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ABSTRACT

Braiding is on e of the major river patterns of alluvial rivers. T o respond the pul sation o f
discharge and sediment load during the flood, the morphological features (bars and channels)
of braided rivers experience major changes in area, shape and spatial distribution; that make
the river network complex. Moreover, braided river network shows scale invariance property;
the morphological and dynamical properties of a small part of a braided river can be applied
to the larger part of it, from one braided river to another of different size, or from a laboratory
model to ar eal braided river. Hence, this study focuses to understand the d ynamics of the
braided bar/island development process of braided river, Jamuna w hich is the dow nstream

continuation of Brahmaputra river in Bangladesh.

Three types of data have been analyzed in this study- time series hydraulic data, data derived
from the dry season satellite imagery analysis and the numerical modelling. The dry season
satellite imagery analysis was basically used to understand the bar development process. At
the same time the change of bar characteristic with time were also assessed using this data.
Several hydraulic data such as water level, discharge, sediment, river cross section were used
to assess the time series change of the bar development process. Numerical model was used

to understand the detail of the development process of the bar at unsteady flow condition.

The bar de velopment process in a d ynamic river like Jamuna is very complex. T his study
indicated t hat, though d uring t he 1ast few de cades river's di scharge i ncreased s lightly and
water | evel did n ot change significantly; river s ediment load d ecreased drastically. As a
response of the process, river reduces its water surface slope and increased its width. The bar
area s howed hi gher s ensitivity to this process compared to the channel area. Large floods
may not havea very significant r ole i n i ncreasing t he bar area, but it c ontributes to the

increase of sand area through lessening the vegetation coverage.

Temporal analysis of bars showed that at present maximum bars (53%) of the river are very
young. The vegetation can cover bar area upto a limit of 70%. The vertical growth of bar
stabilizes from 8 to 10 years. This study also found that the average height of the bars above
low water level to be around 5 m which is comparable to the findings of several previous

studies.
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The num erical m odel s tudy us ing D elft 3D indicated t hat s everal b raid ba r de velopment
phenomenon 1 ike a djacent ¢ hannel s hifting, f ormation of ¢ ross-bar ¢ hannels and ch annel
abandonment can be simulated through numerical model. This study also showed that several
bar property like bar amplitude, aspect ratio are related to the active channel's (the channels
that carry the 90% ofthe sediment in a cross-section) property of the river. With one unit
change in active channel width-depth ratio both the bar amplitude and aspect ratio increased
about 0.1 % . T he r esults of t he num erical m odel a Iso i ndicated t hat t he a verage rate of
sedimentation over the bar top during the wet season is 3.5 m/year which is comparable with

the observed data (3.11 m/year during the young age).

Numerical model study also revealed that the growth of bars in lateral direction depend on
the hydraulic property of the adjacent channel. The increment of channel length-width ratio
also caused bar’s length/ width ratio increment. With one unit change in channel length-width
ratio, bar’s length/width ratio also increases more than 5%.With the change in discharge the
adjacent channels a djust t heir s inuosity causing t he l ateral growth of bar. T he growthof
crossbar channel d epends on t he w ater de pth that t he ba r e xperienced dur ing m oonson.
Adjacent channel abandonment process is mainly depend on t he bi furcation angle with the

main channel.

The process of braided bar development is as an essential part of the morpho-dynamics of the
river. The river like Jamuna is subjected to future changes like climate an omalies, human
interventions etc. If such changes oc cur hydro-morphological condition of the river will be
altered. Finally this study recommends that before any interventions in the river, it should be
considered that the river may not be have as the same as it do now . Hence detail study is

needed prior to any intervention.
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ACRONYMS AND ABBREVIATIONS

BWDB Bangladesh Water Development Board

CEGIS Center for Environmental and Geographic Information Services
d/s Downstream of a river

DEM Digital Elevation Model

FAP-6 Flood Action Plan 6

IWM Institute of Water Modelling

m meter

m’/s Cubic meter per second

PWD Public Works Department

H Relative bar height

u/s Upstream of a river
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Chapter 1

Introduction

1.1. Background and present state of the problem

Braided rivers are m orphologically v ery d ynamic and complex in nature (Schumm, 1977;

Hooke etal., 1997). T he s ystem o fa b raided n etwork i s b eing ch aracterized by s trong
nonlinearities, u nsteadiness; time s cale d ifficulties, g ravitational e ffects o ns ediment
transport, pa rtially t ransporting cross s ections, s econdary flows a nd f inite 1 ength effects
which add to the complexity to understand the network (Thorne et al., 1997). Moreover, the
change of river morphology due to extrinsic and intrinsic factors adds to the new dimension
to the complexity (Sarker et al., 2011). But at the same time the rivers of the world exhibit a
remarkable s imilarity, r egardless o fs ize. T herei san eatp rogression o fs hapesan d
dimensions from the s mallest rill to the Mississippi or the A mazon. T here are, of course,
differences among rivers in v arious cl imates and geological s ettings, b ut s uch di fferences
seem ove rshadowed b y s imilarities ( Leopol, 1 994). Georgiou and Sapozhnikov (2001)
showed that there are fundamental statistical similarities between small and large parts of a

braided river and between one braided river and other both in terms of static morphology and
evolutionary dynamics. Hence, understanding the morphological and dynamical properties of
a small part of a braided river is crucial when applying the knowledge to a larger part of it,
from one braided river to another o f di fferent size, or from a l aboratory model to a real
braided river. Therefore, this study focuses the dynamics development process of b raided

bar/island in the Jamuna River.

The Jamuna, downstream continuation of the Brahmaputra River in Bangladesh, is almost an
un-trained 1 arge br aided r iver, complex in na ture a nd pos sibly s howing chaotic b ehavior
(Repetto, 2000).The river e xperiences a v ery h igh di scharge dur ing m onsoon ( more t han
100,000 m?/s) and a very low flow at dry season (about 4,000 m>/s) (CEGIS, 2010). But like
the world’s other great braided rivers, Brahmaputar-Jamuna is currently subject to ex treme
development pressures amplified by climate change and the need for improved approaches to

river engineering and adaptive management rising day-by-day (Sarker et al., 2013).



The present river management approaches ( structural interventions and o thers) suffer from
the 1ack of unde rstanding of the river b ehavior (Sarker etal., 2013). M oreover, the river
provides substantial eco-system s ervices, w hich ar e o ften i gnored w hile m aking o fany
intervention. F urthermore, the islands of Jamuna provide livelihood for a large number o f
people, with a popul ation de nsity of 402 pe r s gkm which is nearly h alf of the ¢ ountry’s
density (Sarker et al., 2003). Most of their livelihood is based on a griculture but their 1and
fertility and cropping pattern are highly dependent on river, as a result of erosion and sand
deposition (Sarker et al., 2003 and Uddin et al., 2011). About 98% of the bar/island people
experience t he t hreats o f m igration o r r elocation due t o bar/island e rosion (Imranetal.,
2002). The dynamics of bar/island also affect the mainland people as the initiation or incision
process of bar is closely related to the river widening or narrowing process (Delft Hydraulics
and DHI, 1996).So to protect the people and vital ecosystem in a sustainable manner, itis

important to know the natural development process of bar/island and its dynamics.

Several s tudies ha ve be en done on Jamuna R iver. B ut m ost of t hem a ddress t he ove rall
channel morphology (FAP 24; Goodbred and Kuehl, S.A.; 2000a, K laassen and Masselink,
1992), bifurcation (Ashworth et al., 2000; Richardson and Thorne, 2001), riverbank erosion
(Coleman, 1969; Thorne etal., 1995; Ashworth etal., 2000; C EGIS, 2007) and s tructural
interventions (Rahman et al., 1998, R asheduzzaman et al., 2007, U ddinetal., 2012). Yet
understanding of fluvial processes is still limited and knowledge of the morpho-dynamics is
even s parser ( Thorne, 1 997; G upta, 2007) . A very few s tudy h ave b een done onr iver
bar/island development process (Ashworth et al., 2000; Sarker et al., 2003; Schuurman et al.,
2013) and most of them cover the social aspect of char/island dwellers (Zaman, 1991; Sarker
etal., 2003) and a certain stage of bar/island development process (Richardson et al., 1996;
Richardson & T horne, 1998). Therefore, an attempt h as b een m ade t hrough t his s tudy to

understand the dynamics of braided bar/island in line with the river dynamics.

1.2.  Objectives

The main goal of this study is to understand the development process of braided bar/island in

Jamuna River. The specific objectives are

e Toassess the temporal developments of selected bars/islands of the Jamuna R iver

both in horizontal and vertical planes.



e Toa ssesst her elationship of hor izontal a nd vertical de velopments of s elected
bars/islands with different hydraulic parameters.
e Toas sesst he competency ofa 2 D m orphology m odel i n s imulating ba r/island

development processes in a braided river.

1.3.  Structure of the report

This report contains six chapters. The first chapter provides an introduction that includes the
background a nd obj ectives of thiss tudy. Thes econd ch apter elucidates the o verall
morphological pr ocess of bar d evelopment w ith t he e arlier studies. The t hird chapter
describes the details of the study area. The fourth chapter explains the details of the data and
methodology used in this study. The results and discussion on the bar dynamics are described

in chapter five. Finally chapter six describes the conclusions and the recommendations.



Chapter 2

Literature Review

2.1 Introduction

River pa ttern a nd fluvial pr ocess e volved s imultaneously. T hese fluvio-morphological
processes w ork t hrough m utual a djustment un less they a ttain a s elf-stabilization s tate
(Rosgen, 1994). Although the physical laws governing the formation of a channel of a great
river ar e t he s ame t hat form at inny o ne; d ifferent t ypes o friver are seeninthe w orld
(Leopold and Wolman, 1957). Not only rivers differ among themselves but also through time,
and one river can vary significantly in a downstream direction (Schumm, 2005). A river is
shaped by its flow, quantity and characteristics of the sediment it is carried, character and
composition of its bed and bank material and the uniqueness of the valley over which it is
flowing ( Leopold e ta 1., 1964) . N atural ¢ ontrols ( e.g. r ocks, ve getations) a nd hum an
interventions ( e.g. e mbankments, b ridges) m ay influence t he s hape o f't he river ( Delft
Hydraulic and D HI, 19 96a). H owever, t he e ffects of na tural c ontrols are l imitedto an
alluvial river - a river which has formed its channel in the sediments that is transported or has
been transported by its sediment (Schumm and Winkley, 1994). Surprisingly, large alluvial
rivers can vary greatly in morphology as it going towards downstream, although hydrologic
conditions are not greatly different (Schumm, 2005). The c hannel patterns of the alluvial
rivers may be braided, meandering or straight which is shown in Figure 2-1(Leopold and
Wolman, 1957) . Brice ( 1982, 1983) a dded another pattern w hichi s anabranched o r
anastomosing. Among them the braided river, being a s ystem of numerous alluvial channels
that d ivide a nd r ejoin around bars a nd i slands, f orming a n i ntertwining s tructure t hat
resembles a b raid.; a re morphologically ve ry d ynamic a nd ¢ omplex i n na ture ( Schumm,
1977; Hooke, 1997; Thorne, 1997, Efi Sapozhnikov, 2000; Sarker et al., 2011). Although a
vast amount o f research has been directed toward understanding braided rivers, we still do
not c ompletely understand t he r elationship between controlling i ndependent variables a nd

braided-river morphology (Germanoski and Schumm 1993).
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Braided Straight Meandering

Figure 2-1 : Classification of alluvial channels (redrawn from Leopold and Wolman, 1957)

2.2 Braiding process

As m entioned e arliert he t erm 'braiding'i s
generally me ansth es plitting o fc hannels
around ba rs (islands). Another t ype of r iver
“anastomosing” ha s also s plitting ¢ hannels
(Brice 1964, 1984) . T he de finitive feature o f
anastomosing ( anabranching) ch annel
segments is that they are longer than a curved
channel segment around a single braid or point
bar and their width-scale flow patterns behave
independently of a djacents egments,i n
contrast t o br aided ¢ hannel segments a round
bars (e.g. Fig 2-2). Thus anastomosed channel
segments contain their own bars in accordance
with 1 mposed di scharge a nd s ediment | oad,
enabling d efinition of br aidingi ndex a nd
sinuosity for e ach s egment. A nastomosing i s
therefore mo res imilarto t ermslik e
distributive and tributive (e.g. Schumm 1985).
This type of river has the individual segments
are undi vided, s inuous c hannels s eparated by

areas of floodplain much larger than the largest

Figure 2-2: Landsat photograph of the Brahmaputra
River various kinds of channel pattern. (Reproduced from
Bridge, 1993)



bars present (e.g. Fig 2-2).

The fundamental causes of braiding are still unclear. However braiding seems to occur when
the flow and b ank are s ufficiently unconstrained ( laterally); the ch annels can ch ange their
width freely (Bridge, 1993). Furthermore, braiding occurs in the presence of huge bedload
transport in comparison with that suspended load. Murray & Paola (1994) define the braiding
process a s t he f undamental i nstability of laterally u nconstrained f ree-surface f low ove r

cohesion less beds.

