGI 0.13 0.15 0.33 MARE 0.18 0.23 0.50 BDI 2.85%
BDI 0.22 0.08 0.17 MAE 0.27 0.08 0.17 WP 0.80%
Sum 1 1 1 Sum 1 1 1 MARE 0.48%
MAE 0.24%
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Table 6.12: Evaluations values of all the evaluations sub-criteria.

T™I MPFI1 MPFI2 MFGI49 MFGI48 MFGI47 BDIA1 BDIA3 BDIA2 WP49 WP43  WP47 MARE49 MARE48 MARE47 MAE4S MAE48 MAE47
MODEL1 1.4426 10.95 1423 8.09 10.19 18.85  50.12 23045 7736 375198 3863.73 4650.76 0.036  0.049  0.038  2.879 3.98 3.13
MODEL2 1.2341 1962 1373 853 12 16,59 4219 23425 9139 4101.76 392531 4571.38  0.06 0049  0.051 4.81 3.97 4.27
MODEL3 11747 7.6 726  8.87 9.29 10.77 4537 22476 ~ 87.06 350937 1752.84 404354 0026  0.039 0.03 2.08 3.18 2.47
MODEL4 13842 843 7.78 9.4 9.99 10.84 4332  259.14 8263 304573 1854.12 391091  0.03 0.038  0.033 2.36 3.13 2.74
MODEL5 1.2969 956 7.83  11.02 10.9 1211 5125 24857 9435 3654.03 362641 5003.14 0.045 0049  0.073 3.54 3.94 6.06
MODEL6 14812 929 675 1141 1031 1419 5238  259.22  96.27 5008.41 3792.53 4462.17 0.049  0.054  0.044 3.93 4.34 3.68
MODEL7 14876 1933 13.67 515 3.64 5.00 4755 27178  87.83 3147.74 3805.03 4462.17 0.087 0063  0.068  7.104 5.04 5.61
MODEL8 095 1942 1618 565 3.56 2.65 46.46  271.86 96 3030.18 4103.01 43446 0088 0062 0065  6.853 4.95 5.36
MODEL9 0.88 29.08 3479  8.68 7.67 513 4548 2629  85.69 247554 4409.33 394525 0.083 0061  0.054 6.64 4.89 4.42
MODEL10 09 2745 2911 494 9.53 13.59 348 22685 7517 211214 5500.41 6145977 0.0888  0.064  0.076 7.18 5.09 6.33

12.231 160.73 15133 8174 = 87.08  109.72  458.92 = 2489.78 873.75 33836.9 36632.72 45539.9 05886 0528 0532 47376 4251 @ 44.07

Table 6.13: Normalised evaluations values of all the evaluations sub-criteria.

Ml MPFI1 MPFI2 MFGI49 MFGI48 MFGI47 BDIA1 BDIA3  BDIA2 WP49 WP48 WP47 MARE49 MARE43 MARE47 MAE49 MAE48 MAE47
MODEL1 012 025 035 010 0.12 0.16 0.06 0.27 009 011 010 0.10 0.06 0.09 0.07 0.06 0.09 0.07
MODEL2 010 044 034 010 0.14 0.14 0.05 0.27 011 012 010 0.10 0.10 0.09 0.10 0.10 0.09 0.10
MODEL3 013 017 018 011 0.11 0.09 0.05 0.26 010 010 005 0.09 0.04 0.07 0.06 0.04 0.07 0.06
MODEL4 015 019 019 011 0.11 0.09 0.05 0.30 010 009 005 0.09 0.05 0.07 0.06 0.05 0.07 0.06
MODEL5 014 022 019 013 0.13 0.11 0.06 0.29 011 011  0.09 0.11 0.08 0.09 0.14 0.07 0.09 0.14
MODEL6 016 021 017 014 0.12 0.12 0.06 0.30 011 015 010 0.10 0.08 0.10 0.08 0.08 0.10 0.08
MODEL7 016 044 034 006 0.04 0.04 0.05 0.32 010 009 010 0.10 0.15 0.12 0.13 0.15 0.12 0.13
MODEL8 011 044 040 007 0.04 0.02 0.05 0.32 011 009 011 0.09 0.14 0.12 0.12 0.14 0.12 0.12
MODELS 010 066 08 011 0.09 0.04 0.05 0.31 010 007 012 0.09 0.14 0.12 0.10 0.14 0.12 0.10
MODEL10 010 062 071 006 0.11 0.12 0.04 0.27 009 006 014 0.13 0.15 0.12 0.14 0.15 0.12 0.14
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Table 6.14: Ranking of 10 calibrated models using AHP model.

MODEL 1
MODEL2
MODEL3
MODEL 4
MODELS5
MODEL 6
MODEL7
MODEL8
MODEL9
MODEL 10

™I

8.49
1.26
9.36
11.02
1033
1180
11.85
157
101

117

MPFI1 MPFI2 MFGI49 MFGI48 MFGI47 BDIA1 BDIA3 BDIA2 WP49 WP43 WP47 MARE49 MARE4S MARE4T MAE49 MAE4S MAE4T  Total

3.02
541
2.09
23
263
256
533
535
8.01
157

424
4,09
216
23
233
201
407
48
1037
8.68

0.39
042
043
0.46
0.54
0.56
0.25
0.28
042
0.4

047
0.5
043
046
0.50
047
0.17
0.16
035
0.4

0.66
0.58
037
0.38
042
049
0.17
0.09
0.18
047

0.16
0.13
0.14
0.14
0.16
0.17
0.15
0.15
0.14
0.11

0.77
0.78
0.75
0.86
0.83
0.86
091
091
0.8
0.76

0.26
031
0.29
0.28
032
032
030
032
0.29
0.25

0.09
0.10
0.08
0.07
0.09
0.12
0.08
0.07
0.06
0.05

0.29
0.29
0.13
0.14
0.27
0.28
0.28
031
033
041

0.08
0.08
0.07
0.07
0.09
0.08
0.08
0.08
0.07
0.11

0.03
0.05
0.02
0.02
0.04
0.04
0.07
0.07
0.07
0.07

0.04
0.04
0.04
0.03
0.04
0.05
0.06
0.06
0.06
0.06

0.03
0.05
0.03
0.03
0.07
0.04
0.06
0.06
0.05
0.07

0.01
0.02
0.01
0.01
0.02
0.02
0.04
0.03
0.03
0.04

0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.03

0.02
0.02
0.01
0.01
0.03
0.02
0.03
0.03
0.02
0.03

19.08
2021
16.44
18.65
18.73
1992
239
2038
2837
26.5

Rank

~ OO LUI W N = O
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Subsequently comparing all the elements of criteria and sub-criteria pairwise
with respect to the objectives or opinion. Then arrange the elements into the
matrix and compute the normalised principle Eigenvector of the matrix (Table
6.11).

The matrix N for 3 criteria.
1 Az Qg3
a3 az; 1
Sum of columns Scy, Scz, and Sc3.

Normalised and calculated first normalised principle Eigen Vector (X).

1 aijz Qai3

i rowq
Sc1 Scz Scs % n
-1
X _ ai; 1 azs X Z rowy
~s S S =
c1 c2 c3 n
-1 -1 rows
413 43 1 y—

n
Sc1 Sc2 Se3

Consequently, calculate the largest Eigen Vector (A) of the matrix and
Consistency Vector of the matrix. Consistency Vector is required to calculate
the Consistency Index (C.I). Consistency Index is verified using Random Index.

If C.1is closer to R.I then the less trustworthy are the preferences.

A—

S

Cl=

S
»—\

In this AHP model C.I is 0.027 and R.I is 0.58, which indicates the preferences
selected were consistent and trustworthy (Table 6.10). The value of the
evaluation criteria were normalised and were multiplied by the score of the sub-
criteria (Table 6.12. 6.13). Subsequently the models were ranked based on the
outcome of AHP model. From the outcome of the AHP, C-L models 3 and 4
achieved the best and second best performances (Table 6.14). Model 3 was an
unsteady, non-uniform flow model. Model 4 was an unsteady, uniform flow
model. On the basis of these findings, it was decided to use C-L models 3 to
forecast the morphological evolution of the channel in the study reach of the

River Brahmaputra near Majuli Island for next 20 years.
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Conclusion:

This chapter summaries C-L models operation and their outputs in modelling the
landscape evolution of the river Brahmaputra near Majuli Island. The method
knows as blind testing was used in this research to calibrate 10 C-L models to
hindcast the channel morphological change of the river Brahmaputra. In this
method, a small number of calibrations are applied to final bounds of parameter
values based on expert judgment, values known from the relevant literature and

field measurements (Bathurst et al., 2004).

For validating the C-L models newly developed braiding indices were used. The
Analytic Hierarchy Process was used in this research to quantify and rank the
performance of each model in producing outcomes that matched observed
parameters of morphological change. The AHP established that C-L models 3
and 4 performed the best, according to the blind testing approach to calibration
adopted in this study, with C-L model 3 slightly performed better than model 4.

This chapter demonstrates that the model C-L model no 3 parameter combination
was best able to hindcast the morphological behaviour of the River Brahmaputra
in the study reach. This model combination was able to generate the major
morphological changes in the channel such as lateral shifting of the thalweg

channel and planform changes which was observed in the Landsat images.
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Chapter 7: Morphological Forecasting

7.1. Introduction

This chapter concerns forecasting future evolution and change in the study reach.
Using model no 3 as the best fit model hydrological models were used to model
medium term channel evolution of the river Brahmaputra near Majuli Island.
The primary inputs needed to run the models in forecasting mode are estimates
of the discharges of water and sediment that will enter the study reach from
upstream. Hence, the first step in setting up the models was to obtain future water
and sediment hydrographs from the global hydrological models. The global
hydrological models were part of ISIMIP Fast track data. Applying these data a
medium term (20 years) channel evolution C-L model were run for the river
Brahmaputra near south Majuli Island. This chapter also describes about the
forecasting trends of planform change and the thalweg migration by the

application of the newly developed braided indices.

7.2. Forecasting programme design

One-dimensional (1D) flow models are insufficient to tackle problems of
braided streams due to lack of information with regard to transverse flow field.
Hence, for better and more realistic flow field assessment, two-dimensional (2D)
or three dimensional (3D) numerical models are to be used. 3D models are too
numerically expensive for macro scale river reaches. Hence 2D enhanced model
should be used for such macro-scale reach for a realistic hydrological modelling.
There is an increasing demand for understanding, predicting and controlling
large braided rivers (Schuurman et al., 2018).

From ISIMIP Fast track data one LSM and one GHM models were selected. In
a 100x100 m grid cell size eight 2D hydrological models were forecasted using
the same parameters of hindcasted from the best-fit models (Model No 3). The
daily discharge data have been taken from the one LSM (H08, JULES) and GHM
(LPJmL, MacPDM) models (Table 7.2) for the year 2015 till 2035 and daily
sediments discharge have been estimated using the same sediment rating curve
used to estimate daily sediment discharge for hindcasting models (Chapter 4).
The reason for using a matrix of 4 LSM/GHM x 1 C-L models was that the
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morphology of the Brahmaputra is transient and highly responsive to changes in
the flow and sediment regimes — which are the drivers of morphological change.
Using these four models in combination will provide a spectrum of forecasts for
the future behaviour of the volatile river channel in the study reach, from which
it should be possible to synthesise a reasonable range of possible morphological

futures.

Morphological channel geometry is, by its very nature, a three-dimensional
phenomenon and consideration of channel morphology and evolution in this
study has considered changes in the planform, cross-sectional and long-profile
planes. Nevertheless, it is changes in the bank lines of the Brahmaputra that pose
the most immediate and serious risks to land, people and infrastructure on Majuli

Island and at other locations adjacent to the great river.

At the reach-scale, bank retreat and advance in very large, braided rivers like the
Brahmaputra are driven by the long-term development of island and nodal
reaches, medium-term development and migration of bends in the near-bank
anabranches, and growth, migration and destruction of braid bars; which
involves processes which operate at relatively small spatial scales of 3 to 6 km
and over shorter temporal scales 2 to 5 years (Colemen, 1969; Thorne et al.,
1993; Mount et al., 2013).

Until recently, the poor availability and expense of high definition, remotely-
sensed images needed to investigate rates and patterns of bank line migration
along large rivers meant that bank line migration was poorly understood and
almost impossible to forecast (Best and Bristow, 1993; Richardson, 1997).
However, Mount et al., (2013) noted that, “At the present time due to the
development and availability of remotely sensed technologies, coupled with
widening accessibility to GIS, have led to the emergence of the remote sensing

of rivers as a sub-discipline of fluvial geomorphology,”.

Focusing on channel changes that generate bank line migration in the study
reach, a time series of DEMs of the river during the low flow season (February
- March) were extracted from the C-L forecasting model runs to investigate
medium-term planform change, channel behaviour, bank retreat and bed

incision. During low flow, channel morphology features are generally visible
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distinctly. DEMs were the C-L model outputs that demonstrate the change in
channel during four intermediate periods: 2015-2020, 2020-2025, 2025-2030
and 2030-2035 at a 100 x 100m resolution (Table 7.1). These DEMs were used
for calculating forecasting trends of the river Brahmaputra using braiding
indices.

Table 7.1: Modelled images used to drive forecasted planform change, channel
behaviour and sandbar formation and deformations.

Hydrological Models Modell Image date acquired Discharge Qin ?essamora m3s
15/03/2020 965.763
HO8 15/03/2025 1061.903
15/02/2030 920.25
15/03/2035 1040.837
15/03/2020 1610.5
15/03/2025 1680.188
JULES 15/03/2030 2313.749
15/02/2035 1036.686
15/03/2020 1227.63
15/03/2025 1065.17
LPImL 15/03/2030 1246.44
15/03/2035 1067.72
01/03/2020 5743.671
15/03/2025 5555.087
MacPDM 16/03/2030 5987.272
15/03/2035 4778.421

Having forecast future trends of geomorphic change, the newly developed
versions of the morphological indices that can be used to quantify complex
fluvial and morpho-dynamic changes in braided rivers were applied to the model
outputs. These indices (Chapter 3) represent key aspects of river channel change
including thalweg channel migration, river planform pattern, flow geometry, and
deformation of braid bars. Differencing of dems for the forecast channel at
different times between 2015 and 2035 also allowed calculation of the net
sediment balance, indicating whether morphological adjustments will in future
be dominated by processes of deposition or scour. Assessment of values and
trends of change in these indices, together with consideration of the balance
between deposition and scour, will support evalaualtion of the degree to which
the forecasts based on different models generate consistent or inconsistent

forecast morphological patterns.
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7.3. Selection of Global hydrological models (GHM) and Land
surface models (LSM) for medium term forecasting.