Ashmore ( 1982, 1991) identifies s ix s ingle uni t pr ocesses governing t he generation a nd
development of the b raided ne twork. H is two e xperimental w orks provide a de tailed

description of these unit processes, which are summarized as follows.

2.3 Unit Processes in Braided River

2.3.1 Channel bifurcations

Channel bifurcations are the formative process in braided systems; Ashmore (1991) describes
the pos sible m echanisms t hrough which bifurcation m ay d evelop are i) C entral b ar
mechanism and dissection of transverse unit bar ii) Chute cutoff mechanism iii) Multiple bars

mechanism.

Central b ar m echanism and d issection o f transverse unit b ar are the two most c ommonly
documented processes o f braiding generation and have been first described by Leopold &
Wolman (1957). These process imply the development of a submerged central bar, initiated
from a symmetrical transverse unit bar, whose downstream margin is usually marked by the
accumulation of the coarsest fraction of bedload. Figure 2-3a shows the typical development
of this process. T he p resence o f t he unit bar, forces the flow to di verge and t he ¢ entral
nucleus (submerged bar) is e ventually exposed. Immediately dow nstream of the bar, the
divided flows produce scour pools against the opposite banks. Ashmore (1991) suggests that
the distinction between the central bar mechanism and the dissection of transverse unit bar is

essentially due to higher sediment mobility which characterizes the latter process.



Figure 2-3: (a) central bar braiding mechanism, (b) alternating point bar chute cutoff, (c)
dissection of multiple row bars (redrawn from Ashmore, 1991)

The ¢ hute cutoff m echanism indicates t he chute ¢ utoff of poi nt ba rs i n 1 ow-sinuosity
channels. Figure 2-3b shows a n e xample of alternating poi nt ba r cutoff. A t ransverse
alternating point bar in a weakly curved channel is transformed into a more c omplex bed
form by lateral accretion as migratory sheets that move along the channel. The rapid point bar
accretion and concave bank erosion immediately upstream of the chute causes more flow to
be directed over the point bar. Multiple bars mechanism was first documented by Fujita &
Muramoto (1988). This particular mechanism appears to be a special case that applies only to
channels w ith ve ry hi gh va lues of t he w idth/depth r atio. T he i nitial bed c onfiguration,
consisting of num erous m ultiple bars, i s gradually converted to fewer | arger b ars w hich

concentrate the flow into scour (Figure 2-3¢)

2.3.2 Confluences

Another important unit process is ¢ hannel c onfluences. W hen the flow of two bi furcated
channels co nvergence; as cour h ole m ay generate d uet ot he s trong s econdary currents.
According to Mosley (1976), the scour depth is controlled by the angle of incidence of the
two channels and by the proportion of the total discharge flowing in each branch. The hole

tends to parallel the alignment of the dominant channel.



2.3.3 Bar formation

In single branches of braided rivers alternating bars develop, similar to those of the straight
channels. T hough their formation may b e associated to an inherent instability o f the flow
sediment s ystem, th eir development is c rucially affected b y lo cal f low c onditions lik e
curvature and | ocal widening. C hannels c onfluences and alternating bars de velopment are
mainly responsible for the generation of scour holes. Details about the bar formation process

will be described later in this chapter.

2.3.4  Avulsions

Channel a vulsions are t ypical e vents in a fully de veloped br aiding. T hey o ccur under a

variety o f ci rcumstances. T he p resence o fb ars plays a crucial role on the g eneration o f
avulsions both inducing bank erosion and raising the local water level allowing overtopping
of the channels sides. When the water finds a definite path across the surface the incision of a

new channel may occur (Figure 2-4).

Figure 2-4: Avulsion and incision of a new channel (redrawn from Ashmore, 1991)

2.3.5 Incision of bars
In braided networks large bars are often split due to the generation of an axial trough which
displays a ccelerated s ediment t ransport. T his ph enomenon us ually oc curs dur ing de clining

water discharge, being triggered by the concentration of flow along one line.



2.3.6 Channels migration

Single ¢ hannels i n br aided ne tworks a re s ubjected to mig ration which is s imilar to th e
meandering rivers. In general, the bank erosion occurs on a time scale which is of the same
order of the scale of the deformation of the bed. However, channel migration in braided rivers

is typically much faster than in meandering channels.

In the present work the attention is focused on ba r growth process of the braided s ystems.
The growth of the braided bar influence almost all the unit process but more closely related
with t he ¢ hannel bi furcations, ba r f ormation a nd i1 ncision of ba rs m echanisms. S everal
researchers a dopted di fferent m ethodologies and s ources ( e.g. ph ysical m odeling, f ield
observation, satellite image, numerical modeling) to explain the characteristics of the braided
scheme but the braided network presents several difficulties; the system being characterized
by num erous c omplicating features like - Strong nonlinearities, Unsteadiness, T ime s cales,
Gravitational effects on sediment transport , P artially transporting cross sections, Secondary

flows, Finite length effects etc. (Repetto, 2000) which are summarized below.

2.4 Complexities Associates in Reproducing the Braided Phenomenon

2.4.1 Strong nonlinearities

Braided s ystems ar e s ubjected b y s trong n on-linearity. T he i nteractions b etween free
responses of the system (due to an inherent instability of free surface turbulent flow over an
erodible bed) and forced responses (induced by physical constraints, such as curvature, width

variations, confluences) crucially affect the topographic behavior of the network.

2.4.2 Unsteadiness

Braided river systems e xhibit strong unsteadiness in flow field and sediment transport. An
equilibrium configuration of the system does not seem to exist, rather a recursive process of

formation and obliteration of bed forms and planimetric structures is always observed.

2.4.3 Time scales
In braided streams the time scales of bed and bank erosion are comparable. The full coupling
between be d and pl anform ev olution i s an other characteristics o ft he b raided s treams.

Furthermore, bank erosion induces a net effect on sediment transport.



2.4.4 Gravitational effects on sediment transport

Gravitational e ffects on be dload transport have been found to play a fundamental role in
river morphodynamics, since t hey affect bot h t he 1 nstability p rocess w hich l eads to bar
development and the equilibrium configuration of bedforms (Fredsee,1978; Colombini et al.,
1987). In braided s ystems, the presence of strong local depositions and scours induced by
channel migration and confluences, implies that their effects have to be taken into account in

detail.

2.4.5 Partially transporting cross sections

Small values of Shields stress which falls close to the critical value even at high stages is
another m ajor phe nomenon of t he br aided s tream. T ypically only s ome br anches a re
simultaneously active. Furthermore, in a single channel, sediment transport may occur only in
alimited part o fthe cross s ection; h ence, the possibility o f p artial t ransport of s ediment

within the cross section must be accounted to model the network.

2.4.6  Secondary flows

Like the other alluvial rivers depositional and scour phenomena in are often associated with
the de velopment of s econdary flows; be d de formation of ten de veloped b y t he c entrifugal
effect induced b y curvature of s treamlines of de pth a veraged flow and by inertial e ffects

associated with flow adjustments to spatial variations of channel geometry.

2.4.7 Finite length effects

The relatively small length of each branch at the same time continuous interplay of channels,
imply thatt he ¢ ondition of i nfinite | ongitudinal dom ain. W hen i nvestigating t he bar
development in rivers, it is hard to reproduce this phenomenon in single branches of braided
systems. Nevertheless, upstream and downstream influences may crucially affect water and

sediment motion in each channel.

2.5 Braided Bar Development Process in Braided River

Braided rivers are fascinating because of their complicated patterns and dynamics. Within the
group of braided rivers, there is a large diversity of particle sizes, bar shapes, and tendencies
to a vulse, w ander, or form a nabranches. Both bar di mensions a nd br aiding i ntensity are

known to depend on the width-depth ratio of the braidplain, as shown by field observations,

10



flume ex periments, and linear an alyses b ased o n an alytical p hysics (Bernini,et al., 2006 ).
Asworth (2000) identifies the ke y d evelopment s tages of a braided bar based on t he field

observations of a bar of the Jamuna river, Bangladesh. These stages are summarized below.
Stage 1

A Mid-channel bar starts to grow downstream of a major flow convergence. Bar initiation
was probably caused by an increase in discharge from one of the tributary anabranches and
large scale sediment input from the bank erosion immediately upstream of the zone of bar

deposition (Figure 2-5(1)).
Stage 2

As dunes are ubiquitous in the Jamuna at all flow stages (Roden, 1998). It is also likely that
the initial bar core was formed by a series o f amalgamated large dune s, w hich may have

evolved into a bar front with an angle-of-repose slipface (Figure 2-5(2)).
Stage 3

After de position of a central bar nuc leus, bar growth ¢ ontinues t hrough a ¢c ombination of
several depositional processes. The principal mechanism of sand braid-bar growth is through
the a malgamation o f'la rge dunest hat f orm a c entral ba r nu cleus. B ar-top aggradations
continues through both dune superimposition and development of “accretionary dune front”
upto a certain height (3-m-high in case of Jamuna). Amalgamation of smaller dunes are found

in shallower flow on the bar-top (Figure 2-5(3)).
Stage 4

At low flow, the bar widens through lateral accretion produced by dune migration around and
onto the margins of the bar. Lateral accretion at the bar-tail may form two or more protruding
‘limbs' that provide a zone of 1ow flow v elocity, which pe rmits de position of s ubstantial

quantities of fine-grained sediment (i.e. silts and clays) (Figure 2-5(4)).
Stage 5

As bar e volution ¢ ontinues, one a nabranch be comes dom inant, i s e nlarged a nd s upplies
sediment for de position within the anabranch. T his de position de flects the flow across the

bartail and constructs a broad depositional front attached to the bar-tail. Emergence of bars
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along this depositional front gives the reach a morphology, that resembles an alternate bar

(Figure 2-5(5)).
Stage 6

From the observations of a mid channel braid bar of Jamuna, Asworth (2000) concludes that
the m orphological e volution of the sand braid-bar will be dominated by cross-stratification
formed by dunes and sets of cross-strata produced by slipface accretion at bar margins. The
general s imilarity in b ar d ynamics an d al luvial ar chitecture b etween t he J amuna an d p ast
models of braid-bar de position proposed for s maller sand-bed rivers (e.g. Cant & W alker,
1978; Bridge et al., 1986, 1998) suggests a scale invariance in s ome aspects of b raid-bar

deposition across several orders.

Figure 2-5: Braided bar development process (reproduced from Asworth, 2000)
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Schuurman eta 1. ( 2013) s ummarized th e f actors th at d etermine Bar D imensions a nd
Dynamics in Braided Rivers. These factors are described in the following sections.

2.5.1 Factors Determining Bar Dimensions and Dynamics in Braided Rivers

At a high width-depth ratio, midchannel bars form spontaneously from minor perturbations in
the bed (Fujita, 1989; Ashmore, 1991). With fully developed bars, a higher braiding intensity
is c aused b y di ssection of midchannel bars by over-bar fl ow (Ashmore, 1991). A t 1 ower
width-depth r atio, w eak b raiding in itiates b y ¢ hute c utoffs ( Ashmore, 1991; Federici and
Seminara, 2003; Bertoldi et al., 2009; Kleinhans and Berg, 2011 ). Furthermore, braidplain
widening r esults 1 n hi gher br aiding i ntensity (e.g., Ashworthet al., 2000; Riceet al.,
2009).Two types of bars are distinguished: unit bars and compound bars (e.g., Rice et al .,
2009). U nit ba rs a re r elatively s imple, w hereas ¢ ompound ba rs ha ve m ore ¢ omplicated
morphology and were b uilt up f rom multiple bars. A compound bar changes shape during
development in contrast to a unit bar that maintains its shape while migrating. Furthermore,
the ups tream part of ¢ ompound bars c ommonly is the ol dest and hi ghest part w ith s teep
erosive upstream ed ges bifurcating the river, whereas unit bars commonly have a r elatively
high downstream part with a steep downstream slope. One or two bar tails commonly form
by deposition at the lee-side of compound bars sourced partly by erosion of the upstream side

of the bar (Bridge, 1993; Best et al., 2003, 2006; Rice et al., 2009; Ashworth et al., 2011).

Although these phenomena are well known and often observed, there exists no qua ntitative
model f or t he di mensions a nd d ynamics of ¢ ompound ba rs, w hereas incipient uni t ba r
wavelength ¢ an p erhaps b e p redicted b y | inear an alyses. M any f lume ex periments h ave
shown that discharge magnitude v ariation, such as a hydrograph, is not necessary for river
braiding or for maintaining d ynamics in braided rivers (e.g., Fujita, 1989; Ashmore, 1991).
This suggests that the key requirements for development of a braided river are a movable bed
and a sufficiently wide braidplain (e.g., Parker, 1976; Blondeaux and Seminara, 1985; Tubino
et al., 1999; Crosato a nd M osselman, 2009; Kleinhans a nd Berg, 2 011). H owever, ba r
initiation in numerical mo deling a nd lin ear a nalyses r equires a tle asta s mall in itial
perturbation to induce nonuniformity in the flow field and thus nonuni formity in s ediment

transport.

The f ormative ¢ onditions of br aided s treams w ith non -dimensional p arameters w ere f irst

proposed by Ikeda (1973). He proposed

U+/Ues<1.4(BI/h) (2.1)

13



Where, B is the full c hannel width, h t he m ean de pth, U « the s hear v elocity and U .« the
critical shear velocity. Later, Muramoto and Fujita (1977, 1978) applied dimensional analysis

and found the formative condition
(h/d) (B/d)*? < 0.15 for 1 < U* /U*c < 12 (2.2)

Where d is representative grain size. Colombini et al (1986) proposed a typical neutral curve
for alternate-bar formation which is shown in Figure 2-6. Here, [ is the width ratio of the

channel and Pc is its ‘critical’ value below which bars would not form and A is the bar length.

1.5

Figure 2-6: A typical neutral curve for alternate-bar formation (reproduced from Colombini et
al., 1986)

To specify the bar dimension different semi-empirical formulae was developed by Ikeda

(1984, 1990) and Yalin (1992). The bar height was expressed by
Hy/he=9.34(B/d)**“exp [f(B/h,)] (2.3)
f(B/h,)]=2.53erf] {(logio (B/h,)-1.22)}/0.594]

from Ikeda (1990) where Hy= bar height (m), h,= flow depth for the uniform basic flow (m),

d=sediment particle diameter (m)
Yalin (1992) proposed

Hy/h=0.18(B/ ho)(B/d) ** (2.4)
To specify bar length, Ikeda (1990) proposed

MB=5.3(B/ ho)(B/d)** (2.5)

where A = bar length (m)
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The functional relationship between bar length and channel width derived by Yalin (1992)

MB=6 (2.6)

2.6 Computational models of braided rivers

During the last few decades, the demand for reliable methods to analyze and predict braided
river behavior has grown c onsiderably. S mall-scale | aboratory br aided r iver m odels a nd
computational models play a key role in the research of braided river dynamics as they offer
the possibility to generate and observe the evolution of a braided river model in great detail
over a sufficiently long time period for known initial and boundary conditions. These models
thus reveal various aspects of braided rivers that cannot easily be assessed in natural braided
rivers, such as the constant interaction between planform and topographic characteristics and
their ¢ ollective r esponse t o va riations i nh ydraulica nd geometric ¢ onditions. A sa

consequence, an increased awareness that braided river dynamics which cannot be described
by the de velopment of the c hannel s tructure i ndependently has e merged ( Ashmore, 2000;
Murray and Paola, 1997; Furbish, 2003).

However, progress in developing physical and computational models as a base to study the
dynamic b ehaviour of braided rivers, as well as the c oupled be haviour between flow and
topographic characteristics, also raises the demand for appropriate model evaluation tools that
capture t hese m ultiple a spects of br aided r iver m orpho-dynamics. P resent q uantitative
methods for model evaluation concentrate mainly on s tatic flow or planform properties, but
the evaluation of topography and d ynamics is, at present, primarily restricted to qualitative
assessment (Sapozhnikov et al., 1998; Murray and Paola, 1997, 1998; Paola, 2000; Thomas
and Nicholas, 2002; Jagers, 2003). Essentially the problem is to find quantitative criteria that
characterize braided rivers and allow modellers to assess the extent to which model output

reproduces the morphology, dynamics and response to external forcing, of ‘real’ braiding.

Nicholas et al. (2013) attempted the numerical simulation of bar and island morphodynamics
in a nabranching mega r ivers. T heir s tudy can be c onsidered a s a first a ttempt to a ssess
physics-based morphodynamic mo deling o f'la rge r ivers o ver centennial time scalesi s
feasible ornot ,a nd whether itc an contributet o unde rstanding ofba ra ndi sland
morphodynamics. They use 2D HSTAR model to simulate the river. They concluded that the

model results were sensitive to the parameterization of the processes and to the representation
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of be dr oughness. M oreover, ¢ onsiderable uncertainty s urrounds several m odeling
parameterizations a nd t he a ssociated be nefits of a ccounting for t he effects on f low and
sediment transport of spatial and temporal variations in alluvial bed forms. Development and
evaluation of more robust parameterizations requires the collection of high-resolution process
data sets and critically, DEMs of river bathymetry collected over a range of time scales (from
days to de cades). Such data are required to resolve the interactions b etween p rocess-form

feedbacks operating at bed form, bar, and whole river scales.

Schuurman et al. (2013) tried to determine the capability of a widely used ph ysics-based
model to p roduce k ey c haracteristics o f b raided s and-bed rivers such as bar and channel
dimensions, braiding intensity and shape of bars, and the channel network. They used Delft
3D software to simulate the river and concluded that the morphological model results are
very s ensitive t o t he ¢ onstitutive r elation f or be d s lope e ffects and also to the type and
parameter va lues of t he c onstitutive r elations for flow resistance and sediment t ransport.
Regardless of the sensitivity, the model reproduced important characteristics of braided rivers
like the quasi-regular pa ttern of 1 ow-amplitude bars showed a wavelength thatis in good
agreement with predictions by linear stability theories. Furthermore, the model was able to
produce t he c haracteristic m orphology o f ¢ ompound ba rs a nd ¢ hannels s howing a g reat
variety of m orphological features found in natural braided rivers, including bar-tail limbs,
crossbar ¢ hannels, and scour hol es. Also, m ultiple m echanisms f or bi furcation i nitiation,
bifurcation closure, bar migration, and bar growth occurring in the model are comparable to

observations in nature and flume experiments.

2.7 Other Earlier studies related to bar dynamics of the Jamuna River

A few studies, mainly in the 1990s, have been carried out on the physical processes on the
bars of the Jamuna River. The purposes and methodologies for carrying out the studies are
differed from each other. ISPAN (1995) studied the physical environment of the bars of the
major rivers in Bangladesh including the Jamuna. The main purpose of the study was to build
up i nformation and kno wledge on t he ph ysical processes using Remote S ensing and GIS
technology for reducing the sufferings of the most vulnerable groups of people living in the
fragile bars. Using the experience of ISPAN, EGIS (1997) attempted to assess bar topography
using time-series satellite images. The purpose of the study was to generate bar topography

for predicting the future development of the chars. Delft Hydraulics and DHI (1996a) carried
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out a research on t he formation processes of mid-channel b ar (island char) in ¢ onjunction

with the flow structure and bedforms of the Jamuna River.

ISPAN (1995) s tudied t he m orphological d ynamics of t he J amuna R iver us ing hi storical
maps a nd time -series s atellite ima ges. T hey r elated th e d ynamics o fth e r iver w ith th e
dynamics of t he ba rs. They d efined islands as v egetated i slands. T hey ha ve m ade a n
inventory of the bars in the major rivers of Bangladesh and classified the bars as island chars
and attached chars. ISPAN (1995) were used satellite images to assess the ages of bars that
existed in the early 1990s, along with the p ersistence o f islands and i ncidences o f bars.
According to them the average age of 38% of the bars, observed in 1992 dry season satellite
image, were within three years and they found that only 14% of the bars were older than 20
years. EGIS (1997), Hasan et al. (1999) and Sarker et al. (2003) upda ted t he a nalysis of
ISPAN (1995) works. Both of them attempted to relate the d ynamics of the bars with the
lives and livelihoods of the islands dwellers. T hey extended the analyses o f bar ages and
persistence for the bars appearing on satellite images of 2000. They found that the ages of
more than 56% of the bar areas were within three years and only 6% of char areas above 19
years. T hey further found that 34% of the bars persisted for 3t o 6 years, which was the

highest among other groups of years.

EGIS (1997) found that the average relative elevation of chars increased up to the age of 7
and later reached al most a s teady state with a certain range o f uncertainty. Uncertainty o f
relative elevation is very high at the initial stage of bar development. Delft Hydraulics and
DHI (1996a) in collaboration with the University of Leeds, UK studied the evolution of mid-
channel in the Jamuna River. Their research was mainly concentrated to the evolution of a

mid-channel bar in the left anabranch of the Jamuna River upstream of Bahadurabad.
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Chapter 3
Study Area

3.1 Introduction

The river reach of the B rahmaputra R iver flowing from t he i nternational bor der be tween
Bangladesh and India to the confluence with the Ganges at Aricha is referred as the Jamuna
in Bangladesh. Being originated from Chemayungdung glacier near the mount Kailas of the
Himalayas; the B rahmaputra drains almost 3000 km of China, India and B angladesh. T he
river s tarts it j ourney at an altitude of 5100 m from t he C hemayungdung glacier of the
Himalayas (Figure 3-1 and 3-2). Then it flows for about 1400 km in an easterly direction
across the Tibetan plateau, which is bordered by the Himalayas in the south and the Gandis
Mountains in the north, while it descends to 3000 m. In this reach the river is known as the
Tsangpo or Yarlung Zangbo (Jiang) River. At an altitude of 200 m above sea level it leaves
the Himalayan range as the Dihang River (Jagers, 2003). At Assam province in India, the
river meets the Lohit and Dibang River and takes its name as the Brahmaputra. Then the river
flows to the west and n ear th e in ternational border between I ndia an d B angladesh at the
ninety d egrees east meridian, it makes a sharp left turn, goes south and enters B angladesh

from where the river is known as the Jamuna.

Figure 3-1: Map showing the study area
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After a while (near the left bank of the river at Gaibandha district), the river splits into the
Old Brahmaputra River and the Jamuna River, the latter currently being the main branch. The
Jamuna River meets with the Ganges River near Aricha and the combined flow is known as
the Padma River. A fter flowing 100 km , the Padma merges with the Upper M eghna River

and together taking the name as Lower Meghna River, discharges into the Bay of Bengal.

Figure 3-2: Longitudinal profile of Brahmaputra River (reproduced from Jagers, 2003)
On the right bank it meets four tributaries inside Bangladesh- the Dudhkumar, the Dharla, the
Teesta an d t he H urasagar ( Figure 3 -1). It has onl y on e di stributary on the | eft bank- the
Dhaleswari. The aerial distances from the international border with India to the confluence
along the right and left banks are 240 and 220 k m respectively (Jagres, 2003). The average
width of t he r iver w ithin B angladeshis 12 k m (Jagres, 2003 ). T he riveris br aidedin

planform.

3.2 Geophysical setting

The geology of the basin of the Brahmaputra River is predominant by the Tectonic activities
(Gupta, 2008). The Indo-Australian P late w as s eparated from the Euro-Asian P late by the
Tethys Sea prior to the Palacocene (65 million years before present). Figure 3-3 shows the
position of the Indo-Australian and Euro-Asian Plates. During the Eocene (54 to 38 million
years BP) the Indo-Australian Plate collided with the southern edge of the Euro-Asian Plate
(Rashid, 1991). Since then, the Indo-Australian Plate has advanced northwards about 2000

km, passing be neath the E uro-Asian P late, uplifting it and c rumpling its s outhern edge to
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form the Tibetan P lateau and the Himalayas respectively (Rashid, 1991). Every year India
migrates to the north into Asia by approximately 5 cm. A part of this convergence is taken up
in the Himalayas (1 cm/year raise); the remainder is expected to be absorbed in the A ltun
Tagh M ountains ( West C hina), t he T ien S han M ountains ( Northwest C hina), a nd t he
eastward motion of China and Mongolia (Molnar, 1977; Pendick, 1996). This tectonic motion
has been and will be an important factor in the evolution of the Jamuna River by influencing

its sediment load, planform and course.

Figure 3-3: Tectonic map of the Indo-Australian and Euro-Asian Plates (reproduced from
Rashid, 1991)
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However, the Jamuna River is flowing in a region of significant tectonic activity which is
continuously o ccurring like Himalayan uplift and de velopment of the B engal basin ( Alam,
M.K. a nd H ossain, M .M., 1988 ; B arua, 1994; G oodbred e ta l.,2003) . T he unde rlying
structure of Bengal basin controls the location of the major river systems of Bangladesh has
been hypothesized by several researchers (Morgan and Mclntire, 1959; Umitsu, 1993; Barua,
1994). Morgan and Mclntire (1959) suggested there is a ‘zone of weakness’ along the present
course o f the Ganga—Jamuna—Padma R ivers due to either a subsiding trough ora faultat
depth. H owever, t he e vidence on w hich t his s uggestion w as ba sed w as i ndirect a nd t he
seismic investigation is also low to ascertain the exact subsurface controls on river channel
migration a nd 1 ong-term e volution. B ut F AP24 (1996b) i ndicated th at th e r egion is n ow
suffering the major seismic activity since the past 100 years, as an evidence they showed that
last 20 earthquakes were below the magnitude of 7 in Richter scale only one exception of the
great 1950 A ssam earthquake measuring Richter magnitude 8.6 a nd affecting up to 52 000
km? of territory in A ssam ( Sarker and T horne, 2006). S eijmonsbergen ( 1999) s howed t hat
many structural lineaments, running broadly NW—SE and SW-NE, which can be recognized
from ph ysical f eatures on t he f loodplain, an d co ncludes t hese a re s mall f aults t hat can

influence local migration of the channels.