Chapter 6 reported how ten C-L models were built and tested by hindcasting
morphological behaviours and changes in a study reach of the River
Brahmaputra near Majuli Island, Assam for a 17-year period (1998- 2014). This
chapter reports how the best two C-L models (identified in Chapter 6) were used
to forecast the morphological behaviour of the channel during a 20-year period
(2015 —2035). The intent is to forecast the broad morphological evolution of the
River Brahmaputra near Majuli Island, and identify possible responses to the
impacts of climate change on flow and sediment regimes of this very large,

braided river. .

To represent future flow and sediment regimes, two Global Hydrological Models
(GHMs) and two Land Surface Models (LSMs) were selected from those
included in the Inter-Sectoral Impact Model Inter-comparison Project (ISI-MIP)
Fast Track phase. These models were used to generate possible future
hydrological and sediment inputs to the study reach during a 20-year period
starting in 2015 and ending in 2035.

ISI-MIP has been developed by a coordination team at the Potsdam Institute for
Climate Impact Research, working closely with modelling teams from water,
biomass, agriculture, infrastructure and human impacts/health sectors. The
principal objectives of the ISI-MIP Fast Track project relate to application of
global climate models to predict the socio-economic impacts of climate change,
by comparison to a future with a steady climate. The ISI-MIP fast-track also
aims to quantify the uncertainty in the impacts of climate change, both across

climate impact models and sectors, and for different levels of global warming.

ISIMIP input data are available on a 0.5°x0.5° lat-long grid. The ISI-MIP
coordination team provides bias-corrected climate data from the GCMs
participating in the CMIP5. These data cover the time period from 1950 to 2099
and future projections for all RCPs (RCP 2.63, RCP 4.5, RCP 6.0, RCP 8.5).

Climate change impact data for input to forecasting C-L models were acquired

from ISI-MIP Fast Track data were acquired for the area around 26.92¢ N latitude
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and 94.33> E longitude. The data are from future climate scenario
HadGEM2_ES/RCP 8.5.

“RCP 8.5 combines assumptions about high population and relatively slow
income growth with modest rates of technological change and energy demand
and GHG emissions in absence of climate change policies” (Riahi et al., 2011).
The scenario links to the pathway which comprises of highest greenhouse gas
emission when compared with other RCPs (Fisher et al., 2007; IPCC, 2008).
RCP 8.5 is the upper bound of the RCPs with a CO? concentration continuing to
swiftly increase, reaching 940 ppm by 2100 (Figure 6.1).

35 ©0: 1000+ RCP2.6
900
800
700-

600

Emissions (GtC)
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CO, concentration (ppm)

0 400

- - — 71 T T 1 1T 1 300 — 1 ' 1 T T ' 1
200020202040206020802100 2000 2025 2050 2075 2100
Fig 6.1. Emissions of CO, across the RCPs (left), and trends in concentrations of carbon

dioxide (right). Grey area indicates the 98th and 90th percentiles (light/dark grey).
SOURCE: Van Vuuren et. al. (2011)

“RCP 8.5 is a so-called ‘baseline’ scenario that does not include any specific
climate mitigation target. The greenhouse gas emission and concentrations in
this scenario increase considerably overtime, leading to a radiative forcing of 8.5
W/m? at the end of the century” (Riahi et al., 2011).

Under this scenario, the world would be 4°C warmer by the end of the 21%-
century, and the probability of flooding is increased for 37% of the global land
area. According to this scenario, there is expected to be a 24.5% increase in the
magnitude of extreme high flows in rivers like the Brahmaputra (Asadisch and
Krakauer, 2017).
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34 models participated in ISI-MIP Fast Track. From them, models appropriate
for providing hydrological inputs to the forecasting C-L+ models were selected
for use in this research. The selected models are H08, JULES, which are Land
Surface Models (LSMs), and LPJmL and MacPDM, which are Global
Hydrological Models (GHMs) (Table 7.2) (Haddeland et al., 2011). The models
are compared under naturalised conditions: i.e. human impacts such as storage
in artificial reservoirs and agricultural water withdrawals are not included in the
model runs. LSMs have been developed within the climate community and

GHMs have been developed within the hydrologic community.

HO08 and JULES use snow schemes based on a physically-based energy balance
approach while LPJmL and MacPDM models are based on the conceptual
degree-day approach. The models also use different snow energy balance
approaches: for example number of snow layers, snow albedo values and how
much liquid water can be retained within the snowpack. In the Himalayan region,
snow accumulates over the years in several models, which contributes to the
model differences. The model simulating the lowest Snow Water Equivalent
(SWE) numbers is HO8, which uses a relatively simple, one-layer snow scheme
and fairly low snow albedo values. In HO8, snow albedo varies between 0.6 and
0.45, whereas several other models use snow albedo values up to 0.8. This leads
to increased net radiation at the snow surface compared to many other models
(Haddeland et al., 2011).

The understanding of how the models perform differently for naturalised
conditions and how current climate provides important information to
understand why some models might respond differently in future runs using
climate projections is very important in hydrological research. The four models
used in this research to forecast medium-term landscape evolution of river
Brahmaputra have different flow regime. MacPDM forecasted for relatively
higher runoff compared to other models (Figure 6.3 b). Similarly, LPJmL
forecasted high runoff during peak flow season (May- September) but during the
dry season the flow is relatively low (900- 1200 m3s?) (figure 6.2 b). On the
other hand, HO8 forecasted relatively high runoff value during the fall season
(Sep- Nov) but during the dry season the flow is low (400- 1400 m3s?) (figure
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6.2 a). JULES is another model which forecasted higher runoff during the dry
season (1650 — 2500 m3s™) (Figure 6.3 a) (Haddeland et al., 2011).

In the Brahmaputra Basin, cloudiness during the Indian monsoon reduces
incoming solar radiation and generates high humidity. The effect is to limit
terrestrial water loss to evapotranspiration. Models using the Thornthwaite
evaporation equation are unable to simulate these effects because that method
relies solely on air temperature only to calculate potential evapotranspiration,
therefore, actual evapotranspiration can be substantially lower than that
predicted using the Thornthwaite method. Models using the Penman-Monteith
or Priestly-Taylor methods are therefore better for the Brahmaputra Basin
because in these models it is the incoming shortwave radiation or humidity that

limits evapotranspiration (Haddeland et al., 2010).

As all the simulations were based on naturalised conditions, the effects of dams
and water withdrawals are not taken into consideration. Consequently, these
models tend to overestimate runoff in basins with large or multiple dams and
extensive irrigation. However, in the Brahmaputra Basin, there are (at least as
yet) no mega-dams (Figure 6.4) and agriculture in the region is not heavily
dependent on water withdrawal from the River Brahmaputra. In fact, Assam is
rich in abundant rainfall there is little pressure on the water resources provided
by the River Brahmaputra. Hence, using LSMs and GHMs models that ignore
anthropogenic water use will not overestimate runoff from the upper basin that
inputs discharge to the study reach in Assam. This research attempts to apply
these flow and sediment models to generate the inputs of water and sediment
needed to run the C-L model and then use the best C-L models identified in
Chapter 6 to forecast trends and patterns of evolution and change in channel

morphology in the study reach.
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Table 7.2. LMS and GHM Models includin

their main characteristics. (Source

: Haddeland et al., 2010).

Model Model Meteorological forcing variable | Energy ET Scheme Runoff Scheme Snow Scheme Reference

name Time Step Balance

HO8 6 hrs R,S, T, W, Q, LW, SW, SP No Bulk formula | Saturation excess/ Energy Balance | Hanasaki et al. 2008a

beta function

JULES 1hr R,S, T, W, Q, LW, SW, SP Yes Penman- Infiltration excess/ | Energy Balance | Coxetal. 1999
Monteith Darcy

LPJmL Daily P, T, LWhet, SW No Priestley Saturation excess Degree Day Bondeau et al. 2007; Rost et al. 2008
Taylor

MacPDM Daily P, T,W, Q, LWqe, SW No Penman- Saturation excess/ Degree Day Arnell 1999; Gosling and Arnell 2010
Monteith beta function

The bold letters models are Land Surface Models (LSMSs) and the other two are Global Hydrological Models (GHMs). R = rainfall rates; S=
snowfall rate; P = precipitation (rain or snow distinguished in the model); T = air temperature; W= wind speed; Q = specific humidity; LW =
longwave radiation flux (downward); LWhet = longwave radiation flux (net); SW = shortwave radiation flux (downward); and SP = surface

pressure.

Bulk formula: Bulk transfer coefficient is used when calculating the turbulent heat fluxes.

Beta function: Runoff is a nonlinear function of soil moisture
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Figure 6.2: Daily mean discharge and suspended sediment load HO8 (1) and LPJmL (2).
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Fig.6.4. Glaciers, dams and publicly-accessible stream gages of the Brahmaputra basin (data from the Randolph Glacier Inventory, version 3.2) (Ray et al. 2015).
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The objective is to investigate the capacity of C-L to forecast morphological
futures that are consistent and realistic and to understand how likely it is that
climate change will drive problematic morphological modifications of the river
that may threaten the livelihoods or even the lives of people living on Majuli
Island and along the Brahmaputra River. The models which were able to
generate an appropriate representation of the morphological pattern of the river
Brahmaputra were HO8 and LPJmL C-L+ models. The output of these two
models will be discussed and displayed in this chapter. The other two models

are attached in the appendix.

7.4.Thalweg migration index

As described in chapter 3, thalweg migration index (TMI) checks the limit and
extent of channel migration in a braided stream. This quantifies the thalweg channel
instability and the direction of its movement. As described in the chapter 3, if
the TMI is below or (+) 1.5 from the centreline (0) then it is moving towards the
north bank and if the TMI is above or (-) 1.5 from the centreline (0) then the
thalweg channel is migrating towards the south bank. In both the HO8 (Figure
6.6) and LPJmL C-L+ models TMI values were calculated for 20 years and were
plotted in the graph at 5 years interval. The results of both the models exhibit
similar migration pattern i.e. the thalweg channel moving towards the north
bank, towards Majuli Island (Figure 6.5). (The TMI of MacPDM and JULES are
attached in appendix 5). In HO8 and LPJmL models in C-L+ model the chute
channels started headcutting and eventually it joins the thalweg channel (Figure
6.7, 6.8). Later in 10 to 15 years the chute channel capture the thalweg channel
and divert the flow of thalweg channel towards the north bank. This resulted in
erosion near Burha Chapori (A 37) and nearby sandbar (discussed in more detail
in BDI section). The average width of the thalweg channel (Table 7.3) depict
that the channel is becoming wider in succeeding years.

Model Table 7.3: Average width of the thalweg channel in study reach (km)
Year HO08 LPJmL
2020 2.94 2.9
2025 3.24 3.35
2030 3.06 2.91
2035 3.42 291
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The width of the channel and braiding process are strongly affected by the higher
amount of discharge. In HO8 and LPJmL C-L+ models, widening of channel
width was observed (Table 7.4), similarly significant change was observed in
the thalweg channel. The thalweg channel was becoming wider and shallow and
is lateral shifting towards north i.e. towards Majuli Island. Anabranching is
another type of phenomenon observed in HO8 and LPJmL C-L+ the models.
Head-cutting channels incise the sandbars to form multiple braiding channels.
After 10 to 15 years these channels become connected and have formed chute
channels and eventually, some of these chute channels become dominant
channel branches (Schuurman et al.,, 2018). These new chute channels
subsequently capture the thalweg channel and divert the flow of the river to a
different path, causing a major lateral shift of the channel branches, sandbar
formation, and deformations, migrations of sandbars and bifurcation of the main
channel. All these processes were observed in the HO8 and LPJmL C-L+ models
for 20 years forecasting of the landscape evolution of river Brahmaputra near
Majuli island (Figure 6.7, 6.8).

Table 7.4:Average width of the River Brahmaputra near Majuli
Model 3 Island in km
Year HO08 LPJmL
2020 11.18 11.18
2025 11.18 11.18
2030 12.11 11.73
2035 12.11 12.73
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Figure 6.7: Thalweg channel capture by chute channel in HO8 C-L+ model.
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Figure 6.8: Thalweg channel capture by chute channel in LPJmL C-L+ model.
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7.5. Modified plan form index

Forecasted Modified Plan Form Index (MPFI) for the HO8 and LPJmL C-
L+ models were computed and were plotted against 5-year intervals (2020,
2025, 2030 and 2035) (Figure 6.10, 6.11) for 20 continuous years. The low flow
season was used in this research to calculate the MPFI values. This is because
the Landsat data used to compute the MPFI value in chapter 3 were acquired
during low flow condition. In both the sub-reaches (Figure 6.9), in the HO8 and
LPJmL C-L+ models it can be observed that the models were able to produce a
comparable hydrological pattern in forecasted scenarios when associated with
the Landsat images of past events described in chapter 3. As described in chapter
3 the MPFI values for both the sub-reaches increases since 2009 and it intensify
after the flood event of 2012, and remain highly braided in subsequent years,
especially in the sub-reach 2. After 2009 more new braided channels, sandbars
were created and activate the dry channels during high peak flow which creates
erosion in the river bank. In sub-reach 1 (Figure 6.10), HO8 and LPJmL C-L+
model were generating moderately braiding intensity according to the set
threshold level discussed in chapter 3. From the C-L+ models, this can be
determined that during a discharge flow range of 920 — 1200 m3s™, the thalweg
channel became wider and shallower and the river was unable to transport the
suspended sediment load. This was clearly observed in both HO8 and LPJmL
models and therefore generating more braiding channels in future. In sub-reach
2 in both HO8 and LPJmL C-L+ models, were displaying a similar trend i.e.
highly braiding (towards 2035) (Figure 6.11). MPFI of other two models were
attached in the appendix 6.
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Figure 6.9: Sub reaches No 1 and 2 used to calculate MPFI of all the models, in the figure HO8 (2025).
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Figure 6.10: MPFI of sub reach 1 of HO8 and LPJmL C-L+ models.