Ongoing subsidence in the Bengal Basin, combined with high rates of Himalayan uplift set
the tectonic and climatic context for the large water and sediment discharges in the rivers of
Bangladesh (Goodbred and Kuehl, 2000 a, b). Allison (1998), in areview ofthe geologic
and environmental framework of the Ganga-Brahmaputra Delta, highlighted that the uplifted
Pleistocene terraces of the Barind and M adhupur tracts act as the first-order controls on the
courses of the Jamuna. Barua (1994) also presented a synthesis of the major environmental
controls on B angladesh’s river s ystems and, together with the major c ontrolling factors of
regional tectonics; climate, sea-level rise and vegetation were also highlighted as the controls
by t he ¢ fluvial 1 oading’. T he na ture of s ea-level r ise, t ogether with ot her a nthropogenic
effects on the river such as flood control and water usage, is clearly affecting the river in the
twenty-first century (Begum and Fleming, 1997; Choudhury et al., 1997; Mirza et al., 2001;
Mirza, 2002).
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3.3 Hydro-morphological status

3.3.1 Flow Regime

The catchment area of the Jamuna River is almost 560 000 km” with approximately 8.1 % of
the d rainage b asin ar ea being w ithin B angladesh and it receives an av erage o f1 900 mm
rainfall y ear ' (Gupta, 2007) . T he rise i nt he hydrograph of t he J amuna be gins due to
Himalayan snowmelt in May, but the hydrograph is dominated by monsoon rainfall which is
concentrated during the period of June to O ctober. During the rest of the year the flow is
generated from the base flow and snow melt in the Himalayas (CEGIS, 2010). Figure 3-4
shows the mean annual hydrograph of the river at Bahadurabad which is prepared from the
daily discharge data from 1956 t 0 2006. It indicates that in dry period the average flow is
about 5000 m’/s and flood s eason it g oes upt o 50000 m */s. Such a big variation of t he

discharge may be one of the causes of heavy dynamicity of the river.
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40000 //.-\\’\'\
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Figure 3-4: Mean daily discharge hydrograph of the river at Bahadurabad (from 1956 to 2006)

Like the flow hydrograph the mean annual water level hydrograph of the river also shows the
peaks in July- August and the maximum value goes upto about 18.5 m PWD at Bahadurabad
(Figure 3-5). The analysis of daily water level data from 1956 to 2006 a lso shows that the
mean minimum annual water level at Bahadurabad is found 12.5 m PWD during February-

March (Figure 3-5).
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Figure 3-5 : Mean daily water level hydrograph at Bahadurabad (from 1956 to 2006)

The average bed slope of this riveris 7.5 cm/km (CEGIS, 2010). In fact, bed slope varies
from the upstream to the downstream reach. The upper section has an 8.5 cm/km slope while

at the downstream section the slope is 6.0 cm/km (CEGIS, 2010). The average water suface

slopeis 8 cm/km. Figure 3-6 shows th e me an a nnual min imum w ater le vel at d ifferent
stations and the corresponding slope for the period 1956 to 2006. Though the river exhibits
comparatively hi gh s lope i n t he u/ s di rection, t he s lope r educes ne ar t he ¢ onfluences of

Ganges at Aricha where the water surface slope is 5.9 cm/km.

Delft Hydraulics and DHI (1996) estimated the bankfull discharge of the Jamuna River and
found that it is between the range 45,000 to 50,000 m>/s. According to the regime relations
derived by FAP 24, the regime width of this river (if a channel carries 100% of discharge) at
bankfull stage is 4 km and the average depth is 7.1 m if bankfull discharge is considered to be
50,000 m*/s.
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Figure 3-6: Average water surface slope at the date of annual minimum water level (from 1956
to 2006)
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3.3.2 Sediment Regime

In J amuna, the m ajority of'th e b ed ma terials c onsist o f fine s and and b ed m aterial is
transported in suspension mode. The suspended load that derives from the catchments of the
river consists of silt and clay (FAP 6). Sarker (2009) analyzed the size of bed material (Ds)

at Bahadurabad and found the value in an average of 0.20 mm.

Holeman ( 1968) estimated t he s ediment 1 oad i n t he Brahmaputra which was 1.6 bi llion
tons/year. But he did not mention the time period of measurement. Holeman’s article also did
not mention the locations of sediment gauging station. C olman (1969) stated that the total
suspended load was 610 billion tons/year. However, BWDB measurements in the late 1960s
showed t hat the s uspended s ediment 1 oad in b oth the J amuna and the G anges w ere 1047
million ton/y. Table 3-1shows the annual average sediment 1oad as measured during 1966-
1969 by the BWDB. But the analysis of bed material load measured by the BWDB showed
that the sediment load in the Jamuna River had reduced more substantially during the 1980s
than in the late 1960s (Delft Hydraulic and DHI, 1996a). Sarker and Thorne (2006) related
the r eduction in be d m aterial 1 oad in the Jamuna and P adma rivers to the pr opagation of
sediment wave through the Brahmaputra-Jamuna-Padma-Lower Meghna River system due to

huge landslides in the Himalayas caused by the 1950 Assam earthquake.

Table 3-1: The annual average sediment load as measured during 1966-1969 by the BWDB
(source Delft Hydraulics and DHI, 1996a)

Sedimennt load
Period Type of sediment in
Jamuna
(m ton/yr)
Swash load 335
1966-1969 Ssusp. bed 220
Total S 555

The
measurements of FAP 24 in the early 1990s shows that suspended bed material load in this
river were much less than in the 1960s as measured by BWDB. The slight decrease in wash

load in the Jamuna might be due to the continuation of the reduction in wash load since the
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1950 e arthquake, which ove rrules t he assumption of increased s ediment due t o i ntensive

agricultural practices in the Assam valley (CEGIS, 2010).

Table 3-2 shows t he s ediment 1 oad e stimated by di fferent authors/studies ba sed ont he
sediment gauging of different agencies at different periods. The amount of sediment in the
Jamuna ha s be en ¢ hanging ove r t ime. E xcept t he s ediment | oad m entioned by Holeman
(1968), all other studies provided estimates o f annual average sediment 1oad in the Jamuna

and Ganges rivers that varied between 1 to 1.1 billion tons/y.

Table 3-2: Total suspended sediment load in the Jamuna River

Source Period of Sediment Record Suspended Sediment
(m ton/yr)

Holeman - 800

(1968)

Coleman 1958-1962 610

(1969)

BWDB 1966-1969 553

(1972)

Delft Hydraulics/DHI 1993-1996 402

(1996¢)

3.4 Morpho-dynamics of the River

Jamuna is a wide br aided r iver; m aintaining a Imost a fixed a nd w ide ¢ orridor w hichis
generally aligned in north-south direction. The average width of the river was 8 km during
early 1970s, which is now more than 12 km. The river shows a tendency of shifting towards
the west during the whole of the eighties and much of the nineties. The bank materials mainly
consist of non -cohesive s ediments a nd h ave a Imost s imilar ¢ haracteristics in te rms o f
erodibility (Thorne et al., 1993). Since the river is the most dynamic river in Bangladesh, it
causes huge erosion every year. Here the evolution of the river is described into two phases —

Long-term and short term.

3.4.1 Long-term development

Several studies (Umitsu, 1993; Khan and Kudrass, 1999; Khan and Islam, 2008; Goodbred
and Kuehl, 2000a and Goodbred and Kuehl, 2000b) revealed the long term development of
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the r iver. G oodbred a nd K uehl ( 2000a & b) studied t he de velopment of t he G anges-
Brahmaputra delta during the Holocene using borehole and carbon dates from borehole and
vibracores; and using these sources they demonstrated the development of the Jamuna River.
The early d evelopment of the river were cl osely related to that time S ea Level Rise and
tectonic activity of the of Bengal basin. They have prepared a P aleo-geographic map of the
Ganges-Brahmaputra d elta w hich 1 ndicates t he r epeated s witching o f't he r iver co urse

between the present “Old Brahmaputra” and “Jamuna” (Figure 3-7).

0 km

Figure 3-7: Shifting of the rivers of Bengal basin (based on Paleo-geographic map of the
Ganges-Brahmaputra delta (reproduced from Sarker et al., 2013 after Goodbred and Kuehl,
2000a)

If itis focused onl ytothe c entury s cale de velopment of the river, italso s howed very
dynamic characteristics. The course of the Jamuna River shows large scale changes over the
past 250 years, with an evidence of both avulsion in the period 1776—-1850 and a westward
migration of the Jamuna channel belt since this date. The avulsion of the Jamuna has been
described by s everal au thors, with B ristow ( 1999) presenting t he m ost r ecent summary o f

theories for the trigger of the change in channel belt location.

Priort 0 1843,t he Jamuna f lowed w ithint he r iver w hichi snow t ermedt he * Old
Brahmaputra’ (Figure 3-8), east of the Madhupur Tract, and joined with the Upper M eghna
River. Sometime between 1830 and 1860 avulsion of the river course occurred and caused a

maximum of ~80 km of lateral shifting of the river course from the east to the west of the
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Madhupur Tract (Figure 3-8) (Bestetal., 2007). Several studies have discussed about this
avulsion and suggested a number of reasons including tectonic activity (Winkley et al., 1994),
switches 1 n t he ups tream c ourse of t he T eesta R iver ( Morgan and M clntire, 1959) , t he
influence of increased discharge (Coleman, 1969), catastrophic floods (La Touche, 1910) and
capturing t he old course ( Bristow, 1999) . A nalyzing t he m ap be tween 1776 a nd 1843,

Bristow ( 1999) ¢ oncluded thatt he r iver avulsion w as m ore | ikely to be gradual t han
catastrophic. As the reason he indicated t hat bank e rosion; he pointed out a 1arge mid-
channel bar, causing diversion of the channel into an existing floodplain channel. The map of
Rennell (1776) clearly shows a sequence of large bars near the offtake of the present Jamuna
(Figure 3-9) suggesting local sediment overload and diversion of flow against the banks. Best
et al. (2007) concluded that significant flow may have previously be en di verted down the
Jamuna offtake, since the right bank at this point showed two large embayments that would

diverted water to the offtake (Figure 3-9, label x).
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Figure 3-8: (a) Maps illustrating the position of the Jamuna River from 1776 to 1978: (A) 1776;
(B) 1828; (C) 1843; (D) 1978. (Reproduced from Gupta et al., 2007)
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Figure 3-9: Reproduction of Rennel’s Map of 1776 (redrawn from Gupta et al., 2007)

Another significant century scale change of the river is the gradual westward migration of the
braidbelt of the river (Coleman, 1969; Sarker, 1996; Khan and Islam, 2003). The braidbelt
has widened s ince the e arly t wentieth cen tury (FAP24, 1996c¢ ; S arker, 1996; E GIS, 1997,
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Figure 3-10). Movement of the banklines of the Jamuna River during the last 200 years was
comprehensively studied by F AP 19 ( Flood A ction P lan, project 19) and the results were
published in ISPAN (1993). It indicated that in 1830 t he Jamuna R iver had a meandering
planform and followed a course that was for most likely to the present east (left) bank. In
1914 the planform remained meandering, but the river had shifted noticeably westward and
the average width of the channel (5.55 km) was somewhat narrower than displayed in 1830
(6.24 km) (as shown in Table 3-3). Between 1914 and 1953 the river continued its westward
migration while widening significantly and its planform turned to braiding from meandering.
By 1973, the average width of the river had reduced slightly, but rapid westward migration
had continued. Between 1973 and 1992 the rate of increase of the average width accelerated
to av ery high level (Figure 3 -11), although t he r ate of w estward m igration s lowed right
down. The average westward migration rate of the centerline of the Jamuna River between
1830 and 1992 was 28 my-1, while the rate of migration of the west bank was about 50 my-1
(ISPAN, 199 3). T he difference in the t wo r ates r eflects t he i mpacts o f't he p rocesses o f
westward migration and c hannel widening, w hich operated s imultaneously during much of

this period.