2018 2020 2022 2024 2026 2028 2030 2032 2034 2036
Years

--@®--H08 —@— LPJmL

Figure 6.11: MPFI of sub reach 2 of HO8 and LPJmL C-L+ models.
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7.6. Modified flow geometry index

As discussed in chapter 3 cross-sections and water depth perform a significant
role in computing MFGI value to determine the level of braiding in the river
channel or reach. HO8 and LPJmL both the C-L+ models, cross-sections were
derived using the conversion tool to convert the line into points. Later these
points were used to extract the elevation values by using extract point tool in
Arc Gis. Using these process three cross-sections were derived for 20 years in 5
years interval (2020, 2025, 2030 and 2035) for the CS 47, 48 and 49 (Figure
6.12).

From the cross-sections, it can be discerned that at CS 47 (Figure 6.15) the two
C-L models retains the two existing bifurcated channels and generated multiple
small channels. In CS 48 and 49 (Figure 6.13 and 6.14) the main channel became
wider, shallower and more braided in 20 years. These two hydrological C-L+
model were generating higher MFGI value in CS 47 (Figure 6.18) exhibiting
highly braiding. In this region, the river bed became shallow and the average
slope became 0.86¢, therefore the suspended sediment carrying capacity of the
river became low, making the river hydraulically less efficient and resulting in
more braiding. In CS 48 (Figure 6.17) and 49 (Figure 6.16) the MFGI value for
the next 20 years in both the models HO8 and LPJmL C-L+ model was also
exhibiting highly braiding with higher MFGI value. (MFGI of other two C-L+
models are displayed in appendix 7).
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Figure 6.12: Cross-section 47, 48 and 49 used to calculate MFGI of all the C-L+ models, HO8 (2035) is displayed in this figure.
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Figure 6.13: Forecasted cross-section 49 of the river Brahmaputra near Majuli Island.
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7.7. Bar deformation index (BDI)

Braid bars in river Brahmaputra can be classified into two categories (i) stable
braid bars, which are covered by vegetation and (ii) unstable braid bars which
are transient in nature. An unstable braid bar changes its shape and size based
on the amount of flow of water discharge and suspended sediment load. The
Manning roughness plays an important role in bar formation and deformation.
The Manning roughness coefficient used in both the C-L+ models is 0.04 m for
river Brahmaputra. This Manning roughness coefficient was used for both the
river channel and floodplains; however, the bed roughness on the floodplains
and sandbars should be higher than in the channel due to vegetation, human-
induced obstructions and other irregularities (Schuurman et al., 2018). Uniform
bed roughness resulted in more sediment on the sandbars and floodplain. The
process of deposition was observed in the all hydrological model of C-L+ model
no 3. Using the forecasted scenarios of the C-L+ models no 3 bar deformation
Index (BDI) were calculated for three selected sandbars and they were

represented as a percentage. They are labelled A-1, A 2 and A 3 (Figure 6.20).

A-1 was the most transient, unstable bar, A 2 was a small, stable bar with
vegetation cover and human habitation. A 3 was the longest stable bar with
vegetation cover. As described in chapter 3, BDI exhibits the transient nature of
fluvial landforms (sandbars) features. Taking the size of A-1, A 2 and A 3 for
the year 1987 as 100% i.e. the reference size (Table 3.4) of the sandbar,
forecasted BDI values were computed for 20 years. In the HO8 and LPJmL
models of C-L+ model minor difference in the percentage size of the sandbars
were observed (Figure 6.19). These C-L+ model in 100x100 m resolution dem
and limited grain size data, were not able to produce detail change in the shape
and size of the braid bars but it was able to depict a broad picture of the
percentage change in their sizes. This minor difference in BDI was due to the
difference in discharge flow in each model. The BDI of other two models are

attached in the appendix 8.
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Figure 6.19: BDI of A1 (a), A 2 (b), A 3 (c) of C-L+ model

From the figure 6.19 it can be inferred that the A-1 in LPIJmL C-L+ is
increasing in size while in HO8 C-L+ model it is reducing in size this is due to
variable discharge flow. On the other hand A 2 in both the models is reducing it
size. This is due to the thalweg channel is adjacent to this sandbar which
accelerate erosion during peak discharge period. In the case of multi-channel
rivers, the braided form is known to be related to a high-energy flow
environment, mobile bed sediments providing a heavy bed material load, and
easily eroded bank materials. This results in creating flow division and channel
bifurcation (Figure 6.21).
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Figure 6.20: Three braid bars used to calculate BDI in all the C-L+ models.
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Figure 6.21: Flow patterns in a river model bifurcation.

The depth-to-width ratio of an alluvial stream decreases due to bank erosion and
widening, possibly coupled with bed accretion due to deposition of bank-derived
sediment, a threshold is reached where, for a given level of specific energy, the
single-thread velocity field breaks up into two, or more, separate flow threads.
This hydraulic division of the flow field generates one or more zones of
relatively low energy flow, where sediment deposition is favoured. Local scour
below the high-velocity filaments, coupled with accretion in low energy areas,
drives hydraulic division of the flow and may lead to the morphological
bifurcation of the channel (Richardson and Thorne, 2001). This phenomenon
was observed in all the four forecasted C-L+ model no 3. Due to the channel
bifurcation near bar A 2, forming a mid-channel bar and occurring local scouring
near Burha Chapori. Hence the local bank erosion in this region and shifting of
thalweg channel will likely to create more erosion near Burha Chapori (Figure
6.20) in future. The size of the A 3 bar remain persistent as it is a stable bar

covered by vegetation.
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7.8. C-L+ produces forecasts that are both plausible and consistent
with the results of recent morphometric investigations.

Mahanta and Saikia (2017) calculated the sediment deposition and scour in six
reaches of the Brahmaputra in Assam during the four periods: 1957 - 1971, 1971
-1977, 1977 - 1981 and 1981 - 1989 (Figure 6.22 a, b). In this study, Majuli
Island falls in the fifth reach (CS 41 - 51) in their study area. According to
Mahanta and Saikia (2017), there was more deposition than erosion during three

of the four periods of observation, the exception being 1971 - 1977.
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Figure 6.22. Deposition and erosion in the Brahmaputra near Majuli Island. Calculated
erosion and deposition quantities for four periods between 1957 and 1989 are
reproduced from Mahanta and Saikia (2017). deposition and erosion quantities forecast
for four periods between 2015 and 2035 using C-L+, with hydrology models H08 and
LPJmL, are shown in graphs a. and b, respectively.
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In this study, the amounts of deposition and erosion forecast using the C-L+
model with hydrological models HO8 and LPJmL have been added to the results
of the study by Mahanta and Saikia (2017), to extrapolate the deposition/erosion
graph into the future, by adding histogram bars for the periods 2015 - 2020, 2020
- 2025, 2025 - 2030, and 2030- 2035, in figures 6.22 a and b, respectively. The
graphs show that amounts and inter-period variability of erosion and deposition
forecast by C-L+ are similar in magnitude to those calculated for the previous
periods. Hence, it may be concluded that these forecasts are entirely plausible.
Forecasts generated by both C-L+ models suggest that the amount by which
deposition exceeds erosion is likely to increase in future, which is consistent
with higher discharges and increasing sediment inputs to the study reach
associated with climate change predicted by the hydrology models. The trend
for increasing dominance of deposition over erosion forecast using C-L+ is
stronger for the HO8 climate model (Figure 6.22a) than for the LPJmL landscape
model (Figure 6.22b). This is as expected, as HO8 predicts a great increase in
runoff than does LPJmL. In either case, increased deposition is consistent with
the formation of more braid bars and sub-channels, channel widening, increased
braiding intensity and retreat of the river banks, especially on the southern edge

of Majuli Island (see Figures 6.7 and 6.8).
Conclusion:

This chapter demonstrates that the model C-L + HO8 combination was best able
to forecast the morphological behaviour of the River Brahmaputra in the study
reach. This model combination was able to generate chute cut-off channels that
developed across large bars and other minor sub-channels that subsequently
enlarged to become dominant sub-channels or anabranches over periods of 10
to 15-years. Some of these growing sub-channels grew large enough to become
the thalweg channel, others captured so much flow from the thalweg channel
that they replaced it. In either case, the effect of thalweg channel switching or

capture was to move the primary flow route northwards, towards Majuli Island.

Additionally, the C-L + HO08 combination of models created sub-channels
(including thalweg channels) that were shallow and wide, with greater

propensity for dissecting sand bars to create more sub-channels and, hence, more
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intense braiding, which is consistent with the established relationships between

channel width, bar dissection and MPFI.

Based on C-L + HO8 forecasts, it seems likely that the Brahmaputra in the study
reach will remain highly braided and that the main flow routes will continue to
move northwards through thalweg channel switching and capture. This will, in

turn, instigate more bank erosion along the southern edge of Majuli Island.
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Chapter 8. Discussion and key contributions to
knowledge

8.1 Context

To date, limited attention has been paid to simulating the morphological
behaviour of large, braided river systems at time and space scales relevant to
river management, due to difficulties with data collection and the inability of
physics-based models to handle the complexities and unpredictabilities inherent
to rivers of this type (Kasper et al., 2018). To address this research gap, this
study has performed original research on the River Brahmaputra near Majuli
Island that has: identified a practicable modelling approach; developed a
reduced complexity model to hindcast and forecast morphological evolution;
developed novel indices of braiding morphology and change; used those indices
to evaluate the performance of that model, and; interpreted model outcomes to
make recommendations for sustainable bank stabilisation and river training
works that could protect lives, livelihoods and property in vulnerable

communities living close to the river on Majuli Island.

8.2 First contribution to knowledge: identifying an appropriate modelling
approach for simulating channel evolution at a reach-scale and over the
medium-term in large, braided rivers like the Brahmaputra near Majuli Island

Numerical models are useful tools for investigating channel evolution processes
in space and time scale. However, there is a dearth of morphodynamic models
suitable for modelling the morphology of braided rivers (Kasprak et al., 2018).
Examination of the literature confirms that, historically, large, braided rivers
have been modelled far less frequently than single-thread rivers. Recently,
however, there have been significant successes in modelling the
morphodynamics of bars in fine-grained, braided rivers over mesoscale time
(Nicholas, 2013; Schuurman et al., 2013, 2015). Similarly, in coarse-grained,
braided rivers, Kaspark et al., 2018 have developed a morphodynamic model for
bar movement in gravel-bed, braided rivers, by coupling CFD with a rules-based
sediment transport algorithm to route bedload and simulate the evolution of the

bed topography.
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These, ‘physics-based’ approaches to simulating fine- and coarse-bedded
braided rivers have very high computational demands that can only be met using
high-performance computing resources, which limits their practicality for use in
applied, investigative and management-related applications. Also, in large,
complex, braided rivers cannot be calibrated or applied in politically-sensitive
locations, where access to the detailed hydrological, hydraulic, topographic and
sediment data required to run them (see, for example, Zilani et al., 2013,
Nicholas et al., 2013, Kasprak et al., 2018) is severely limited.

Simulating the geomorphic functioning of very large, braided rivers, therefore,
remains research challenge (Ashworth and Lewin, 2012). In the case of the
Brahmaputra, the width of the channel varies from 9 km to 23 km, in places the
depth of the river exceeds 10 m, and the planform varies between braided,
anabranching and anastomosing. However, even in a huge, complex braided
river with limited data like this, modelling is possible, using a type of simplified
morphological model known as a reduced complexity model or RCM (Murray
and Paola, 1994; Coulthard et al., 2002; Thomas and Nicholas, 2002).

RCMs have advantages for modelling braided rivers because of they:

1. can model real landscapes and simulate their geomorphic responses to

climate change, neotectonics and land use impacts.
2. can model all parts of the catchment using continuous simulation.

3. assimilate hydrological, fluvial and slope process and reduce many of
the complications associated with boundary conditions, slope/channel coupling

etc. that are problematic in other types of models.

4. allow the drainage network to change and migrate over long timescales.
5. are suitable for investigating how geomorphic processes interact.
6. can reproduce typical behaviours including meandering, braiding and

lateral erosion.
RCMs have disadvantages for modelling braided rivers because:

1. some fluvial forms, such as ripples, dunes, pools and riffles, are lacking in

models of this type, though it is unclear, whether the omission of these small-
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scale morphological features significantly affects the results at larger, reach

and riverine landscape-system scales.

2. RCMs have proved difficult to validate quantitatively and they are, therefore,
believed to be unsuitable for detail morphological simulations needed for
engineering applications, such as predicting local bank instability, or
identification of stable locations for the construction of a bridge. However,
this weakness is irrelevant when a RCM is used to forecast broader-scale

evolution in a reach or riverine landscape.

Some RCMs are cellular automaton models capable of simulating
morphodynamics at large spatial scales and over long time scales, albeit at the
expense of some physical explanation and morphological reliability (Nicholas
and Quine, 2007; Thomas et al., 2007; Zilani et al., 2013). That is why, in this
research, a reduced complexity model was selected to model medium-term

landscape evolution in the Brahmaputra, near Majuli Island.

8.3 Second contribution to knowledge: development of a medium-term,
hindcasting/forecasting model for riverine landscape-evolution in the
Brahmaputra near Majuli Island

Most research using RCMs in the context of braided rivers concerns hindcasting
and forecasting sediment yields at the reach or catchment scales (Coulthard et
al., 2002; Zilani et al., 2013; Meadows, 2014). Less research has been conducted
on using RCMs to hindcast and forecast river channel evolution and practically
none has been done on hindcasting and forecasting riverine landscape-evolution
inavery large, braided river reach that exhibits profound morphological changes
and shifts in planform location and patterns while following a complex
evolutionary trajectory. Simulating braid bar creation, modification and
destruction and island morphodynamics is a challenge, but one that must be
addressed if braided river evolution is to be understood and explained (Amsler
et al., 2005).

As described in Chapter 5, gaining access to hydrological data for the
Brahmaputra presented another, different kind of challenge. Data for classified

rivers are restricted in India, and only through special efforts could initial
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bathymetry for the study reach be generated, based on access gained to cross-
section data and an SRTM, 90 m resolution, DEM.

Gupta (1995) stated that there is a need for more research on channel planform
change in tropical rivers. Gilvear (2000) noted that there are a limited number
of studies conducted on the morphological evolution of very large, tropical
rivers (e.g. Rutherford and Bishop (1996) on the Mekong, Speight (1965) on the
Auranga, Salo et al. (1986) on the Amazon and Ucayili, Gilvear et al. (1999) on
the Lungwa), but none of these is comparable in morphological complexity to
the Brahmaputra. There is also need to develop a predictive capability with
respect to planform change in highly mobile rivers, for geomorphic,

management and engineering reasons (Gilvear, 2000).

Large braided rivers are especially mobile in character. Hence, it is particularly
difficult, but also important, to be able to forecast future changes in the positions
of the bank lines of these type of rivers, which have implications for people and
property located close to the channel. To address this issue, this research has
developed a technique to forecast anabranch channel changes and banking
shifting in a mobile, braided river despite the absence of fine-resolution
bathymetric data needed to develop a fine-mesh grid in a DEM. According to
Sarker et al. (2014), a resolution of 240 m is sufficient to define the characteristic
components of the river bed as the width of the major anabranch channels and
islands in the River Brahmaputra exceed several hundred metres.

It was recognised early in the research that modelling a very large braided river
with discharges greater than 10,000 m3s* and sediment loads greater than 5,000
m3s?t over two decades would result in long run times, even in a reduced
complexity, cellular automata model like C-L. For that reason, initial work

centred on setting up the model to make run times achievable (Table 8.1).
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Table 8.1. Simulation run-time estimation.

Plan DEM Time Simulation run-time estimation Run-time
resolution (years) with the Core-i7 processor and (days)
(m) unsteady state, non-uniform flow
(hours)

A 90 20 960 40
(1-year simulation takes 48 hrs)

B 100 20 480 20
(1-year simulation takes 24 hrs)

C 240 20 360 15
(1-year simulation takes 15 hrs)

C-L DEM Time Simulation run-time estimation Run-time
Model | resolution (years) with the Core-i7 processor and (days)
(m) unsteady state, non-uniform flow

(hours)
A 100 20 700 30
(1-year simulation takes 35 hrs in
unsteady state, uniform flow
model as the model is slow)
B 100 20 480 20
(1-year simulation takes 24 hr
unsteady state, non-uniform flow
to speed-up model)

Three experiments were run to establish the run-time required for the C-L model
with different DEM resolutions and model modes (Table 8.1). Based on these
experiments, DEM resolution was set at 100 m x100 m, with flow and sediment
transport parameters adjusted to speed up the simulation runtime to the point
that 20-year duration, hindcasting and forecasting simulations were possible for
the Brahmaputra. Daily time steps were selected because of the availability of
daily mean discharge and suspended sediment data from the Water Resource

Department, Govt. of Assam, India.

Run times also depended on the discharge. Smaller discharges ran quicker than
large floods, and vice-versa. For example, the period 1998 to 2001 took a long
time to run due to the occurrence of a monsoon extreme flood event in 1998 (see
Figure 4.10). Appropriate DEM resolutions were used to reduce run-times while
still outputting acceptable results. During these experiments, the model was
tested using DEMs with 90, 100 and 240 m grid cell resolutions. A dedicated,
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Core i7 processor computer was used, so that simulation run faster. The values
selected for flow and sediment transport parameters also affected the simulation
run-times. For example, the experiments revealed that, if the minimum value of
the lateral erosion coefficient is selected (0.0001), the run-time increases while
if higher values are selected, run time decrease (see Table 5.3).

Once the experimental runs were complete, 10 C-L models were run for the river
Brahmaputra in two flow modes (i. unsteady, uniform flow and ii. unsteady,
non-uniform flow) using a 100 m x 100 m DEM and appropriate flow and
sediment parameters. C-L models in the two different modes were found to
perform quite differently. In unsteady, uniform flow mode, the C-L model took
35 hours to run just 1-year of simulation. However, in unsteady, non-uniform

flow mode, the C-L model took only 24 hours to complete 1-year of simulation.

The suggested range of coefficients for lateral migration in braided rivers is
0.01- 0.001 m, and for meandering rivers it is 0.0001 m. As explained in Chapter
5, in this study C-L models were run with a lateral erosion coefficient of 0.0001
m which is suitable for the river Brahmaputra, because of the presence of
anastomosing anabranches, which behave in a manner similar to that of
meandering rivers. Just three-grain sizes (coarse, medium-fine and fine) were
used to run the C-L models because no data were available to define the silt and
clay fractions of the suspended load sampled in the Brahmaputra at Pandu. The
only suspended load was modelled because no measurements of bedload are

made in the Brahmaputra.

Initial runs established that the C-L models failed to produce a number of sub-
channels and braid bars comparable to those present in satellite images (Figure
7.1). Despite this, the C-L models were able to simulate the main morphological
features, including stable and deformable sandbars and islands, switching and
migration of the thalweg channel, and lateral migration in anastomosing
anabranches. Figure 7.1 compares morphological changes output by the C-L
hindcasting model (Hi) for 1998 and 2009, and the C-L forecasting model (Fo)
for 2020 and 2030 (Note: both forecasting models use the HO8 model for future
hydrology) to satellite images (St) taken in 1998, 2009, 2015 and 2018.
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Figure 7.1. Comparison of C-L model outputs with satellite images. Compare Hi 1998 with St
1998, Hi 2009 with St 2009; Fo 2020 (H08) with St 2015, and; Fo 2030 (H08) with St 2018. St
= Satellite imagery, Hi = hindcasting model, Fo = forecasting model.
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The greatest agreement between observed and forecasted C-L model results are
the northward lateral migration of thalweg channel and highly braided channel
in the study reach as outlined in chapter 7. Although the magnitude of lateral
migration of the thalweg channel and number of the braided channel were not
similar. Similarly, the size of the sandbars was not precisely same as seen in the
satellite imageries (Figure 7.1). This was due to inadequate suspended sediment
data used to model the C-L models.  As discussed in chapter 2 nearly 50% of
suspended sediment load was measured from the river banks and sandbars of the
river Brahmaputra during the fieldwork. There was no continuous daily silt
data available to model the landscape evolution of the river Brahmaputra.
Besides this, the coefficient of vegetation shear stress was same for different
types of the sandbar in the C-L model (discussed in chapter 5). Hence there was
a least agreement on the rate of sandbar formation and deformation due to

inadequate data and uncertainty of vegetation shear stress (zcrveg) parameter.

A short-term morphological study was conducted by Karmakar et al., (2016) for
the river Brahmaputra further downstream of Majuli Island near Guwahati. A
2D CFD model Mike 21C was used to model channel morphological change for
12 km reach for two consecutive pre and post-flood season in 2007 and 2008.
Acoustic Doppler current profiler (ADCP) was used to generate bathymetry data
and hydrological data. The study predicted the alignment of the thalweg channel
for navigation purpose and also determined the best groyne field based on
scouring, deposition and channel alignment and dredging volume. The channel
alignment was validate using satellite images (Figure 7.2). Their results show
that they were able to capture the shape of the channel, therefore, there was a

strong agreement in the channel alignment.

On the contrary due to the paucity of hydrological data a simplified reduced
complexity model was used in this research to model 40 k reach and for 20 years.
The rcm model was simulated using estimated hydrological and bathymetric
data. Nonetheless, the use of ADCP for a PhD project will be expensive
therefore bathymetry data were generated using surveyed cross-section data of
Water Resource Department and SRTM data. However, this study was able to
achieve to forecast the medium-term channel evolution of the river which

encompasses lateral thalweg migration, braiding intensity of the channel and bar
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formation and deformation. The hindcasted models were validated by the
application of planform indices using satellite images due to the absence of
bedload data or results from the previous studies. This is the first research
undertaken to hindcast and forecast medium-term landscape evolution of the
river Brahmaputra. This kind of reduced complexity landscape evolution model
which was performed in the river Brahmaputra near Majuli Island can be
replicated in other parts of the river Brahmaputra to model the long-term
morphological changes occurring in the channel.

Observed
Initial

Simulated
Observed
Initial |

Figure 7.2: Morphological changes in thalweg: (a) 2007 post flood season (base map
data from Indian Remote Sensing); (b) 2008 post flood season (base map data from
ETM+ USGS). Source: (Karmakar et al., 2016).
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8.4 Third contribution to knowledge: Development of novel braiding indices
to quantify planform changes and validate model outcomes in braided rivers,
including classified rivers where access to data is restricted.

Braided rivers are characterised by a multiplicity of laterally-mobile and
intersecting sub-channels (Leopold and Wolman, 1957). According to Egozi and
Ashmore, (2008), there has been a negligible amount of quantitative analysis on
ways to quantify the degree of braiding and its response to changes in the
variables that control morphology and drive channel evolution. Generally,
indices of braiding pattern and intensity have been based on (i) bar dimensions
and frequencies (Brice, 1960, 1964; Rust, 1978; Germanoski and Schumm,
1993); (ii) the number of channels in the network (Howard et al., 1970); and (iii)
the total channel length within a given river length (Hong and Davies, 1979;
Mosley, 1982; Friend and Sinha, 1993).

Germanoski and Schumm (1993) modified the Brice index by adding a total
number of bars (Np) per reach length (L) (Figure 7.3A). Rust (1987), on the
other hand, measured braids and channel wavelengths using the mid-line of the
channel surrounding each bar, in order to minimise sensitivity to stage variation.
Howard et al. (1970) proposed two braiding indices, which are known as

‘channel count indices’.
These channel count indices are:

(1) the mean number of links intersected by cross-sections of the river in
successive river length (Figure 7.3D),

(i) the total number of links in the measured reach (Figure 7.3E).
On the other hand, Hong and Davies (1979) proposed a total sinuosity index by
computing the total length of channels per unit length of the river. Mosley (1982)
has modified the total sinuosity index by substituting the straight-line reach
length with the length of the main channel. Other studies (Ashmore, 1991; Chew
and Ashmore, 2001) have also applied a ‘channel count index’. In 2004, Sharma
first proposed a new braiding index known as Plan Form Index (PFI), which
measures mean flow intersecting the cross-section, mean width of the channel

and number of braided channels. As part of this research, the PFI was
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reconsidered and improved to produce the new Modified Plan Form Index

(MPFI) (Figure 7.4), which provides a better parameter with which to quantify

Bar/lsland indices

A  Brice (1964)
Bl, =2ZL L,

Channel count indices

B Germanoski &
Schumm (1993)
Bl," = 2XL./L+INJL,

W

|

Yl

Sinuosity indices

C Rust(1978)
BI, = EN/L=EN,/1.251

D Howard et al. (1970); Hong & Davies (1979)

Bl,,= <N_> per XS (----)
Bl,, = <N,> per reach
Bl,,;=<N,> per XS (---)

xs(Bl,)

xs(Bl,) -

|:] Wet channel
Wet channel link

Exposed bar

E Hong &
Davies (1979)
P, = ZLJL,

F Mosley (1981)
P,* =L /IL,,

L, | Length of islands and (or) bars

L. | Reach length

N, | The total number of bars

N_ | Number of links (braids)

% | Channel wavelength

A’ | The distance between successive confluence and bifurcation
xs | Cross section

<N,> | Mean number of links per xs or reach

L, | Length of links (segments)
Ly, | Length of main channel links (segments)

Figure 7.3. A selection of braiding intensity indices and the parameters measured to
calculate the value of each index. In diagram C, the thickest line denotes the first-order
channel (Williams and Rust, 1969). Source: Egozi and Ashmore (2008).
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Figure 7.4. Modified Plan Form Index and its parameters, where, LB = length of the
bar, LR = length of a node or reach, T = flow top width, B = channel width, N = number
of sub-channels or anabranches.

changes in the braiding intensity in a reach that occur as the river morphology

evolves or responds to changes in the controlling variable. The MPFI measures
the lengths of braided bars, mean width of the channel, mean channel flow

intersecting the cross-section and number of braiding channels in a reach.

Like the Germanoski and Schumm (1993) index, MPFI reliably represents
braiding intensity because it decreases the probability that a reach with a single,
large braid bar can have an equivalent or larger MPFI value than a reach with
several, smaller bars. In a braided river, braiding intensity is positively correlated
with the channel width. MPFI reflects this because it takes the mean width of the
channel into account. Again, this strengthens the utility of MPFI as a measure of
braiding intensity. Additionally, the node used as the basis for measuring MPFI
is a user-specified reach. Therefore, MPFI is able to capture features of the local
morphology and morphological changes in the reach. This makes MPFI suitable
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Figure 7.5: Causes and effects of braiding mechanism.

New Braiding Indices

Causes of Braiding :>

During fall of peak discharge flow, random
sediment deposits in heaps causes formation of
underwater bars or undulations due to reduced flow
competence.

Underwater bars or bed undulations cause fluvial
energy dissipation at a specific flow stage.
Underwater bar formations trigger lateral migration
of the thalweg channel.

Causes formation of braiding channels and chute
channels due to head cutting effect of anabranches.

1. Modified
Flow
Geometry
Index
(MFGI).

Effects of Braiding

Effecting planformatic change of the river fluvial
land form configuration (albeit ephemeral).
Creating mid-channel bar, elongated bar with
intersecting complex channel network etc. due to
random deposits of sediments effecting underwater
streambed undulations or submerged dunes.
Effecting lateral migration of the thalweg channel.
Effecting braiding intensification

Braiding
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for representing braiding intensity in complex, braided rivers which have
elements of anastomosing, anabranching and meandering patterns, because it
takes into account the mean flow which intersects the cross-section (the
emergent bar) at a specified stage. The stage is associated with the mean annual
discharge. This removes the stage dependency that limits the utility of earlier
braiding indices.