30



Figure 3-10: Westward migration of Jamuna (reproduced from CEGIS, 2007)

Table 3-3: Average Width and Position of the Jamuna River (ISPAN, 1993)

Westward mig ration of

Year Average width (km) 2:2::5;?,150;2;26 fg ilz
position in 1830 (km)

1830 6.24 -

1914 5.55 1.9

1953 9.05 3.6

1973 8.08 4.5

1992 10.61 4.6
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3.4.2 Recent development

Being one of the largest braided rivers, ranking fifth c onsidering discharge ( Thorne et al.,
1993); the river shows significant morphological changes in decadal scale too. As mentioned
before, the total width of the river has been changing over time which has been hoped to be
continued in recent time as well. But CEGIS (2010) indicated that since the 1990s the rate of
widening has been reduced substantially. During the process of widening, both banks have
been migrating out wards ( Figure 3-11). M igration of t he 1eft b ank ce ased from the early
1990s while the westward migration of the right bank has continued. Due to the construction
of several bank protection works in the recent past, the rate of westward migration has also
been retarded. The probable reasons for such widening have been indicated by CEGIS (2007)
and Sarker and Thorne (2006). To some extent, the construction of different types of bank

protection structures along both banks has also contributed to reducing the rate of widening.
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Figure 3-11: Length-averaged bankline migration of the Jamuna River (reproduced from
Sarker, 2009)

Erosion has be en the dom inating process in this river during the last few de cades ( Figure
3-12and Figure 3-13). Since 1973,a 1arge a mount of floodplain ( 90,830 ha ) ha s be en
engulfed by the river, with only a small amount of land (10,140 ha) gained during this period.
In the 1970s the rate of erosion was less than 4,000 ha/y, which increased to 4,900 ha/y in the
1980s. Later, in one and a half decade the rate of erosion decreased significantly. In the 2000s
the annual average rate of erosion was found to be less than 2,000 ha/y (CEGIS, 2011). With
the reduction in the widening rate, the annual rate of erosion also decreased in the current

decade.
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Figure 3-12: Riverbank erosion of Jamuna from 1973-09 (reproduced from CEGIS, 2010)

Several bank protection structures were constructed at the end of the last decade and early in
the current decade such as the guide bunds of the Jamuna Bridge, hard points of Sirajganj,
Sariakandi, B huapur, B ahadurabad and several other structures, w hich have c ontribution in
reducing the erosion rate and bankline migration. Compared to the length of the banklines of
the Jamuna River, the influence area of the bank protection structures is not such that it could
reduce the rate of erosion two fold or more (CEGIS, 2011). Hence it can be said that the large
scale reduction in the annual rate of erosion is mainly related to the ongoing morphological
processes. Since the widening rate reduced in the early 1990s and continued at a lower rate,

bank erosion also reduced in the same period.
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Figure 3-13: Rate of Erosion along the Jamuna River at different periods (reproduced from
CEGIS, 2010)
CEGIS (2010) analyzed the braiding intensity of the river based on the method as suggested
by Howardetal. (1970). T he r esultant d ata s how t hat t he br aiding i ndex of t his r iver
increased from the early 1980s to mid 1990s (Figure 3-14). During this period, the average
braiding index of this river was 2.6. A fter this period it started to reduce. T his may have
happened due to the propagation of the sediment wave generated by huge landslides resulting

from the 1950 Assam earthquake as suggested by Sarker and Thorne (2006).
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Figure 3-14: Change of braiding index of the Jamuna River over time (reproduced from
CEGIS, 2010)
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4.4.3 Bedform types and dynamics

Sediment is carried as bed, suspended and wash load by this river (Klaassen et al., 1988).
However, the bed load, although this fractionis only 10 % of the total sedimentload, is
critical in generating a wide array o f bedforms o f different scale that drive channel change
and migration. Bed material transport occurs at all flow stages in the Jamuna and the role of
high-stage flood flow and subsequent reworking, or modification, of the high-stage deposits

becomes significant on the falling limb of the flood hydrograph (Best et al., 2007).

Among th e s maller-scale be dforms (ripples, du nes a nd m egaripples), s and dune s are t he
predominant the Jamuna at all flow stages and in all parts of the channel (FAP24, 1996¢;
Roden, 1998) . Theyalsoactasthenucleuso fmanyl argers calebarsandareak ey
component o f the sedimentary facies (Best et al., 2003 ). Best et al., 2007 indicated that at
Bahadurabad and Sirajganj over 40 % of the bed is occupied by dunes at any flow stage, and
this figure may rise to nearly 100 % (Roden, 1998). Ripples and smaller dunes are commonly
superimposed on 1 arger dunes, but upper-stage plane beds are rare and largely restricted to
fast, shallow flows on bar-tops. Dune height and wavelength ranges from 0.10 to 6 m and 2 to

331 m respectively.

The Large-Scale Bedforms (bars and Islands) goes up to 15 km in length and with heights up
to the adjacent floodplain level. The Jamuna contains all sizes of sand bars ranging from tens
of metres to several kilometers in length. The most common bar types are the scroll (or point)

bar and mid-channel (compound braid) bar (Bristow, 1987; Ashworth et al., 2000).

3.5 Human Interventions in Brahmaputra Basin

From the Holocene period, a s a result of the transition from food appropriation to food
production, t he hum an i nterventions i nr iver b asin ha s i ncreased a nd i ntensified ( Ter-
Stepanian, 1988) . O ne of t he m ajor ¢ onsequences o f thatw as increased agriculture
production, al arge-scale ¢ onversion of f orested areast o a griculture |l ands, | eadingt o
increased soil erosion. Rivers in Asia have been centers of ancient civilizations and it is likely
that the hum an i nfluence on s oil erosion (Heun etal., 1997) .In or der t o s ustain t he e ver
growing popul ation a nd t o m eet w ater a nd energy r equirements of t he r apidly growing
economies, m ost of the large rivers in Asian region h ave b een r egulated al | al ong t heir
courses, over the past few decades. Brahmaputra is not a ex ception of that. For example, on

the upper reaches of Yarlung Tsangpo-Brahmaputra, China has completed 10 dams, 3 under
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construction, 7 under active consideration and 8 more proposed'. Gupta (2012) shows that
annual during this Holocene sediment flux reduces almost 60% in the GBM basin in which

the effect of human intervention has a great contribution.

! http://www.tibetanplateau.blogspot.com/201 0/05/damming-tibets-yarlung-tsangpo.html
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Chapter 4
Data Used and Methodology
4.1 Data Used
Several types of data such as satellite images, cross-profile data, water level, discharge and

river bathymetry data have been used for conducting the study. A list of the data is given in

Table 4.1. A brief description of the used data is given in the following paragraphs.

Table 4-1: List of data used for the study

Data Source Period
Water level NWRD 1940-2009
Discharge NWRD 1940-2009
Sediment NWRD 1968-2010 (Discrete type)
Cross-section NWRD and BWDB 1958-2011
Satellite Image CEGIS archive 1973-2013
Bar Topography CEGIS March, 2013
Bathymetry IWM 2011 and 2012

4.1.1 Water level

BWDB maintains water level gauging stations in the Jamuna River at nineteen locations (as
shown in Figure 4-1). Time-series water level data of these gauging stations since the 1940s
have been used in this study. The checking of data due to the gauge level datum shifting has
been done in this study. If such an error has been noticed it was corrected by comparing with
the pr evious t ime s erious da ta. A nnual flood | evel a nd m inimum w ater 1 evel ha ve be en
analyzed from the time-series data. However, there were gaps in the time-series data. If such
gaps w ere o f's everal d ays ( more t han 5 s uccessive da ys) du ring t he monsoon ( June t o
September) and dry season (January to March) the maximum and minimum water levels were

not considered for that particular year.
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4.1.2 Discharge

There is only one discharge gauging station of BWDB in the Jamuna which is located at

Bahadurabad T ransit. T here weret hree o ther
discharge gauging s tations a long t he r iver, bu t
measurements at t hese s tations h ave o nly b een
performed for periods of 1 to 3 years. Hence, only
long-term d ischarge d ata f or t he J amuna R iver
measured at Bahadurabad have been used in this

research.

To de termine t he di scharge, BWDB us est he
velocity-area method. Ott current meters are used
to measure the flow velocity at different verticals
and at each v ertical, the velocity i s m easured at
0.2 and 0.8 of the depth. However, like the water
level data annual flood and m inimum flow have
been analyzed from the time-series data. As like
as the water level, if there were gaps in the time-
seriesd atao fs everald ays( moret han 5
successive d ays) dur ing t he m onsoon ( June t o
September) and dry season (January to March) the
maximum a nd min imum w ater le vels w ere n ot

considered for that particular year.

4.1.3 Sediment

The B WDB m easures t he s uspended s ediment
transporta t Bahadurabad. B edl oadi sno t
measured b y BWDB. Ins ampling s uspended
sediment transport, BWDB uses the Brinkley silt
sampler. BWDB divides the suspended s ediment
samples i nto t wo f ractions: t he s uspended be d

material lo ad o rs and f raction w ith p article

Figure 4-1: BWDB Discharge, Water level and
X-sec location along Jamuna

diameter 1arger than 0.063 m m, and the wash 1oad or silt and clay fraction, with particle
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diameter smaller than 0.063 mm. A s wash load plays a minor role in channel adjustments
compared to that played by the bed material load, only the suspended bed material fraction of

the measured load has been considered in this study.

Sediment tr ansport me asurements ar ¢ generally m adei nco njunction w ith d ischarge
measurements, with p oint samples o f suspended s ediment b eing co llected at each al ternate
vertical assigned for flow v elocity m easurements. The quality o f m easured s ediment 1 oad
data depends on the instrument used, the gauging procedure employed and natural variability

at the gauging location.

4.1.4 Cross-section

The Bangladesh W ater Development Board ( BWDB) es tablished a river s urvey n etwork
covering m ajor a nd m inor r ivers f or t he w hole ¢ ountry int he m id-1960s. The n etwork
comprises 667 m onumented r iver ¢ ross-sections, a nd t he i nterval of t he ¢ ross-sections is

6,436 m (4 miles). Figure 4.1 shows the cross-section measuring location along the Jamuna.

4.1.5 Satellite images

From 1973-2013 total thirty satellite images with the spatial resolution of 30*30 m were used
in this study. Among them, eight was derived from Landsat M SS, eight was from Landsat
TM, t hree from Landsat E TM+ and ot her was derived from from IRS L ISS. T hese geo-

referenced images were collected from CEGIS archive.

4.1.6 Topographic survey data

The topographic survey data of a bar near Chowhali thana was collected from CEGIS. The
bar e levation data were gathered through s pot I eveling us ing T otal S tation. P ublic W orks
Department (PWD) data have been used as reference level. The elevation data were collected
around 200m*200m interval. Bar elevation survey was done in the first week of March 2013.

Isohyets surfaces were generated using ARC-GIS interface for further analysis.

4.2 Methodology

Three types of data have been analyzed in this study- time series hydraulic data, data derived
dry season satellite ima gery analysis and the results of the numerical modeling. Figure 4-2
shows the general methodology of the study. From the dry season satellite imagery, analysis

was basically used to understand the bar development process at the same time the change of

39



bar characteristic with time were also assessed. Several hydraulic data such as water level,
discharge, s ediment river cr oss s ection w ere used t o as sess t he time s eries ch ange o f the

process. Numerical model was used to understand the detail of the bar development process.

‘ Literature Review ‘

y
/ Data Collection \

(secondary)

(Landsat
MSS(1973,76,80,83,85,1987)

Landsat TM(1989,92,94-99)
Landsat ETM+(2000-2002)

Satellite Images ‘
IRS LISS(2002-2013)) ‘

‘ River cross-section

(source: BWDB
\ year: 1958-2011)

Bar Topography
(source: CEGIS

year: 2011)

Water level

(source: NWRD database from [—
1940 to 2009)

Discharge

(source: NWRD database from
1940 to 2009)
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1995,2000)

. /

Geo-referencing of satellite
images

'

Reclassification of geo-
referenced images

v

Trend analysis of different
spatial characteristics of
river from reclassified
satellite images

Assessing the temporal
development of bar/island in
Brahmaputra-Jamuna in
horizontal and vertical plane.

Assessing the temporal
variation of land in different

Assessing the relationship of
horizontal and vertical
development of bar/island with
hydraulic parameter

bars
v

Selection of study bar

Assessing the capabilities of
2D morphology model in
simulating the braided bar/
island development process

!

Y

Assessing the horizontal
and vertical growth bars

Understanding the development
process of braided bar/island

Trend Analysis

\ 4

Numerical model
simulation

Y

Model calibration and
validation

Figure 4-2: Methodology of the study

This study w as performed focusing three specific objectives which have been discussed in
Chapter one. However, all types of analysis were not performed for all types of bar. Table 4-2
shows t he s ummary of the e xtent of the study and w hich t ype of analysis were used to
understand t he ¢ ertain pa rt o ft he ba r growth pr ocess. However, t he details o fth e

methodology have been discussed in the following sections.
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Table 4-2: Extent of study and main data source

Objectives Extent of Study Main Source of analysis
Temporal Development | All bars in the Time Series hydraulic data and
study area RS data

Vertical and Lateral | Selected bars BWDB x-sec data, CEGIS

Development topographic data and
Numerical Modelling

Competency of a 2D | Selected bars Numerical model and RS data

morphology m odeli n

simulating bar/island

4.2.1 Satellite imagery processing and classification

Processing

Processing an d analysis o f't he s atellite 1 mages w ere p erformed u sing s tandard i mage
processing s oftware provided in ERDAS IMAGINE. ArcGIS software was used for vector
analysis. Geo-referenced satellite images of the Jamuna River between 1973 and 2013 were
acquired from CEGIS archives which already were geo-referenced using a set ofreference
points taken from 1:50,000 high-resolution color maps of SPOT satellite images acquired in
1989. Permanent features, such as road intersections, airport runways or large buildings were
selected on the SPOT maps and used as reference p oints. T he image type and acquisition

dates and corresponding water level at Aricha are shown in Table 4-3.