In the previous braided river morphological studies, the quantification of the
cause of braiding was not addressed. The braiding indices such as Brice (1964),
Chew and Ashmore, (2001) etc. were able to quantify the effect of the braiding
mechanism where their end product is to quantify the braiding intensity of the
river channel using satellite imageries. These studies have not taken into account
the underwater undulations in energy dissipation in creating braiding in there
braiding indices. These undulations regulate the physics of braiding mechanism
where they control the energy loss or energy conservation in the river channel
based on a specified stage flow. The underwater undulation causes turbulence in
the boundary, these turbulence cause energy dissipation in the channel. During
flood, the capacity of the channel to transport sediments becomes high while on
the falling of flood it becomes weak and started depositing sediment in a random
manner. This resulted in creating mid-channel bar, elongated bar and
anabranches in the channel. All these braiding mechanism results in lateral
shifting of thalweg channel or channel capture of the thalweg channel by chute
channels. In this research, MFGI quantifies the cause of braiding by quantifying
the underwater undulation at a specified flow stage (see Figure 2.15). The higher
MFGI value will result in more loss of energy and becomes hydraulically
incompetent to transport the sediments. However, the MPFI, TMI and BDI
indices are offshoots of MFGI. The end product of these three braiding indices
is to quantify the effect of braiding intensity in terms of planform change
(MPFI), the lateral shift of the thalweg channel (TMI) and bar formation and
deformation (BDI). The lateral shift of the thalweg channel is the effect of
underwater bar disposition. TMI measure this lateral shift of the thalweg channel
at a specified flow stage. Whereas BDI quantifies the reshaping of the sandbars
also at specified flow stage. The above stated newly developed braiding indices

are suitable for studying spatiotemporal changes occurring in a braided river.
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Figure 7.6: Selected locations used to calculate MPFI, MFGI and TMI near South Majuli Island using Landsat images (2015).
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Table 8.2: Summary of MPFI, and MFGI, TMI at selected locations near South Majuli

Island using Landsat images.

Location MPFI | MPFI MPFI MFGI ™I TMI TMI
(2007) | (2015) (2018) (2007) (2007) (2015) (2018)

Bessamora 7.54 7.32 7.35 6.46 0.94 0.98 0.98

Kamalabari 5.77 5.45 5.40 12.56 1.2 0.99 0.99

Burha 2.90 2.67 2.65 26.21 1.38 1.44 1.44

Chapori

Ahataguri, 2.26 2.22 2.20 56.66 1.38 1.46 1.46

Brahmaputra

Subansiri

confluence

From the table, it can be discerned that with the increase in the value of MFGl,
the MPFI value decreases (i.e. more braiding). Therefore this justifies the fact
that the higher is the MFGI value higher is the braiding intensity and lateral
shifting of the thalweg channel. MFGI value is based on the measured cross-
sections collected from Water Resource Department. There was no recent cross-
section survey undertaken for the river Brahmaputra hence MFGI cannot be
calculated for recent years. BDI was calculated for individual bars which are
discussed in chapter 3, 6 and 7. When the size of the bar increases braiding
intensity increases. This is because the channel becomes shallower and narrower
due to the falling of flood which makes the channel hydraulically less efficient
and starts depositing in the edge of the existing braided bar. The table exhibits
that the river channel near Bessamora and Kamlabari (Figure 7.6) was relatively
moderately braided than Burha chapori and Ahataguri where the channel
appears to be highly braided. The lateral movement of the thalweg channel also
depends on the pattern of the sediment deposition. Higher is the braiding
intensity due to random sediment deposition resulting in pushing the channel

towards northward near Majuli Island.

An important application of the novel braiding indices is in validating
morphological models, including RCMs and cellular automata, like the C-L
models used in this research. The significance of this approach is explained

below.

Morphological river models may be validated using any of various techniques,
including comparing model outputs to measured discharges, flow depths and
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inundation areas, to monitored sediment yields, or to surveyed bathymetries
(Murray and Paola, 2003; Thomas and Nicholas, 2002; Coulthard et al., 2007;
Meadows, 2014). For example, in a study of the River Waitaiki, New Zealand
the morphological model was validated by comparing modelled bedload yield
to measured bedload yield. But bedload cannot be measured in the huge river
like the Brahmaputra. Suspended load is measured in the Brahmaputra, but it is
80% or more ‘wash load’ — that is sediment that is passing through the reach,
but which is finer than the bed material and which does not play a significant
role in forming its morphology. Hence, it is difficult to validate a morphological
model using measured sediment data in a river like the Brahmaputra, where only

suspended sediment load data is available.

Recognising this problem, a viable, alternative approach to validating the
braided river models developed in this reach had to be identified. The solution
found was to develop and apply novel, planform-based braiding indices that
could be calculated using only the available, sequential satellite images and
channel morphology maps output by the C-L models (Hooke, 1984, Nicholas,
2005). This is consistent with the proposal by Nicholas (2005) that model
evaluation should be carried out by (i) comparison of specific, morphological
features identified using satellite images with model prediction, and (ii) use of
statistical characteristics of braided river systems (braiding intensity, average

channel width) over sufficiently long timescales for changes to be significant.

While the papers cited above are relevant, the idea for the new approach
developed here actually stems from the observation by Coulthard et al., (2007)
that modelled planform changes could potentially be compared to observed

planform changes using the braiding indices.

It was recognised that opportunities for validation using the new approach are
limited by the frequency at which cloud-free satellite images of the study reach
are available. Nevertheless, in the case of classified or remotely-located and
inaccessible rivers, there may be no practical alternative to validating
morphological models using planform indices. It may therefore be concluded
that the universal availability of remotely sensed aerial images and the reliability
of the new, non-stage dependent braiding indices does provide a practical
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method for validating reduced complexity models of large braided rivers where
hydrological, hydraulic and sediment data are non-existent or restricted and the

river bathymetry or cross-sections are either lacking or classified.

To generate indices suitable for braided river model validation, some reach-scale
generalisation of braided river features and behaviours is required (Bridge, 1993;
Egozi, 2008; Mosley, 1983; Murray and Paola, 1996; Sapozhnikov, 1998).
However, when available indices were considered, it was determined that they
did not provide a suitable basis for the reach-scale generalisation necessary to
support model validation due to the limitations detailed in Chapter 3 and
summarised above (for example, stage-dependency). This is why modified
indices were developed. Hence in this research new braiding indices were
developed and used to measure and validate planform change in a complex large

river, for which there are no alternative approaches to model validation.
As outlined in Chapter 3 the newly developed braiding indices are

(1) thalweg migration index (TMI), which measures the lateral
movement of the thalweg sub-channel;
(i) modified planform index (MPFI), which measures braiding intensity
and changes therein;
(i) modified flow geometry index (MFGI), which measures variations
in the morphology of the submerged parts of the river channel, and;
(iv)  bar deformation index (BDI), which quantifies relative changes in
the sizes of islands and/or braid bars.
In summary, development of these four indices has contributed to knowledge by
facilitating quantification of changes observed during the morphological history
of Majuli Island, as well as providing the basis for model validation through
hindcasting, and for quantitative forecasting of the future possible
morphological evolution using appropriate models. Finally, the indices also
offer a platform on which to assess the impact of physical processes of erosion
and sedimentation on the people and property within and along the river

corridor.
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8.5. Recommendations that could help inform policymakers, water resource
planners, and river engineers seeking solutions for sustainable bank
stabilisation and river training works needed to protect lives, livelihoods and
property in vulnerable communities on Majuli Island.

8.5.1 Context

Contributions to knowledge resulting from the basic research performed in this
project and reported above have the potential to help inform policymakers, water
resource planners and river engineers responsible for managing river-related
risks to people (including their livelihoods and their property), and key
infrastructure (especially, flood banks) on Majuli Island. In this section, risks
associated with flooding, large-scale lateral erosion, local-scale bank and bar
erosion and lateral migration of the channel are dealt with in turn.

8.5.2 ldentifying and assessing current and future erosion hazards and risks due
to lateral migration of the Brahmaputra’s thalweg sub-channel

Forecasts of future channel evolution produced by this research can be used to
identify areas particularly liable to erosion caused by lateral migration of the
thalweg sub-channel. An example is study braid bar A2 (Burha chapori), where
there are risks associated with the lateral erosion hazard because, although the

bar is sparsely vegetated, it is inhabited.

According to both the C-L forecasting models, study bar A2 (Burha chapori)
and adjacent sandbars might be significantly eroded within the next twenty years
due to continued (or accelerated) northward migration of the thalweg sub-
channel towards Majuli Island. Additionally, it is forecast that the thalweg sub-
channel may bifurcate in the vicinity of A2, which would be likely to result in

local widening of the channel and further erosion of this sandbar (Figure 7.7).

Study bar Al (Figure 7.8) is another unvegetated bar that is deformable and
highly transient in nature. However, unlike A2, it is not inhabited. Both
historical satellite images and hindcasting models establish that the position, size
and shape of this sandbar fluctuate frequently depending on the magnitude of
the monsoon flood, and forecasts produced by both C-L models indicate that
study bar A1 will continue to deform and shift in the future. However, at Al the

erosion hazard poses little or no risk to people or property because the land is
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undeveloped and uninhabited. This will also be the case in future provided that

the bar remains uninhabited.

Figure 7.7. Image showing the A2 braid bar in 2018. The bar is located adjacent to the
thalweg sub-channel, and prone to future erosion if the thalweg continues to migrate
northwards.

The information that could be useful for local authorities and river engineers

which emerges from monitoring of past bar deformation and forecasting of
future dynamics of the sub-channel-sediment-sandbar system is that it may be
wise in the coming years and decades to relocate the current inhabitants of braid
bar A2. This can be executed by attempting to stabilise this sandbar means
fighting one of the main characteristics of morphological evolution in the mighty
Brahmaputra, which is northward migration of the thalweg channel. Model
forecasts also indicate that the future security and safety of any population that
might develop on this study bar Al could not be guaranteed, for the same reason.
Hence, it would be wise for development or the establishment of any permanent
settlements on this island to be discouraged or, if possible, prevented for the

foreseeable future.
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In contrast to study bars Al and A2, the future for A3 that is forecast by C-L

modelling is that historical trends of vegetation colonisation and stabilisation of

the land are likely to continue (Figure 7.9).

Image © 2018 DigitalGlobe
Image © 2018 CNES / Airbus:

Figure 7.8: 2018 image showing the A 1 sandbar, which is the most transient of the
three bars studied in detail in this project.

018 CNES / Airbus.

Figure 7.9: 2018 Image showing A 3 sandbar, which has elongated and stabilised due
to colonisation by dense vegetation.
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This is understandable because, unlike study bars Al and A2, this braid bar now lies to
the south of the thalweg sub-channel, which is therefore migrating away from it.
While nearby sub-channels in the braided river will in future continue to pose
local erosion hazards to this macro-bar, it is likely that its evolution will be
dominated by growth due to sediment accretion that dominates scour locally, as
well as at the reach-scale. The message to local authorities and river engineers
is that erosion hazards associated with small sub-channels may be manageable
using conventional engineering methods, and that limited development and
some habitation of this bar may be sustainable, provided that not too much of
the dense, natural vegetation that is key to its stability cleared for settlements or,
particularly, agriculture. That is easy to say, but it could be difficult to manage
in practice. In that context, it would be very useful for the authorities, engineers
and village leaders to be able to access and understand the outputs of reliable
forecasting models that demonstrate the potentially catastrophic consequences
for these communities should future clearance of natural vegetation allow
renewed erosion and deformation of their land on a scale that engineers simply

could not prevent.

8.5.3 Flood prevention and management of hazards to key infrastructure

Flooding is a major hazard threatening communities on Majuli Island and flood
prevention relies primarily on the protection provided by 12 embankments
(Figure 7.10).

With respect to future flood risk management, it must be borne in mind that eight
of these twelve embankments have already exceeded their engineering design
lives (Table 8.3) and these embankments are known to have lost some of their
capability to withstand floods due to their age and condition (Society for

Socioeconomic Development, 2013).
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Figure 7.10. Flood embankments and river training structures intended to protect them at critical locations on Majuli Island.

Source: Brahmaputra Board, Guwahati
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Table 8 3: List of embankments and their expiry dates.

Embankment Date of expiry of
design life
Subansiri (mile 10 to 21) 1995
Kherkhuti 1991
Budhakalita — Kakorikota 1987
Tekelifuta — Haldibadi, Kherkhuti | 1981
Haldibadi — Bessamera 1978
Kamalabari — Budha Kalita 1980

These embankments are aptly described as the lifeline of Majuli Island, which
is worrying in a future which, according to the HO8 hydrology model, is likely
to feature larger and more frequent monsoon floods. In this research, the study
reach includes the Kamalabari - Budha Kalita embankment, which is over 35

years old.

Management of flooding and threats to flood defence infrastructure on Majuli
Island are being tackled by the Government of India on a long-term as well as a
short-term basis. To identify short-term measures, the Brahmaputra Board has
constituted a Committee of Experts comprising senior officers from the Water
Resources Department, Central Water Commission, Central Water and Power
Research Station and the Brahmaputra Board itself to identify and suggest
immediate anti-erosion measures to be taken up for protection of key
infrastructure on Majuli Island. Such is the magnitude and wide extent of the
problems identified by the Committee of Experts that the Brahmaputra Board
has, acting on their recommendation, formulated a scheme to spend the
equivalent of over US$ 92 million just to achieve short-term reductions in the

risks associated with river flooding and erosion.

These short-term measures are not regarded as adequate to solve the problems
faced by residents of Majuli Island. Hence, with regard to long-term measures,
the Brahmaputra Board prepared detail project report (DPR) amounting to
nearly US$ 13 million for protection of Majuli Island from flooding and erosion.
This scheme is being implemented in three phases. Phase-1 work (costing US$
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6 million) was approved by the Government of India in January, 2004 and work

began immediately. The work had three components:
(@) Closing of breaches in the embankments.
(b) Raising and strengthening of the embankments.

(c) Casting and laying on permeable reinforced cement concrete (RCC)
porcupine screens, spurs and dampeners to protect embankments from erosion

at critical locations indicated in Figure 7.10.

To investigate the effect of the river training measures listed in component (c)
on braiding forms and processes in the Brahmaputra, the new braiding indices
developed in Chapter 3 were applied to the study reach for the periods prior to
and after 2004. From the braiding analysis of Landsat images and C-L models,
it was established the river channel braid was less intense and the river was
relatively stable prior to 2004.

The results (reported in detail in Chapter 3) demonstrate that, following
construction of bank protection and river training works, braiding intensity
increased sharply and the channel widened. Also, the thalweg channel started to
migrate northwards after flood event of 1993. There was deficit of rainfall during
1991 and 1992 (Dar et al., 2000) and during these two years due to low discharge
flow made the river incapable to transport the sediment load and unevenly
depositing the sediment and joining the small sandbars near A 3 sandbars (Table
3.4) into one elongated and a stable sandbar (see Figure 2.19). This made the
thalweg channel shift northward and through time it has become deeply
entrenched along the bank of Majuli Island. As discussed in chapter 3 the reach
was moderately braided before 2004 river training measures were executed this
is because the river was flowing following the natural depression (cause due to
northward tilting of the riverbed) present near the southern tip of the Majuli
island i.e. near the confluence of the river Brahmaputra and river Subansiri (see
Figure 3.1). During this process, the river started eroding the river banks and
sandbars which are adjacent to the thalweg channel. Therefore to protect these
vulnerable areas Govt. of India in January 2004 installed RCC porcupines, spurs
and dampeners (Figure 7.10) in this area as a measure to protect the banks from

erosions. However, this resulted in more damage to the riverbed as the river
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becomes uncontrollable and started eroding those areas which were previously
never eroded, creating the river wider and shallower, thus highly braided.
Hence, the original research performed in this study provide evidence to support
the argument that attempts to ‘train’ the great river and protect its northern bank
from erosion have not only proved inadequate (see below) but appear to have

even made matters worse.

The ‘protection’ provided by the porcupine screens, spurs and dampeners
constructed in 2004 have proved inadequate and short-lived and, in December
2017, the Brahmaputra Board framed a new scheme for the protection of Majuli
Island from flooding and erosion by the Brahmaputra. The major elements of
this new scheme include construction of further hard engineering structures

including:

(1) Bank revetments made of geo-bags filled with earth/sand.

(i) More RCC porcupines;

(iii)  Asluice gate at the mouth of the Tuni river.

(iv) A pilot channel with a length of 3.5 km (not much detail given on the
pilot channel which was published in Press Information Bureau
Government of India, Ministry of Water Resources, 28" December,
2017).

Based on these proposals it may be concluded that the Board are intent on
sticking with conventional bank protection and river training approaches, even
despite experience gained since the 2004 works. In this context, the forecasting
models developed in this research could be rerun, with the effects of these newly
proposed works simulated through changes to bathymetry and bank erosion
resistance, to predict the likely dynamic-response of the thalweg channel
migration and width in the Brahmaputra. This could assist future decision
making with respect to the need to move from conventional to sustainable flood
and erosion management approaches, like those described below in Section
8.4.4.
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Figure 7.11. Image showing the River Tuni, which has been blocked at its outlets.

Notwithstanding these comments regarding renewed attempts to stabilise the
north bank of the Brahmaputra and train its course away from the flood
embankments at critical locations, one aspect of the newly-proposed works that

may be advantageous is the plan to build a sluice at the mouth of the River Tuni.

During fieldwork, while interacting with local people, it emerged that they do
not support of creating continuous embankments to prevent flooding to keep out
the river. According to them, when floods overtop or breach the embankments
(which often happens) standing water is trapped on the landward side,
inundating the land for periods of 10 to 15 days even after water levels in the
river have subsided. This is due to the absence of spillways within the

embankments to allow flood water to flow back out of the island after a flood.

Historically, the River Tuni (which is an inland river on Majuli Island draining
to the Brahmaputra near Kamalabari) used to fulfil the function of draining
floodwater back to the main river (Figure 7.11). This was the case because high
monsoon floods in the Brahmaputra caused backflow in Tuni River, which
inundated the interior of Majuli island. On these occasions, the Brahmaputra and
Tuni became a single sheet of water with an average width of 9.5 km that
inundated that part of the island to depths of 2 to 4 m. However, on the falling

limb of Brahmaputra floods (as well as during locally-generated rainwater

232



floods), the Tuni used to efficiently convey floodwater out from the Island and
into the Brahmaputra. In recent years, the inlet and outlet of River Tuni have
been blocked by embankments, creating longer-lasting floods because inland
floodwater is unable to drain from the island and inundates it for longer periods.
In this regard, the proposal to build a sluice gate at the mouth of the River Tuni

is welcome and will be supported by the local population.

8.5.4 Sustainable flood and erosion management based on creating a green buffer
strip around Majuli Island.

As set out in the preceding sub-sections, the results of the medium-term forecasts
of future morphological evolution in the Brahmaputra made as part of this
research project using the C-L + HO8 model combination imply that risks
associated with flooding, bank retreat and damage to key infrastructure located
close to the southern edge of Majuli Island are likely to increase in the medium-
term future. They further imply that attempts to protect the island and its key
flood defence infrastructure using conventional bank protection and river
training structures have not only been unsuccessful but may have made matters

WOTrSse.

Consideration of the sheer scale, the complex nature of the multiple hazards
posed by the huge river, and the failure of conventional measures (reviewed
above) suggest that a new and radical approach may be required. One sustainable
approach to reducing future flood and erosion risks, or at least maintaining them
at current levels, could be to create a 500 m wide ‘green buffer’ between the
River Brahmaputra and homes, properties and key infrastructure on Majuli
Island (Figures 7.13, 7.14 and 7.15).

While, this approach differs radically from the conventional bank protection and
river training measures employed to date, there is a precedent for flood and
erosion buffering. The Ministry of Forest and Environment, Govt. of India, has
created the Coastal Regulation Zone (CRZ), which is intended to prevent
damage to coastal plains from coastal flooding and erosion driven by waves and
extreme high sea levels associated with spring tides, storm surges and tropical
cyclones. The CRZ occupies coastal land up to 500m from the normal High Tide

Line (HTL). The CRZ extends in land along coastal creeks, estuaries,
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backwaters, and rivers in the form of 100 m wide zones on both banks. Within
these demarcated areas, special steps are taken to safeguard the people, property

and wildlife living in all the coastal plains of India.

During fieldwork on Majuli Island, interactions with local people revealed that
the great majority would be in favour of the introduction of this kind of zonation
in river floodplains along the margins of the island, which in terms of
topography, physical scale and exposure to flood and erosion hazards, are
actually not that different to coastal floodplains. That said, this kind of zonation

has never been adapted to or applied in an inland river in India.

Based on the sheer size of the Brahmaputra, the huge volume of floodwater it
discharges during high monsoon runoff years, and its capacity for extensive
bank erosion, even during normal runoff year, the width of the ‘River Regulation
Zone’ (RRZ) should be no less than that of the CRZ (500 m). Development of a
‘green buffer’ on the floodplain, braid bars and islands within the RRZ will not
only help to safeguard the island from flooding and reach-scale bankline retreat,
but will also reduce rates of local bank erosion and deformation in near-bank
and bank-attached sandbars. Based on the propensity of the planform of the
Brahmaputra to switch from wide, unstable and intensely braided to narrower,
more stable and anastomosed in sub-reaches with more resistant banks (e.g.
compare sub-reaches 2 (braided) and 1 (anastomised) as described in Chapter
3), an increase in erosion resistance in the southern part of Majuli Island should
reduce braiding intensity, sub-channel instability and the rate of northward
migration of the thalweg sub-channel. Specifically, evidence collected in this
study suggests that broad-scale planting of trees and the herbaceous plants on a
sandy braid bar like A1, which is currently very volatile in nature, could help
convert it into a vegetated braid bar like A3, which is much more stable.

Further empirical evidence to support the proposal that a 500 m buffer strip
could be effective comes from a study conducted by Biwas et al. (2000). An area
was selected for experimental planting of herbaceous plants to reduce or
eliminate bank erosion between Botiamari village and the mouth of River Tuni,
which is an inland river on Majuli Island that drains to the Brahmaputra. The
selected site was in the southern part of Majuli Island, which has been subject to
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serious erosion in recent years. As mentioned above in this chapter the mouth of
river Tuni is blocked in recent years by extending the Kamalabari embankment

stabilising this area.

The experimental site was a fragile section of bank extending 1.7 km along the
margin of the Brahmaputra. In the test reach, the herbaceous species native to
Majuli Island that were planted were: Indian doab (cynodon dactylon), wild
sugarcane (saccharum spontaneum) and vetiver (chrysopogon zizanioides). As
native species, these plants are well adapted to local conditions, being able to
thrive in infertile, sandy soils, survive long-term inundation, and withstand
extreme drought conditions, all of which are prevalent on Majuli Island. These
plants are also known to be able to be able to resist high velocity water flows
and to have excellent soil binding characteristics (Biswas et al., 2000). For
example, doab and munja (saccharum munja) have soil binding capacities of 90
to 97%, and 92 to 96%, respectively and both of these species have proven
highly effective in checking erosion through other experients performed along

the Rivers Ganga and Varuna (Biswas et al., 2000).

Additional, practical evidence of the potential for vegetation to stabilise banks
and bars at Majuli Island comes from the work of a dedicated individual named
Jadav Payeng, who has devoted 30 of his 55 years of life to the cause of using
trees to create habitat and protect part of Majuli Island from erosion by the
Brahmaputra. He has almost single-handedly created the Molai kathoni (Molai
forest), which is a 550 ha woodland near Kokilamukh in the Jorhat District
which is a part of A 3 sandbar in this study. His success in creating the forest
and stabilising the sand bar on which it stands was recognised at the highest level
in 2015, when Payeng was the awarded the title ‘Forest man of India’ by the
President of India.

Drawing on experience like that at Molai kathoni (Figure 7.12) and considering
the results of historical analyses, hindcasting modelling and forecast modelling
performed as part of this study, it is further recommended that the possibility of
using planted vegetation to help stabilise bars in the study reach should be

further explored.
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The aim would be to divide the braided river into management zones with
erosion hazard management within each zone being selected to be appropriate
to the dominant trajectory of morphological evolution in that zone. As a first
step, stable and unstable braid bars would be mapped, as indicated in Figure
7.13. It might and should be possible, through time, to improve the stability of
naturally-vegetated islands and convert some of the unstable sandbars in braided
pattern into stable, vegetated bars and islands. Pursuing this approach over
decades, especially south of the thalweg channel, could result in transforming
the unstable, braided planform into a more stable, anastomosed pattern, as

indicated in Figure 7.14.

Sri Sri’Auniati'Satra

Kokilamukh

Baligaon

Figure 7.12: Map showing Molai Forest which is also a part of A 3 sandbar.
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Figure 7.13. Stable and unstable braid bars in Brahmaputra near Majuli Island, based on C-L + HO8 model forecasts.
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Figure 7.14: Indicative proposal for using planted vegetation to stabilise selected braid bar and banklines in the Brahmaputra near Majuli
Island, based on interpretation of historical trends, hindcast modelling and morphological forecasting using the C-L + H08 model.
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Figure 7.15: 3D view of the proposal for stabilizing the sandbar and the banks of river Brahmaputra near Majuli Island (based on forecasted C-L Model).
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8.5.5 Comments on plans to channelise the River Brahmaputra in Assam

Notwithstanding on-going plans by the Brahmaputra Board to deploy new,
conventional bank protection and river training measures at Majuli island, these
approaches may be replaced by a much more extensive proposal to channelise
the river. This is possible because the World Bank has approved a loan of US$
15 billion to the Government of Assam to fund dredging of the Brahmaputra
throughout its course in Assam, a length of river of 700 km (Figure 7.16). The
plan is to channel the Brahmaputra into a single, 2 km wide waterway, bordered
by embankments formed from the dredged material and each carrying a super-
highway. The aim is to develop waterborne access from Assam to markets in

West Bengal, Bangladesh, and beyond, boosting trade and industry in the State.

Figure 7.16: Satellite image of the Brahmaputra River between Neamatighat and the
Chinese border (a distance of 200 km). The current braid plain visible in the image is
over 20 km wide. The proposed scheme would reduce that width to just 2 km.

If the initial dredging is performed, hydraulic and morphological impacts within
the reach will spread up and downstream, with impacts and responses that cannot
currently be predicted with any confidence. The C-L models have forecasted
lateral migration of the thalweg and channel capture of the thalweg channel by

chute channels using a simplified modelling approach. Chute channel head-
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cutting in generally occurs during the falling stage of the monsoon flood, when
high flows that inundate the entire braid plain (and the floodplain beyond)
divide between the sub-channels and anabranches. These are profound
processes, inherent to the braided nature of the river. As discussed in Chapter 7
a chute channel may dissect an island or become a major channel (see Figure
6.7) and it might capture the thalweg sub-channel, which switches its position
every 5 — 10 years in the Brahmaputra. Beside this, tectonic influences such as
northward tilting of the valley floor and the depression near the confluence of
the river Brahmaputra and its tributary the Subansiri (see Figure 3.1) near Majuli
Island can manifestly alter the rate and direction of lateral migration of the
thalweg channel. For these and other reasons, it is highly unlikely that the river
will continue to follow the narrow confines of a channel that is only 2 km wide
for any prolonged period. In the area around Majuli Island, it is likely that flow

would veer towards north bank, for example.

Based on consideration of the outcomes of research reported here, an attempt to
train such a powerful and volatile river by dredging and embanking it is likely
to invite disaster in terms of extreme morphological instability, which has the
probability to create multiple local channel bank and embankment failures. In
addition, dredging and embanking the river would have catastrophic impacts on
life and habitats in the river corridor. Finally, to contain extreme monsoon
floods within such a narrow floodplain would require very high embankments.
Experience shows that the river will, at sometime, find weak spots and burst
through these high embankments, with disastrous consequences. The risks
associated with failure of an embankment would be very high, due to the severity
of the consequence, even if the probability of a failure were very low. Finally,
if the project does proceed and extensive embanking is to be undertaken, lessons
learned from other rivers must be taken into account. The course of the River
Brahmaputra has been mapped for more than 100 years and thorough surveys of
these maps should be undertaken to identify channel courses in the floodplain.
This is necessary because, as demonstrated by Gilvear et al. (1994) for the rivers
Tay and Earn, Scotland, the risks of sudden embankment breaching or collapse

are greatest where it crosses a buried channel.
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Table 8.4: Summary of the challenges, approach and key contribution to knowledge of this research.

Challenges

Others approach

This research approach

Key contributions to knowledge

1. Restricted hydrological data

for public use.

2. 2D Mike 21C (CFD) model to
model channel morphological
change for 12 km for two
consecutive flood season in
2007 and 2008 (Karmakar et

al., 2016).

1. Simplified reduced complexity
model was used to model 40 k
reach and for 20 years.

1. This is the first research
undertaken to hindcast and
forecast medium-term landscape
evolution of the river
Brahmaputra.  The  reduced
complexity landscape evolution
model was performed in the river
Brahmaputra near Majuli Island
which can be replicated in other
parts of the river Brahmaputra to
model the morphological changes

occurring in the channel.