Since there are a few such features within the river corridor, and this is especially true for
reference points that can be identified on t he lower resolution M SS images, other features
such as ponds and uniquely shaped water bodies were used. Twenty-five or more GCPs were
used i n each p air o f's atellite i mages t o g eo-reference t he r iver corridor ar ea. F or e ach
reference point, the ground coordinates were obtained from the SPOT maps and entered into
a data file together with the input c oordinates of the same reference point identified in the
digital satellite image. The coordinate pairs were used to compute a first order transformation
matrix, which was applied to the entire digital satellite image to compute rectified coordinates
for each image pixel. For each image transformation, a Root Mean Square (RMS) error was

calculated: a measure of the accuracy of the geo-referencing procedure. The maximum RMS
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error was 1.2 pixels for the MSS and 1.5 pi xels for the TM images; this corresponds to a
ground di stance of 96 m and 45 m forthe M SS and T M images, r espectively. E ach raw
satellite image was resampled, using the nearest neighbor algorithm, and transformed into a
file r eferencedt ot he Bangladesh T ransverse M ercator (BTM) p rojection. T he B TM
projection, described by ISPAN (1992), has the following features:

Ellipsoid : Everest 1830
Projection : Transverse Mercator
Central meridian : 90 OE

False easting : 500,000 m

False northing : -2,000,000 m

Table 4-3: List of Satellite images with acquisition date

Image Type Image acquisition Water Level at Aricha (m
dates PWD)
Landsat MSS 21/2/1973 3.16
Landsat MSS 10/01/1976 3.46
Landsat MSS 22/02/1978 3.02
Landsat MSS 21/02/1980 2.67
Landsat MSS 05/02/1983 2.44
Landsat MSS 25/02/1984 2.38
Landsat MSS 25/02/1985 2.42
Landsat MSS 07/02/1987 2.82
Landsat TM 28/02/1989 291
Landsat TM 08/03/1992 2.77
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Image acquisition

Water Level at Aricha (m

Mage Type dates PWD)
Landsat TM 25/01/1994 2.82
Landsat TM 28/01/1995 2.38
Landsat TM 31/01/1996 3.13
Landsat TM 18/02/1997 2.73
Landsat TM 05/02/1998 2.93
Landsat TM 23/01/1999 3.13
Landsat ETM+ 19/02/2000 2.64
Landsat ETM+ 28/01/2001 2.58
Landsat ETM+ 24/02/2002 2.33
IRS LISS 08/03/2003 2.59
IRS LISS 16/02/2004 291
IRS LISS 17/01/2005 3.07
IRS LISS -/-/2008
IRS LISS 14/01/2007 2.92
IRS LISS 9/12/2007 4.22
IRS LISS 13/02/2009 2.69
IRS LISS 15/01/2010
IRS LISS 03/12/2011
IRS LISS 25/02/2012
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Image acquisition Water Level at Aricha (m
Image Type
dates PWD)
IRS LISS 23/01/2013
Classification

The digital satellite images were classified using image processing techniques to enable the
assignment o fla nd cover c lasses to a reas w ith s imilar s pectral
characteristics. For each of the Landsat M SS satellite image pairs, the
procedure involved s tretching and s caling the range of di gital values
by hi stogram m atching to t he 1976 1 mage for Jamuna R iver. T his
modification o fth e d atar esulted in ima ges with s imilar s pectral
characteristics which simplified classification and interpretation of the
historic ima ges. A s eries o f'te sts was carried o ut u sing s tatistical
clustering to derive a set of signatures that was used to classify the
images. The tests were successful for seven of the eight MSS images
of the Jamuna River, but the 1980 MSS image of the Jamuna River had
to be classified using a slightly different signature.

Each Landsat T M, E TM+ and LISS IIl i mage of t he J amuna w as
classified independently using an iterative classification procedure. An
unsupervised c lassification a lgorithm w as us ed t o de rive s ignature
statistics w hich w ere e xamined b y ani mage p rocessing an alyst,
modified a s a ppropriatea ndus edw itha maximum!l ikelihood
classifier. Results were examined and acceptable classes were assigned
to l and ¢ over c ategories. Image pi xels c orresponding t o i nadequate
classes w ere d igitally extracted, r esubmitted t ot he u nsupervised
clustering routine and reclassified. Four broad land cover classes were
assigned to e ach of the 20 i mage pairs a cquired be tween 1973 a nd
2013 in the time-series o f the J amuna R iver: w ater, s and, cu Itivated

land and vegetated land. From 1973 to 2013 thirty classified images
Figure 4-3: Selection of

were an alyzed among which t he 1 mages f rom 1 978-2013 w ere study bar

newly classified. The rest o f the images w ere taken from C EGIS
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archives w hich were already classified for di fferent previous studies. T he images of 2000,
2001, 2002, 2006, 2007, 2008, 2010, 2011, 2012 and 2013 were previously classified as land
and w ater b ut for t his s tudy t hey w ere cl assified as v egetated area, s and and w ater. T he
accuracy o f the satellite image classification was considered although it was imp ossible to
assess the historic images w hich date back to 1973. H owever, since the i mage processing
techniques and l and co ver classes used were very similar to those developed in an ear lier
river m orphology s tudy, t he e xtensive f ield a ssessment ¢ arried out i n 1992 s hould be
indicative of t he a ccuracy expected unde rt he pr esent s tudy. The 199 2 field e ffort, a s
described b y ISPAN ( 1995), i nvolved s everal visitst ot he Jamuna R iver w here f luvial
processes, land cover, and agronomic practices were observed and documented. Two hundred
and forty-five sites along the entire course of the river within Bangladesh were visited. An

overall accuracy of 88% was found for three broad classes: water, sand and vegetated area.

4.2.2  Selection of study bar

In the s tudy region w here the B WDB cross-section d ata w ere av ailable, t he b ars o f t hat
region were selected for assessing the Vertical and Lateral D evelopment. In Figure 4-3 the
both A and B m arked bars w ere s elected for assessing vertical and | ateral development

whether the B marked bars were used for numerical model results analysis.

4.2.3 Assessing the age of bars

The classified image of 2013 was set as base level for determining the age of vegetated area,
sand and water. T he successive images of previous years w ere superimposed to assess the
changes in the bars (vegetated area+ sand) and water. Newly added bars were marked as one

year old bars.

4.2.4 Assessing the relative bar height (H) with respect to low water level

Hasan et al. (1999) illustrated a methodology to determine the height of bar with respect to
the low water level. In this study to assess the relative bar height the methodlogy used by
Hasan et al. (1999) was followed. Elevations of the selected bars in respect of PWD data
were obt ained from BWDB s urvey da ta. Later e levations of the bars were expressed a s
relative height in respect of low water level. In the Jamuna River, annual m inimum w ater
level generally exists from mid-February to mid-March every year. Lowest water level of that

year was used as the reference level to assess the relative height of a particular location of the
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bar. The difference between the minimum water level and the elevation of respective places
gives the relative height o f that place. Definition diagram for relative height are shown in

Figure 4-4.
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Figure 4-4: Definition diagram for relative bar height

4.2.5 Assessing Active braided index (ABI)

The total braided index (TBI) ofthe Jamuna river was assessed by many researchers (i.e.
Klaassen and Vermeer, 1988; Halcrow, 1991; Bridge, 1993; Egozi and Ashmore, 2008).The
active braiding index (ABI) only includes active channels with significant sediment transport,
herein defined as higher than the crosssectional average value, whereas the TBI includes both
active and inactive channels. A ccording to Bertoldi et al. (2009), the ABI provides a better
description of the state of a braided river than the TBI. In this study ABI of the simulated

river was calculated.

4.2.6 Assessing Active Channel Width

In relation to the ABI and to study the growth of bars, the active channel width was analyzed.
The active channel width was defined as Schuurman et al (2013) i.e. the percentage of the
channel width in which significant sediment transport occurred according to the, here defined

as
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Factive = zWaCtive/W *100 (%)

Here, Faciive (%) the active channel width, W the total channel Width, and Wy the sum of

widths of active channels in cross section (m).

4.2.7 Assessing Bar Length and Amplitude

There a re s everal w ays d o d etermine t he b ar length. Int his s tudy t he b ar | ength w as
determined by identifying the bars as an individual objects and measuring their longest axis.
This method is previously used by Schuurman et al (2013). Bar amplitude was defined by the

average difference of the bar crest level and the trough level.

4.2.8 Assessing Bar Shape

Two ratios were used to describe bar shape: length-width ratio (aspect ratio) and perimeter-
area ratio (Kelly, 2006; Meshkova and Carling, 2013). In this study aspect ratio was used as

an indicator of bar shape.
4.2.9 Numerical Model Description

4.2.9.1 Delft 3D Model

In this study the physics-based nonlinear morphodynamic model names as Delft3D was used.
Delft3D solves the two dimensional depth-averaged flow equations and computes sediment
transport and bed level change. It can also solve three-dimensional flow, but for the sake of
computational efficiency, we use it in the two-dimensional mode with a parameterization for
the effect of flow curvature and spiral flow on ne ar-bed shear stress direction. The Delft3D
model has been applied in a wide range of scientific projects for river, estuarine, and coastal
systems (e.g., R oelvink, 2006; Van M aren, 20 07; V an de r W egen a nd R oelvink, 2008;

Crosato and Saleh, 2010; Crosato et al., 2011, 20 12). Moreover, the model has proven to be
reliable and ac curate in the d emanding practice of river en gineering. The standard issue of

Delft3D (version 3.28.5.01) was used, hence full optimizations of the model capacities.

Delft3D has been validated for alarge number of well-documented c ases, including well-
documented f lume e xperiments and on t he river R hine. Langendoen (2001) compared a
number of models and found that Delft3D, together with Mike21C and concluded, it contains
the most rigorous theoretical foundation for modeling sediment transport and morphological

change.
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In D elft3D, the h ydrodynamics are m odeled by applying conservation o f m omentum and

mass assuming hydrostatic pressure:

Conservation of momentum in x-direction:

U F 2 2
6_u+u8_u+v6_u+g6_77_ v+ ;gul L _ ——, 0 zt+6 L; =0 (4.1)
ot ox oy ox c'(d+n) pd+n) ox~ oy
Conservation of momentum in y-direction:
U F 2 2
@+u@+v@+ga—n— u+ ;gv] L _ Ly, 0 ;/+8 : =0 4.2)
ot ox Oy oy c (d+n) p(d+n) ox~ Oy
Conservation of mass, also known as the sediment continuity equation:
an , A +nu] A +nn] _ “3)
ot ox oy
Where
n = water level elevation (m)
d = still water depth (m)
u,v = velocity in the x- and y-directions, respectively (m.s™)
U = magnitude of total depth-averaged current velocity (m.s™)
Fyy = x- and y- components of external forces (Pa): surface and bottom stress
f = Coriolis parameter 22 sin 0, where Q is the earth’s angular velocity and 6 is

the geographic latitude (rad.s™)
g = acceleration due to gravity (m.s?)

P = water density (kg.m™)
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Vs = eddy viscosity (m%.s™)
c = Chézy coefficient (ml/ 2sh

The horizontal turbulent dispersive transport of momentum is computed using a prescribed
eddy viscosity coefficient. A quadratic friction law is assumed to give the current shear stress

(7) at the seabed that is induced by turbulent flow:

T=p££2|U|2 (4.4)
Where

|U] = the magnitude of the depth-average flow (m.s'l)

c = Chézy coefficient (m'%.s™)

In D elft3D-FLOW t he roughness factor may b e d etermined according t ot hree d ifferent
formulations, namely Manning’s formulation, the Chézy formulation and White Colebrook’s

formulation. For the Chézy formulation, the user specifies the coefficient ‘c’.

For predicting the s ediment | oad, s everal transport formula (i.e. of Engelund and H ansen,
1967; Meyer-Peter and Mueller, 1948; Van Rijn, 1984, 2000) can be used in the model. For
non-cohesive sediment if one uses Van Rijn (1984) then the following approach is adopted in

Delft 3D.