2. Lack of bathymetry data.

2. Acoustic Doppler current
profiler (ADCP) was used to
generate bathymetry data and

hydrological data

1. Estimate hydrological and
bathymetric data was used. The
use of ADCP for a PhD project
will be

expensive  there

bathymetry data were generated

2. A simplified modelling
approach was formulated to

model large wide complex

braided river system for long-term

scale.
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using surveyed cross-section data
of Water Resource Department
and SRTM data.

3. Lack of information of bed-
load data to validate the

model.

3. To predict the alignment of the
thalweg channel for navigation
purpose and determine best
groyne field based on scouring,
deposition and channel alignment

and dredging volume.

3. To

channel evolution of the river

predict medium-term

which  encompasses  thalweg
migration, braiding intensity if the
channel and bar formation and

deformation.

3. An alternative technique
was adopted to validate the
landscape evolution model of the
large complex braided river where
there is the absence of bedload

data.

4. The channel alignment was

validate using satellite images.

4. Application of planform indices
using satellite images to validate
the model in absence of bedload
data.

4. Introduced new braiding
indices to measure and validate
braiding intensity of the landscape

evolution models.
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Chapter 9: Conclusions and Recommendations

9.1 Conclusions

In its middle reach, the River Brahmaputra flows through the Assam Valley,
India in a multithread channel system which constantly adjusts its position and
planform pattern, generating morphological changes that are semi-continuous
and, on occasion, rapid. Generally, great braided rivers like the Brahmaputra are
characterised by very large and highly variable discharges, huge sediment loads
that include a considerable proportion of bedload, easily-eroded, non-cohesive
banks and multiple secondary flow cells that generate multiple primary flow-
threads, mid-channel deposition and anabranching (Bathurst et al., 1979;
Richards, 1982; Richardson and Thorne, 2000).

In the Brahmaputra in Assam, long-term morphological evolution is driven by
both processes of erosion and deposition in the braided channel. However, the
long-stream profile of the river is extremely concave and the slope decreases
markedly at the upstream boundary of the valley, where the river leaves its steep,
upper course in the Himalayas. Consequently, in the Assam valley in general,
and near Majuli Island in particular, morphological evolution and change is

dominated more by deposition than erosion (Mahanta and Saikia. 2017).

A tendency for long-term, net deposition in this reach of the Brahmaputra,
favours the creation of new sand bars (some of which are subsequently stabilised
by vegetation) and consequent division of the flow into more braiding sub-
channels, which then results in bank erosion and widening of the braid plain.
Bank retreat and erosion of braid bars and islands as well as the mainland
floodplain itself, pose serious hazards to people, property and key infrastructure

such as flood embankments.

This research was set in the context of the River Brahmaputra near Majuli Island,
Assam, India. Morphologically, this part of the river is particularly volatile,
increased braiding intensity of the river is believed by many to be responsible
for severe erosion in the southern part of Majuli Island that seems to be getting

Worse.
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Based on a review of the literature, it can be discerned that to date there has been
no comprehensive, quantitative study of the recent and future morphological
evolution of the River Brahmaputra in the Vale of Assam (Sharma, 2004;
Kotoky et al., 2005; Das and Saraf, 2007; Lahiri and Sinha, 2012). More
specifically, there has been a negligible amount of attention paid to the use of
numerical modelling of the morphological behaviour of very large, complex
braided river systems like the River Brahmaputra, at reach space-scale and over
the medium time-scales relevant to understanding and attempting to manage or
mitigate the adverse impacts of morphological change (Mosselman, 1995;
Schuurman et al., 2013).

To address this research gap, this study has evaluated the capacity of a reduce
complexity model to simulate morphological change in the braided River

Brahmaputra near Majuli Island, Assam, India.

The aim of the research, as set out in Chapter 1, was to answer the following

research question:

To what extent can a cellular automaton, landscape evolution model be used to
simulate medium-term channel evolution in a large complex braided river? A

case study of Majuli Island, in the River Brahmaputra, Northeast India.
Nine objectives formulated to answer the research question:

Objective 1: To undertake a literature review to characterise the major
hydrologic, hydraulic and geomorphologic processes driving landscape
evolution in Majuli Island, and also undertake a review of the literature on

channel evolution modelling in very large, complex rivers.

Chapter 2 outlines the history of geomorphological changes occurring in the
River Brahmaputra near Majuli Island. The Brahmaputra is a very large braided
river, with wide, shallow anabranches between which the flow is distributed and
within which the river builds, deforms and dissects numerous braid bars and
islands. During annual monsoon floods, high discharges and sediment loads
drive a wide range of fluvial processes responsible for morphological
adjustments. Processes include anabranching, anastomosing, lateral migration

of anabranches and smaller sub-channels, sub-channel capture by head-cutting,
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and sandbar formation, deformation, erosion and dissection. Other, non-fluvial
processes that affect channel morphology and behaviour include neotectonic
movements that affect the topography of the floor of the Assam Valley, and
colonisation of sandbars by vegetation, which tends to stabilise them (sometimes
leading to the formation of mega-scale bars and islands). Collectively, it
processes of fluvial, tectonic and bio-geomorphology that change the

morphology of the River Brahmaputra.

Due to their complex geomorphological behaviours, it is very important to study
the evolution of very large, braided rivers at the scale of the riverine landscape
and over for medium time-scales. However, the length of the river in India is
918 km and its width varies between 9 and 23 km. To study the landscape
evolution of the whole reach is computationally impossible. Instead, a study
reach near Majuli Island was selected, because this area is very important both
geomorphological and culturally. Majuli is the largest riverine island in the
world and the Island has been nominated as the UNESCO cultural heritage site
(The Majuli Island Cultural Landscape Region Act, 2006).

Therefore, a study reach near Majuli Island was selected for this research on the

medium-term, morphological evolution of the River Brahmaputra.

Obijective 2: To develop new braiding indices that better describe braided river
morphology and that can be used to derive morphological performance metrics

for validation and interpretation of numerical models.

Chapter 3 addresses the study of the existing braid parameters as the basis for
developing new ones to quantitatively define changes in the braided channel.
New indices were developed to quantify lateral shifting of the thalweg (Thalweg
Migration Index, TMI), braiding intensity (Modified Plan Form Index, MPFI),
cross-sectional disposition of anabranch channels (Modified Flow Geometry
Index, MFGI) and change in bar area (Bar Deformation Index, BDI).

In classified rivers or rivers located in remote areas, where accessibility to
hydrological data is restricted; these newly developed planform indices are
suitable for quantifying landscape change occurring in the river channel using

satellite images and, if available, surveyed cross-sections. The new indices were
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calculated for the River Brahmaputra near Majuli Island, to evaluate historical

and current trends of morpho-dynamic change.

The findings have established, on a rational basis, that the reach alongside the
southern part of Majuli Island is particularly volatile, morphologically. They
reveal, for the first time, the extent to which braiding intensity has increased.
Trends in the new indices also indicate that the frequencies with which braid
bars form, deform and erode are increasing, which is accelerating the rate at

which channel morphology evolves near Majuli Island.

Calibration and validation of river sediment and morphology models can be
conducted using various techniques, including comparing model outputs to field
data/observations of water surface profiles, inundated areas, sediment yields etc.
(Murray and Paola, 2003, Thomas and Nicholas, 2002, Coulthard et al., 2007,
Meadows, 2014). Model validation for the River Waitaiki, New Zealand
demonstrated how limited calibration and validation opportunities are in braided
rivers. The Waitaki sediment model was validated by comparing modelled to
measured bedload yield. But for very large, braided rivers like the Brahmaputra,
where bedload is not measured, this type of approach cannot be used to calibrate

or validate a sediment and morphological model.

An alternative approach to calibration and validation applicable in braided river
models is use of braiding indices like those developed in this research. In this
context, planform based indices are especially useful as their values, and time-
changes therein, can be derived using chronological satellite images (Hooke,
1984, Nicholas, 2005). According to Coulthard et al. (2007) models of braided
system channel planform change can be calibrated and evaluated by comparing
modelled braiding indices to reality. In case of classified or remotely located
global rivers, this method may be ideal, as there are inadequate opportunities to

calibrate or validate models using data intensive methods.

In developing the new braiding indices reported here, it was borne in mind that
application of remote sensing techniques coupled with use of braiding indices
that characterise the planform morphology of a braided river provides a viable
method not only to evaluate morphological change quantitatively, but also to
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calibrate and validate models of large, complex, braided rivers for which access

to data is limited.

Obijective 3: To identify an appropriate modelling approach and a specific tool
for simulating channel evolution processes near Majuli Island at a reach-scale

and over the medium-term.

Chapter 4 deals with identification of an appropriate modelling approach. There
is a limited number of morphological models that can model the landscape
evolution of braided rivers. For example, 3D, CFD models are only suitable for
modelling a small part of the river for relatively short time periods ( for specific
flood periods or a short period of high fluvial change). Hence, CFD models are
unsuitable for application to complex, braided rivers over medium time-scales.
Conversely, 1D models run fast but lack the capacity to simulate the lateral
processes pivotal to generating and adjusting the morphology of a braided
channel. This makes them unsuitable as well. 2D hydraulic and sediment
transport models can simulate braiding, but their run times are too slow to
support medium-term simulations at the reach-scale. Beside this, there is high
cost and difficulty in collecting the hydrological, hydraulic, morphometric and
sediment data needed to run a 2D, physics-based model in a very large, complex
braided river, particularly as data for such rivers is often sensitive and therefore
classified. Therefore, little attention has been paid to modelling channel
evolution and change in very large, complex braided rivers over anything but

small space and time scales.

The best alternative for modelling complex, braided rivers with limited data
availability, is to use a form of simplified morphological model which is known
as a reduced complexity model or RCM (Murray and Paola, 1994; Coulthard et
al., 2002; Thomas and Nicholas, 2002). These are cellular automaton models,
which allow computer simulations to run over wide spatial and medium to long
time scales, albeit is at the expense of some physical explanation and
morphological reliability (Nicholas and Quine, 2007; Thomas et al., 2007; Zilani
etal., 2013).

For these reasons, the CAESAR-Lisflood (C-L) model was selected for use in

this research project.
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Objective 4: To understand the performance and limitations of cellular

automaton models in braided river modelling.

Chapter 5 and section 8.2 of Chapter 8 addressed the performance and
limitations of cellular automata models. Cellular automata, landscape evolution
models are ideal for exploring long-term and large-scale river systems where
there is an interaction between tectonics, climate, fluvial and slope processes.
They are, however, less appropriate for small-scale (1- 5 km) and short-term (1-
2 years) river models beacuse these models do not simulate the physics of the
fluvial processes actually responsible for channel changes and, in any case, a
simplified 50-100 m grid of the type suitable for a RCM will be too coarse to
represent the necessary detail in floodplain and channel topography in a small-

scale reach or over a short time scale (Coulthard et al., 2007).

Most cellular models applied in the context of braided rivers have been used to
hindcast and forecast sediment yields at the catchment or reach-scale (Coulthard
et al., 2002; Zilani et al., 2013; Meadows, 2014). A limited amount of research
has been undertaken on feasibility of using a C-L model to hindcast and forecast
morphological evolution of braided river systems that exhibit intense
morphological changes, braiding patterns, and a complex, evolutionary

trajectory. Hence, such an application would be novel.

The study of braided channel, sandbar and island morphodynamics in large,
nationally or internationally important rivers is also limited by the difficulties of
obtaining data quantifying flow, sediment transport and bathymetry change over
the necessary time and spatial scales (Amsler et al., 2005). The simpler data
needs of the reduced complexity, cellular models like C-L model becomes a

significant advantge in this context.

Based on careful consideration of the capabilities and limitations of cellular
automaton models, it was decided that C-L was suitable for modelling the
Brahmaputra in the study reach becase it is sufficiently wide for a 100 m cellular
grid to be used, because a twenty-year model run is long enough for changes to
be modelled despite the limited physical basis for simulating the processes
responsible and because it is a complex braided river for which there little data

exists and limited access to what data do exist.
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Obijective 5: To identify the data sources and pre-processing requirements for
parameterisation of the CAESAR-Lisflood model and to assemble the data
required for CAESAR Lisflood to undertake hindcasting of channel evolution.

Chapter 5 recounts data compilation and model parameterisation. In this
research, a reach-scale, C-L model was applied to hindcast and forecast
landscape evolution of the river Brahmaputra near Majuli Island. The data
required were: daily mean discharge, daily mean suspended sediment load,
initial bathymetry, vegetation parameters, stream bank and terrace slope
parameters. If available, bedload data can be used by the C-L model, but none
are available for the Brahmaputra and so simuation of sediment trasnport was

limited to suspended load.

In the reach mode, precipitation data are not required to run C-L model, as
discharge is fed into the modelled channel at the upstream boundary. Sediment
is also fed in at the upstream boundary, with sediment leaving the model at the
downstream boundary being recirculated and fed in again at the upstream

boundary in the next iteration.

According to the laws of the Government of India, the river Brahmaputra is
categorised as a classified river. These are rivers whose hydrological data are
restricted for public use. In this study, special permission was obtained to use
hydrological data collected by the Water Resource Department, Govt. of Assam.
However, daily mean discharge and suspended sediment load for the
Brahmaputra in India is measured only at the Pandu gauge discharge site (GDS),
which is 200 km downstream of Majuli Island. Therefore, to run C-L for the
study reach near Majuli Island, local daily discharges had to be estimated from
those measured at Pandu. Similarly, local daily suspended sediment load data
had to be generated by applying the sediment rating curve for measurements
made at Pandu, using the estimated daily discharges near Majuli Island.
Suspended sediment measured at Pandu is classified into just three size classes

and so, although C-L can handle up to 9 size classes, just three were used.

While discharge and sediment load data are limited, there is no bathymetry data
that can be used to run a C-L model. Therefore, the initial bathymetry was
generated by using cross-section data and a SRTM-based, 90 m resolution DEM
in both the hindcasting and forecasting models.
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Primary data on bank and terrace soils and critical slope angles were collected
during fieldwork in 2016 and sued to interpret slope data calculated from the

available DEM for Majuli Island and the adjacent Brahmaputra river channel.

Vegetation cover was assessed using Landsat imagery based on thematic

mapping in ArcGIS.

Although data availability was were limited, it was possible to assemble all the
data needed to parametrise a reach mode, C-L landscape evolution model of the
River Brahmaputra near Majuli Island suitable for hindcasting morphological
changes between 1998 and 2014.

Obijective 6: To develop a method for calibrating CAESAR-Lisflood.

Chapter 6 dealt with model calibration. It was noted there are two methods that
can be applied in calibrating the models: the generalised likelihood uncertainty
estimation or GLUE method (Beven and Bingley, 1992) and the blind testing
method (Ewen and Parkin, 1996). GLUE is numerically and computationally
intensive. When applied to a model with multiple parameters representing a
complex system, applying GLUE requires a large number of model runs, a high
power/capacity computing facility and a comprehensive data set to define
probability distributions for model parameters (Bathurst et al., 2004), none of
which were feasible for this river and this study. Therefore, the alternative blind
testing method was used in this research. In this method, a small number of
calibrations are applied to final bounds of parameter values based on expert
judgment, values known from the relevant literature and field measurements
(Bathurst et al., 2004).

In this study, fifteen versions of C-L for the study reach were run initially, with
different combinations of reasonable estimates for parameter values based on
expert judgement, the literature and field measurements. Of these, ten models
were able to produce the correct flow route for the thalweg sub-channel, taking
into consideration the sensitivity of the parameters and the need for a practically-

feasible model runtime.

These ten C-L test models were then evaluated with respect to three attributes

of morphological change (thalweg migration, local-scale planform change, and
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bar deformation) that were derived using observed and modelled values of the
new braiding indices (development of which was reported in Chapter 3). The
performance of each model in producing outcomes that matched observed
parameters of morphological change was then quantified and ranked using an
Analytic Hierarchy Process (full details of this procedure are provided in Section
6.8 of Chapter 6). The AHP established that C-L models 3 and 4 performed the
best (see Table 6.12), according to the blind testing approach to calibration
adopted in this study, with C-L model 3 slightly outperforming model 4.

On the basis of these findings, it was decided to use C-L models 3 and 4 to
forecast the morphological evolution of the channel in the study reach of the

River Brahmaputra near Majuli Island for next 20 years.

Obijective 7. To assess changes in medium-term river morphological forecasts
by the cellular model.

Model forecasting is reported in Chapter 7. To make morphological forecasts
for the next 20 years using the C-L models with the best calibration
performances, it was necessary first to forecast future mean daily discharges in
Brahmaputra near Majuli Island. To do this, recourse was made to the ISIMIP
Fast track global hydrological models (GHM). Among the 34 GHM models, four
models appropriate for representing the hydrological characteristics of the
Brahmaputra (HO8, LPJmL, JULES, MacPDM) were tested for possible use in
this research. HO8 and LPJmL were found to be the best model to provide future
hydrological inputs to the C-L models, and the model combination C-L 3 + HO8
was found to be the most reliable with which to forecast the morphological
evolution of the River Brahmaputra between 2015 and 2035.

Trends and changes in the four braiding indices that were forecast by the C-L 3
+ HO8 combination of models indicated that the Brahmaputra in the study reach
is likely to remain volatile morphologically for the next two decades. Forecast

morphological changes in the study reach may be summarised as follows:

1. deposition is very likely to continue to exceed erosion, with net
deposition increasing through time due to increased sediment inputs

associated with greater monsoon runoff;
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2. the Brahmaputra may widen its primary channel (braid plain) in response
to increased runoff and net depsoition;
3. the thalweg may continue migrating northwards towards Majuli Island,
possibly at an accelerating rate;
4. the number of sandbars is likely to increase and rates at which sandbars
are formed, deformed and destroyed are likely to rise;
5. braiding intensity will most probably increase;
6. bank erosion and loss of floodplain land may become more severe,
especially in the southern part of Majuli Island.
Obijective 8. Compare the trends and changes forecast using the C-L + HO8
model combination with the results of previous studies to assess their plausibility
and validate the modelled forecasts of morphological changes responsible for

medium-term landscape evolution in Majuli Island.

Chapter 8 presents in-depth discussion of the model results. This research
represents the first attempt undertaken to date to model medium-term landscape
evolution the River Brahmaputra. This makes it difficult to validate the results.
Nothwithstanding this, some confidence can be drawn from comparision of the
hindcast model braiding indices with braiding indices calculated using historical
satellite images and the results of the few previous studies that have investigated
braiding intensity in the River Brahmaputra in Assam. For example, Sharma
(2004) calculated values of his plan form index (PFI) for the entire length of the
river in India. His findings indicate a high degree of braiding in the study reach
which is consistent with MPFI and MFGI values output by the hindcast models
in that MFPI values indicate moderate/high braiding intensity in the planform

and MFGI values indicate high braiding intensity in the wetted cross-section.

Forecast C-L model outputs compare favourably with those of Mahanta and
Saikai (2017) in that both indicate that there is currently and will in future be
more deposition than erosion in the study reach. This forecast is consistent with
the general principle that net deposition in the reach is likely to create more

sandbars, sub-channels and, ultimately, more bank erosion.

Lahri and Sinha (2012) put forward the hypothesis that geo-tectonically-driven,
northward tipping of the floor of the Assam valley floor may affect channel
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migration and the pattern of valley sedimentation. Both measurements model
and hindcasting indicate that northward migration of the thalweg has been
accelerating, and model forecasts have those trends continuing. However,
acceleration occurred following attempts to stabilise the southern bank of Majuli
Island in 2004, offering an alternative explanation for the rise in the rate of
migration, which tectonic effects are not actually included in the reach mode
version of CAESAR-Lisflood. In that respect, which model outcomes are
consistent with the hypothesis of Lahri and Sinha (2012), they neither prove nor
disprove their explanation for northward shifting of the thalweg towards Majuli

Island.

Obijective 9. To evaluate the applicability of landscape evolution modelling and
interpret research findings in the context of future river and land management at

Majuli Island.

The research reported in this thesis has outlined the utility of a reduced
complexity, cellular automaton model for medium-term forecasting of
morphological changes in the Brahmaputra and other large, braided rivers. Such
models are, however, unsuitable for modelling micro-scale features over short
periods of time (i.e. changes in sub-100 m scale features, over periods of a year
or two). This kind of small-scale modelling requires the high computational
model to deliver detail morphological change in a fine-resolution DEM. It is in
the context of a wide, complex (intensely braided/anastomosed) river (like the
Brahmaputra), and at medium-term model durations that cellular and other RCM
models come to the fore as being the only feasible way to hindcast and forecast

morphological channel evolution and change.

The two key benefits of using the C-L + HO8 model combination rather than
relying on expert opinion or prediction that were identified during this research

are:

1. The capacity to forecast change at least indicatively, and, to an extent,
quantifiably, over wide spatial and long time scales despite the well
know limitations of cellular models to provide physical explanation and
morphological reliability (Zilani et al., 2013).
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2. The capabilities to identify the most vulnerable areas, communities and
infrastructure at risk of erosion and the areas more likely to remain stable
using the forecasting models, opening up the possibility of using model
outcomes to inform decision makers with respect to development, bank
protection, and flood risk management strategies.

The potential for applying the resuts of using 20-year forecasts of future
evolution in the morphology of the Brahmaputra near the southern part of Majuli
island is illustrated in the final section of Chapter 8.

The implications of the forecasts developed in this thesis are that the
Brahmaputra will become more highly braided, implying growing volatility in
rates of bar sedimentation, channel widening, accelerated rates of shifting and
headcutting by small sub-channels that become a major anabranches in the
longer-term, and continued lateral shifting of the river towards Majuli Island. If
morphological response to increased monsoon runoof and increased variability
between years in the manner forecast by the C-L + HO8 models, it will be
necessary to make alternative arrangements for flood risk and erosion
management at Majuli island and many other locations within and along the
River Brahmaputra because ‘holding the line’ with ever heavier defences may
not be affordable or even feasible in engineering terms. This is why alternative
approaches, such as permanent relocation of the most vulnerable communities,
planting of vegetation on semi-stable bars to consolidate them into stable isalnds
and creation of a 500 m wide green buffer strip within a new ‘Regulated River
Zone’ may be necessary. It is likely that such radical changes can only come
about if forecasts provide decision makers with the foresight they need to
embrace innovation and move away from technical and institutional lock-in to

conventional approaches to bank protection and river training.

9.2 Limitations of the research:

1. CAESAR Lisflood model lacks in vegetation colonisation and development
function in the hydrological model. Future climate change may increase/
decrease the temperature and precipitation, which will result in higher/ lower
evapotranspiration rates and high/low groundwater recharge which will impact

on water balance. Vegetation indicators such as leaf area index, rooting depth

255



and stomatal conductance etc. can calculate the water balance. Most of the
hydrological models do not consider vegetation as a dynamic component in
hydrological modelling. Therefore it is essential to consider the role of
vegetation in hydrological modelling in future research.

2. The forecasting models of landscape evolution change of the River
Brahmaputra was run using the suspended sediment load extrapolated from the
sediment rating curve of Pandu gauge station (1998- 2015). Therefore the
forecasting models lack in catchment-scale sediment delivery under climate
change function. Climate models forecast change in the behaviour of
precipitation extremes. Therefore, there is an additional uncertainty in modelling
sediment production and transport processes. Climate change is likely to alter
sediment transport processes. According to Nearing et al. (2004), the main
climate change related stressors are changes in precipitation and temperature and
there interaction with land-use and landcover which is likely to affect future

sediment flow.

9.3 Recommendations

A number of issues that emerged during the course of this study should be
addressed as a part of further research on medium-term landscape evolution

modelling of the large complex braided rivers like the Brahmaputra. These are:

1. Using the same sets of parameter coefficients, but with finer-resolution
bathymetric data and directly measured hydrological and sediment data
in reach-scale C-L models would support enhanced calibration to
produce improved morphological reliability. That would be a step on
from what the C-L models produced in this research have achieved.
Using these enhanced C-L models, the new braiding indices developed
here will be able to compute representative, local-scale planform and
cross-sectional changes and better forecast channel migration in complex
braided rivers like the Brahmaputra.

2. Based on the sensitivity of model outputs and parameter specifications
there is need for further C-L models to be tested to increase confidence

in morphological changes forecast in the River Brahmaputra.
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Instead of a single, 40 km reach, this could be sub-divided into two, 20
km sub-reaches to improve model resolution and make the simulation
run faster or for a longer period.

There is need for a FORTRAN of the C-L model, which can model
complex braided rivers using a High Performance Computing (HPC)
cluster to increase the number of simulations and hence, confidence in
the outcomes.

Some fluvial features that are known to be important to the river
environment, such as in-channel bars, pools and riffles, as well as their
evolutionary trends, are lacking from the current version of the C-L
model. If these processes are added in the C-L models it will enhance the
capacity of the model for simulating morphology and change in rivers.

River Subansiri is one of the largest tributaries of the River Brahmaputra
which joins the main channel near the southern tip of the Majuli Island.
This river hugely contributes towards the changing morphology of the
River Brahmaputra near Majuli Island. The confluence of these two
rivers is situated near the depression (see Figure 3.1) where the riverbed
is northward tilting. Therefore there is a need for a combined landscape
evolution model for both the rivers to see the implication of the future

channel process change near Majuli Island for a medium or long term.
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Appendix 1: Comparison of the observed TMI with the five modelled TMI of the river Brahmaputra near Majuli

Island.
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MPFI

Appendix 2: MPFI value of the four C-L model of the sub-reach.
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Figure 9.1: MPFI value of the four C-L model of the sub-reach 1.

60
50 | e i e e -
- - ~.
40 S,
_ e m e —— e a o ~ o .
& 30 .~ 7 RS
S ..\\/
O
20 / '°\‘7-$.1-.-|--1-a-'!'-"-" aasnnnes SeLe.
0
1995 2000 2005 2010 2015 2020
Years
Observed @~ ====- Model 7 ceeeeeees Model 8
- = =Model 9 - . = Model 10

Figure 9.2: MPFI value of the four C-L model of the sub-reach 2.
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MPFI Thresholds

MPFI < 6 — High braiding

6 > MPFI < 18 - Moderate braiding

MPFI > 18 - less braiding
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Appendix 4: Modelled and Observed cross-section 49 (1998 and 2007).
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Figure 9.6: Modelled and Observed cross-section 49 (1998 and 2007).
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Figure 9.7: Modelled and Observed cross-section 48 (1998 and 2007).
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Figure 9.8: Modelled and Observed cross-section 47 (1998 and 2007).
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TMI

Appendix 5: TMI of the two models of C-L+ (MacPDM and JULES).
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Figure 9.9: TMI of the two models of C-L+ (MacPDM and JULES).
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MPFI

Appendix 6: MPFI of sub reach 1 of MacPDM and JULES C-L+ models.
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Figure 9.10: MPFI of sub reach 1 of MacPDM and JULES C-L+ models.
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Figure 9.11: MPFI of sub reach 2 of MacPDM and JULES C-L+ models.
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MPFI Thresholds

MPFI < 4 — High braiding

4 > MPFI <19 - Moderate braiding

MPFI > 19 - less braiding
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Appendix 7: MFGI of CS 49,48 and 47 of JULES and MacPDM C-L+ model.
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Figure 9.12: MFGI of CS 49 of JULES and MacPDM C-L+ model.
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Figure 9.13: MFGI of CS 48 of JULES and MacPDM C-L+ model.
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MFGI Thresholds
MFGI > 5 - Low Braided Intensity

5 > MFGI <15 - Moderate Braiding
MFGI > 15 - High Braiding Intensity
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Figure 9.14: MFGI of CS 47 JULES and MacPDM CL+ model.
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Appendix 8: BDI of A-1 (a), A 2 (b), A 3 (c) of C-L+ model.
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Figure 9.15: BDI of A-1 (a), A 2 (b), A 3 (c) of C-L+ model
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Appendix 9: Forecasted cross-section 49 of the river Brahmaputra near Majuli Island (JULES and MacPDM).
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Figure 9.16: Forecasted cross-section 49 of the river Branmaputra near Majuli Island (JULES and MacPDM).
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Figure 9.17: Forecasted cross-section 48 of the river Branmaputra near Majuli Island (JULES and MacPDM).
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Figure 9.18: Forecasted cross-section 47 of the river Branmaputra near Majuli Island (JULES and MacPDM).
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