The sediment transport predictor of Van R1ijn distinguishes between bed load transport qgp

and suspended-load transport g
do = qop+ doss (4.5)

The bed load transport rate qo, is computed by

0.53(Ag*dso®)* (D)3 (per-te)  if (uer-1)<3
geb= (4.6)
0.1(Ag*dso®)°5*(D%)3(uer-te)  if (uer-e)>3
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in which the critical shear stress 7c is based on the critical Shields number, 7 is the bed shear
stress, . is the ratio between total bed roughness C and grain-related bed roughness Cdyy :

we =C/Cdyg
Where, Dy = 1.5Dsy, and the dimensionless particle parameter D* is computed by
D*= Ds (AQ/V?) 4.7)
Where, v is the dynamic viscosity (m?/s). The suspended-load transport o5 1s computed by
qos=fsURC, (4.8)

In which C, is the reference concentration and fs is a shape factor for the vertical distribution
of suspended sediment (Van Rijn, 1984). The bed slope effect is only applied to the bed load
sediment transport and no lag between sediment transport capacity and suspended sediment
concentration i s applied. After each time step, the be dlevelisupdated using the E xner
equation for mass conservation of sediment:

AZy/At=Morfac (Aq./Ax+Aq,/Ay) (4.9)

In which MorFac is an acceleration factor, which reduces computational time. Application of
this factor is valid, as the adaptation time of morphology is larger than the adaptation time of
flow. Consequently, the bed level change within a hydrodynamic time step At is negligible
even with MorFac >> 1 and the flow field adapts quickly to any change in bed topography
(Roelvink, 2006; Crosatoetal.,2011). Inthe Delft 3D model, in horizontal direction an
irregularly spaced, orthogonal, curvilinear grid can be used. F or 3D simulations the model
uses t he s igma co -ordinate a pproach in t he v ertical d irection ( Delft H ydraulics, 1999). A
sigma-coordinate s ystem s cales t he v ertical co ordinate r elative t o t he | ocal w ater co lumn
depth, resulting in a constant number of layers over the entire model domain (Robson, 2008;
Van Ballegooyen et al., 2004). T he relative l ayer thicknesses may also be non-uniformly
distributed to allow for increased vertical resolution in the region of interest. For a detailed
description of the hydrodynamics and numerical scheme of Delft3D, see Lesser et al., (2004),

Van der Wegen and Roelvink (2008), and Deltares (2009).
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4.2.9.2 Model Schematization
Grid

The numerical model was simulated for 165 km long river reach with a average width of 13
km; s tarted f rom 15 k m ups tream f rom t he Bahadurabad s tation a nd e nded at 1.5 km

upstream of Aricha station. The reach was discretized by 884 *137 grid cells. Therefore, the
average dimension o f each grid cell was 185m *95m. T he choice of grid resolution was a
balance between computational time, scale of the processes, and desired level of detail. The
assumption working behind the choice of the grid cell size was to cover the one bar/ channel
with at least three grid cells (i.e. the size of the smallest bar in emerged in 2013 was around

600m*378m).

Bathymetry

The initial bathymetry data used in the model was collected from Institute of Water Modeling
(IWM) with a resolution of 350 m*100 m. T he data was m easured w ith respect to P WD
datum. B athymetry d ata was collected during the monsoon period of the year 2011. Figure

4-5 shows the grid and initial bathymetry of the model.

Figure 4-5: Model Grid and Bathymetry
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Boundary Condition

The model was simulated for 4.5 months only from the 1% of June, 2011 to 15" of October,
2011. For the upstream boundary, the discharge data of Bahadurabad was considered and the
water level of Aricha station was chosen for the downstream boundary. Figure 4-6 shows the
upstream and downstream boundary of the model. As the sediment boundary the monthly

average sediment data (1968-2001) was given as the input which is shown in Table 4-4.

Table 4-4: Boundary Sediment load

Month Sediment | oad
(kg/s)

June 210.4355

July 179.6984

August 214.1194
September | 206.3134
October 158.407

70000 14

60000 Discharge

AN
M

20000 fa 4
J\r/ M \
10000 -

1-Jun 16-Jul 30-Aug 14-Oct

Water level 12

Discharge(m3/s)
WaterLvevel(m PWD)

Date

Figure 4-6: The upstream and downstream boundary conditions of the model
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Morphological and Physical Parameters

Based on t he analysis of FAP-6 data Kabir and Ahmed (1996) estimated the sediment load
using di fferent p redictor f ormulae. T heir obs ervation i s pr esented i n Figure 4-7. T hey
concluded t hat V an R ijn a pproach pr edicts w ell i n ¢ ase of Jamuna dur ing m onsoon.
Therefore, for this model Van Rijn formula was used assumimg the sp.density 2650 kg/m’
and the mean sediment diameter, dsp 277um (F AP-6; Kabir and Ahmed,1996) . T he water
density and horizontal eddy viscosity were assumed 1000kg/m® and 10 m%/s respectively. For
assuming t he a ppropriate value of roughness (Manning’s n) and M orfac ( Exner e quation)
sensitivity analysis was done using the combination of the parameter described in Table 4-5.

Manning's n=.027 and Morfac= 10 were taken finally as they produce the better results.

Table 4-5: Parameters used in the Sensitivity Analysis

Parameter Low | Middle | High
Manning's n | 0.025 | 0.026 0.027
Morfac 1 10,25 50

— Observed

Sediment Transport (kg/m/s)

Month

Figure 4-7: Comparisons of measured and predicted values of sediment load

Using different formulae at Bahadurabad (reproduced from Kabir and Ahmed, 1996)
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Chapter 5

Results and Discussions

5.1 Changes in River Flow and Sediment Regime

The an alysis o fthe d ischarge d ata m easured in the Jamuna River at B ahadurabad by t he
BWDB from 1956 t 0 2006 is presented in Figure 5-1. The mean annual flood flow in the
Jamuna River is about 70,000 m*>/s but the maximum annual floods vary in magnitude from
40,000 m*/s to more than 100,000 m*/s (Figure 5-1 A). Variability in maximum annual flood
was lessinthe 1960s and 1970s t han t he following d ecades. The s tandard de viation of
maximum annual flood was 6105.6 m’/s in the 1960s but in recent decades this value goes to
16834.6 m’/s, almost three times higher than the value of 1960s. There is an increasing trend
in the magnitude of maximum annual flood with time; it increases at a rate of 1 13 m’/s in

each year.

The average minimum annual flow in the Jamuna River is about 4,000 m*/s with a s tandard
deviation of 740.9 m?/s (Figure 5-1 B). The minimum annual flow shows slight increasing
trend for the last five decades. The minimum annual flow is rising at a rate of 47 m’/s in each
year. The m ean annual di scharge i s about 20,000 m */s having t he s tandard deviation of
2910.4 m*/s and like the maximum flood flow, only a s mall increase is apparent during the
last five decades (Figure 5-1 C). The mean annual flow is increasing at a rate of 57 m’/s in

each year.

Figure 5-2 shows the analysis of the water level data from measured from 1950 to 2009 in the
Jamuna R iver at Bahadurabad by the BWDB. The annual maximum, minimum and m ean
water levels show a very small variation including the decadal change. The maximum water
level varies between 18 m PWD to 21 m PWD during the last few decades at Bahadurabad
(Figure 5-2 A). The mean of maximum annual water level from 1950 t 0 2009 w as 19.8m
PWD with a standard deviation 0.398 m PWD. The trend of variation during this period was
almost steady. The average of mean annual water level is about 16 m PWD and it fluctuates
between 15.5m PWDto 17m P WD annually (Figure 5-2 B). These d ata shows a s light
increasing trend but the magnitude o f increasing is small, only 0.014m per year with the
standard d eviation of 0 .34 m P WD. The a verage o f min imum a nnual w ater le vel a t

Bahadurabad is about 13 m PWD. Like the annual maximum water level it also varies almost
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2 m f rom its me an ( Figure 5-2 C). The annual minimum w ater 1evel d ata al so shows an
increasing trend at an amount 0.006 m in each year with the standard d eviation of 0.44 m

PWD.

The change in river’s average water surface slope over time from Noonkhawa to Arichais
shown in Figure 5-3 (the locations of water level stations are shown in Figure 4-1). The data
shows a decreasing trend; on an average reduction of water level 0.017cm/km in every year.
The av erage s lope o ft he w ater s urface 8 cm/km d uring th e la st five d ecades whichis
described in sec 3.3.1. However, the water surface slope was 8.24 cm/km during 1980s but in
2000s it was on an average 7.55 cm/km. A fter 2005 it shows an increasing trend; the value

goes to on an average 7.86 cm/km.
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Figure 5-1: Changes in (A) maximum annual discharge, (B) minimum annual discharge and (C)
mean annual discharge of the Jamuna River over time
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Figure 5-2: Changes in (A) maximum annual water level (B) minimum water level (C) mean
annual water level of the Jamuna River over time
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Figure 5-3: Changes in water surface slope over time (at dry period)

The time series analysis of the sediment data (suspended part only) of the river are shown in
Figure 5-4. In 1968 t he m aximum annual be dmaterial 1 oad was over 35000 kg/s where it
reduces 3000 kg/s in 2001 which only 9% of the load of the 1968 (Figure 5-4A). The annual
minimum load reduces almost 90% (Figure 5-4B). The average load of the river during these
few decades was 2649 k g/s. Wash load also shows the same type of trend the mean annual
wash load reduces almost 30% from 1972t 0 2001. Guptaetal (2012) showed the role of
mega d ams in reducing s ediment fluxes o f1arge A sian rivers. H ence, t he co nstruction o f
dams in the upper ba sin t ributaries of the river may be the cause of sediment r eduction.

However this process may act as a driver in change of river spatial characteristics.
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Figure 5-4: Changes in (A) maximum annual Bedmaterial load (B) minimum Bedmaterial load
(C) mean annual Bedmaterial load (D) mean annual Wash load of the Jamuna River over time
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5.2 Changes in river spatial characteristics

The change in average river width over time is shown in Figure 5-5. As discussed earlier,
though there is a slight variation in water level and comparatively high variation discharge in
different stations of the river, the river shows a very an increasing trend in its width. This
trend was very prominent upto 1992 when the rate was 150 m/y; then the rate of widening
slowed down. The widening process c ontinued at the rate of 67 m/y upto 2001, when the
average width reached was 10.7 km. Since then, the river width increase at a smaller rate 6.4
m/y. Since the early 1970s, the Jamuna River widened from 8.3 km to 11.8 km in the mid-
1990s and now the average width is 10.4 km. Sarker and Thorne (2006) concluded that this
change was due o f propagation of sand waves caused by 1950 earthquake which has been
discussed in sec 3.3.2. However, this study indicates the change in river water surface slope

may be one of the reasons of this width change.
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Figure 5-5: Average width of Jamuna with time

Figure 5 -6 s hows t he r esults of t he t ime-series an alysis o f cl assified d ry s eason s atellite
images with the annual maximum and minimum flow. This figure demonstrates the changes
of water and b ar area within the b anklines o f the study area during the last four d ecades.
Water area mainly represents the area of dry season channel and bar represents the total sand
and vegetated land area within the bank line. Like the average width of the river, the bar area
shows an increasing trend upto 1992 at a rate of 21.71sq km per year. After that the bar area
increases 18.37 s ¢ km per year till 2001. T hen it shows almost a constant trend except the

yearly variation. But the channel area shows almost a constant trend with an average area 700
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sq km in each year. This figure also indicates the change in bar and channel area of the river

do not follow the similar trend as that of the flow.

2500 120000
Bar Channel B MaxQ Min Q
- 100000
:E= <00 80000 ,,,E
® —r mm l £
g ] u " L g
& - 60000 0o
o u L ©
Q u -
S 1000 2
3 " ZS, - 40000 ©
500
- 20000
O T T T T 0
1970 1980 1990 2000 2010
Year

Figure 5-6: Yearly variation of Area of Water and Bar within the bankline with annual
maximum and minimum flow

5.3 Relation between the Water Surface Slope and Bar Dynamics

An attempt has been made through this study to relate the changes of bar or channel (Figure
5-6 and 5 -3) with t he changes o ft he slope o fthe channel. Figure 5-7 illustrates s uch
relationship. It can be concluded from this figure that during the last five decades bar shows
higher sensitivity than the channel with the changes of slope. With the one unit increase of
slope the bar area of the river reduces almost 26% while the channel area increases almost

4.5%.

The e xplanation of t he c hange i n w ater s urface s lope i s not a s traightforward one , t he
incoming sediment and change in discharge may play an important role behind that. But this

change may be a reason of different morphological changes of the river.
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Figure 5-7: Changes in bar and channel area with the slope

5.4 Relation between Sediment load and Bar dynamics

Figure 5-8 shows the r elationship be tween t he changes in bedmaterial 1 oad with bar and
channel area of the river. As like as the river slope during the measured period the bar area
shows higher sensitivity than the channel area with the change in bedmaterial load. With the

change in every ton/s the bar area reduces almost 2.2% while the channel area increases only

0.43%.
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Figure 5-8: Changes in bar and channel area with the sediment load
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5.5 Temporal Development of Bars?

5.5.1 Ages of the bars

An at tempt h as b een made t hrough this s tudy to
assess the ages of the bars along the entire study area.
The r esult of this analysisis shownin Figure 5-9.
From this analysis reveals that the total area of the
bars of the river is almost 2150 sq km while the total
river area (area within t he ba nkline) 2815 s q km.
Maximum r iver b ar ar e n ewly d eveloped ( Figure
5-10). A Imost 55% of the bar area are de veloped
within the last 8 years. 35.5% of the barthe ages
from 9 -18 years. T he areas o fthe bars e qual and
above2 0 yearsa re only5.5 %. Thisr esultis
comparable to some previous studies described in sec

2.7. The comparison has been discussed in sec 5.9.

Figure 5-9: Ages of the bars of the study area
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Figure 5-10: Ages of bar area in the study area

2 Part of this section has been published in the International Conference of Small scale morphological evolution of coastal,
estuarine and river systems (2014)
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5.5.2 Vegetation colonization on the bar

As described in chapter two in the way of
developingof t heb raidedba rt he
colonization of t he ve getation pl ays a n
importantr ole. Sarkeret al  (2003)
mentioned t hat newly accreted bar,ifit
doesnot e rode qui ckly,i si nitially
colonized b y grass, pa rticularly catkin
grass ( Saccharums pontaneum, f or
example). D ense growth o f cat kin grass

can accelerate silt deposition on the top of

the b ar. D ecomposition of the grass also

adds humus to thesoil and this process  Figure 5-11: Typical and low level vegetation
accelerates to grow other tress on the bars.

Although t his grass grows na turally on n ewly accreting ¢ hars, t here are instances w here
inhabitants or potential inhabitants have planted the grass on ne wly emerging land to hasten
its conversion to agricultural land. However, s ometimes some low level vegetation is also
found in the newly emerged bars just beside a channel which is shown in Figure 5-11. But
these a re not t het ypical ba r ve getation. Figure 5-12 showst het ime pe riod o ft he
development of vegetation on the bar top. It indicates that at present the almost 52% (1104 sq
km) of the bar area are vegetated. The vegetation coverage over the old bars are more. But
the area of coverage never go to the 100% because every year the bars (some part or as a
whole) are go under water during flooding. Flood deposits sand over the land. Moreover, spill
channels also dum p bul k of s and. Figure 5-13 showst her atio b etween bar area an d
vegetation area with age. This analysis indicates that maximum 70% of the bar area can be
vegetated which can be said as the optimum limit of vegetation coverage of bars in the river

like Jamuna.
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Figure 5-12: The bar area and its vegetation coverage with time
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Figure 5-13: Vegetation coverage of land with age

5.6 Vertical growth of bar®

The process of vertical growth of bars is not so straight forward. Every year they go under
water. S ometimes th e heights o fthe b ars are reduced by creation o f ¢ ross-bar ch annels.
Moreover, human activities also affect the natural growth of the bar. Figure 5-14 shows the
boxplot of relative height (elevation from the low water level to the bar top) of bar with age
along the BWDB measured cross-section location. This figure indicates that during the initial

stage of bar development, the uncertainty range in vertical growth is very high, but reduces

3 Part of this section has been published in the International Conference of Small scale morphological evolution of coastal,
estuarine and river systems (2014)
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over time. The data shows very scatter pattern which indicates the complexity relating to this
process. Figure 5-15 shows relationship between the mean relative heights of the bar to its
age. This figure indicates that a b ar can grow almost Sm from the adjacent low water level
and it matures within 10 years. The relationship also indicates that the vertical growth of bar

are exponential to its age. The relationship developed from this analysis is
H =321 TN e (5-1)
Where, H= Relative height of bar with respect to low water level; T= Age of bar in year

To test this relationship ( equation no. 5-1), the t opographic data of a bar ne ar C howhali
Thana (Figure 5-16) was collected and a comparison was made between the predicted and
observed relative height which is shown in Figure 5-17. The data shows ordinary correlation

(= 0.64).
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Figure 5-14: Box plot of relative height of the selected bars against age
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5.6.1 Vertical growth of a structurally intervened and a non- intervened bar
To assess the effect of structural intervention two bars were
selected, one is just downstream of the Bangabundhu Bridge
another is almost 35 km downstream of the Bridge (shown in
Figure 5-18). A verylargebarhasbeendevelopedatthe
downstream of t he r ight g uide bund of t he B angabundhu
Bridge. The right guide bund protruded about 4 km into the
river, which facilitated to develop about a 20 km long with an
area of 82 km” bar (Figure 5-18). The channels separated from
the mainland have been declining since the construction of the
right guide bund. O nly the active c hannel exists at the east
side of the bar.

The analysis showed that growth rate with respect to age of a
structurally 1 ntervened b ar i s qui te hi gh c omparatively to a
non-intervened ba r ( Figure 5-19). The u ncertainty rangeis
higher for the non-intervened bar. But the non-intervened bar
attains high relative height (mean height 2.7m with s tandard Figure 5-18: Location of

o ' selected bar to assess the effect
deviation 0.93m) compared to the structurally intervened bar of structural intervention

(mean height 2.2 m with standard deviation 0.73m).
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Figure 5-19: Relationship between Relative heights and age of a structurally intervened and
non-intervened bar
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5.7 Bar dynamics in lateral direction

5.8.1 Spatial Development of bar

During the de velopment, a bar may formasa

mid-channel bar, and it may grow, migrate and —

disappear w ithin a few years. T hisis true for

most of the cases, as the life-span in more than

50% of bars is less than 4 years. In this section

the formation process of two types of bars- one C / D /

is s ingle m id channel ba r and another isa
clusters mid channel bar are discussed.
The de velopment pr ocess of a s inglem id
] o ) Attached bar
channel derived from satellite ima gery analysis
is shown in Figure 5-20. A diamond shaped bar
emergedi nt hedr ys easonof 2005a tt he

. —  Main flow direction
downstream of t he confluence of t wo br aid

Figure 5-20: Development of a mid-channel bar

channels (A). Elevation appears to be low and the .
over time

length and width are few hundred of meters.

In the following year, the left confluencing channel disappeared, which facilitated the bar to
grow further upstream (B). The bar grew several kilometers long and more than a kilometer
wide at both the upstream and the downstream. Vegetation appeared at the middle of the bar
where the elevation was low and facilitated the deposition of silt at that location where the
soil was moist. Low elevation and deposition of silt and clay indicate the joining of a bar

from the upstream.

In 2007, the channel itself widened, indicating that more flow had been diverted through this
channel. The bar migrated downstream and split into two or more sections (C). Most of the
vegetation disappeared from both the split bars indicating the existence of no 1 ow elevated

strip within the bar. Vegetation or moist soils appeared on the lee side of the bar.

In 2008, t here was a major change in the channel upstream where huge erosion caused an

attached bar to develop along the left bank of the channel and the bar completely disappeared
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(D). The life-span of the bar was only three years. Vegetation appeared in this bar was on the

moist soil the elevation of which was close to the low water level.

The complex formation process of a cluster of bars in the Jamuna River is presented in Figure
5-21. The boundary of a vegetated bar observed in 2004 s atellite images was superimposed
on time-series satellite images of 1997. The boundary in 1997 included the downstream part
of a cluster of bars, a r each of channel and the upstream part of an attached bar (A). In the
following two years there were joining, separating and rejoining of bars, while abandonment
and de velopment of c hannels oc curred within this area (B and C). A large and ap parently
monolithic bar emerged in 2000 (D). This bar was again separated and rejoined by a braided
channel by the following years (E, F, G and H). This complex process of bar development

has pronounced effects on lateral and vertical growth and the vegetation pattern of the bars.

Monolithic bar

Cluster of bar
/ Channel

Attached bar

Rejoined part

New /

o

Channel

Bar boundary

Figure 5-21: Development of a cluster of bars into a bar over time
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5.8.2  Unit process related to the development of bar

The analysis of dry season satellite imagery indicates that a bar laterally grows mainly

through three dominant processes.

» Adjacent channel shifting
> Growth of cross-bar channels
» Channel abandonment

These processes are shortly described in the following paragraphs

Adjacent channel shifting process

Like the meandering river, the adjacent channel of a bar in the braided river shows a regular
shifting process. The channel adjacent to a braided bar shifts its length and sinuosity regularly
specially during flooding and this shifting process causes bar accretion and erosion. Figure
5-22 shows such a shifting process in where a bar laterally grows eastward around 675 m

from 2011 to 2013.

g main channel

Figure 5-22: Adjacent Channel shifting process and lateral growth of bar

71



A 2.5 km wide mid channel bar is observed in 2010 (Figure 5-22 A).The main channel of the
river flew a long t he | eft side of the barinthattime. In2011, thatch annel ch angedits
sinuosity, s howing w estward s hifting in u/s and e astward s hifting in d/s direction ( Figure
5-22 B). A stheresponse of t he pr ocess, the b ar top s howed e rosion a nd t ail s howed
deposition. In 2012, the d/s channel moved further eastward and the bar showed deposing in
d/s along with the formation of new bar (Figure 5-22 C). In 2013 t he main channel moved
further eastward with the formation of new bifurcation at the same time the bar tail showed a

huge accretion around 2.28 sq km with the amalgamation of the newly formed bar.

Growth of cross-bar channels

The growth of cross-bar channel is playing one of the major roles in the growth of bar both in
lateral and vertical direction. During the monsoon almost every bars are over toppled and as
consequences numerous cross-bar channel are formed. In those channels the water velocity is
normally low than the river main channels; as the consequences higher the sedimentation rate
(sec 5.9.5). Figure 5-23 illustrates some impacts of crossbar channel on t he growth of bar.
Figure 5-23 A shows some s mall cr ossbar ch annels in the year of 20 11. T hese ¢ hannels
became wider and deposited more sand in the successive year (Figure 5-23B).These cross-bar
channels are on e of the main source ofbartop's silt and clay which initiated ve getation
colonization. Figure 5-23 C s hows s ome | ocations over the bartop w here the | ow 1 evel
vegetation started to grow. Sometimes these channels become wider and split the bar into two
or three. Such an example is shown in Figure 5-23 C and D where a crossbar channel became

wider and split the bar into two.
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Figure 5-23: Growth of crossbar channel

Channel abandonment

Channel abandonment is a very common phenomenon in a braided river like Jamuna. This
phenomenon helps to build complex bar. Sometimes several bars unities through this process
to form one complex bar. Such a process is described in Figure 5-24. In Figure 5-24 A two
barsare markedas 1 a nd 2. T hese bars were separated from the adjacent b ars by t hree
channels which are marked as a-a and b-b. In the successive year (Figure 5-24 B) channels a-
a and b-b seemed to be abandon where as c-c increased its size. In 2013 the two channels (a-a

and b-b) were completely abandon which unites two bars into one (Figure 5-24 C).
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2011 B 2012 C 2013

Figure 5-24: Channel abandonment and growth of the bar

It can b e summarized from the discussions in section 5.8.1 and 5.8.2 thatin a river like
Jamuna, s everal types o fbars may form (unit and c ompound bar are discusses here). The
characteristics o f these b ars may d epend o n t he ch aracteristics o ft he adjacent channels.
Sometimes new bar may form by separately (unit bar) or by joining, separating and rejoining
of old bars a new compound bar may form. During these processes one channel may abandon
and or development of new channels may occur depending on the characteristics of the river
of that time. If the focus is given on i ndividual bar scale, it shows that several process are
acting t here w hich m ay w ork be hind t he de velopment of the bar 1ike- Adjacent ch annel
shifting, Growth of cross-bar ¢ hannels and Channel abandonment. In the next part of this
study these processes have been investigated using numerical model. Firstly, focus is given

on reach scale development of bar and then bar scale properties have been investigated.
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5.8 Numerical Modelling of braiding process”

Int hiss tudy a numerical
model was simulated only for
the wetpe riodo ft he year
2011. The assumption worked
behind this simulation was the
major m orphological ¢ hanges
are ha ppened dur ingt he
monsoon s eason. A's hort
description of t he m odel ha s
been giveninthe sec 4.2.5.
The numerical simulation was
done along 165 km long river
reach; 15 km ups tream f rom
the B ahadurabad s tation.
Figure 5-25 showst he
planform of the river of 2011
and in itial b athymetry of'th e
river w hichi sus edi nt he
numerical model. It should be
noted that the planform of the
river s howni n Figure 5-25
was the dry s eason planform of  Figyre 5-25 Planform of 2011 and initial bathymetry of the
the year2011w  hilet he river
bathymetry representst he w et

season bathymetry of the river for the same year.

* Part of this section has been accepted in the 5™ International C onference o f Water and Flood M anagement
(2015)
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5.9.1 Calibration and verification of the Numerical Model

The w ater 1 evel calibration w as done along t hree poi nts K azipur, S irajganj and M athura
respectively while the sediment calibration was done only for B ahadurabad station. Figure
5-26 shows the water level calibration results of the model. Here Mathura and Kazipur (R*=
0.980 and 0.884 r espectively) shows b etter correlation t han t he S irajganj ( R*=0.87). The
comparison be tween s imulated and obs erved water 1evel at Sirajganj are shown in Figure
5-27. As no data is available in NWRD or BWDB after 2001, the calibration of sediment was
done using the data set of sediment from 1968 to 2001 (described in sec 4.1.3) and the data
measured by FAP 6. T his calibration is shown in Figure 5-28. It indicates th at the mo del

predicts the sediment load better in lower discharge.

Generally calibration and verification of a numerical model requires two independent data
sets, one of which is used to calibrate the model and the other to verify the results. In this
study the calibration was done using the data sets of 2011 and the model was verified for the
hydraulic c ondition of the year 2012. T he verification ofthe model for the water I evel at
Sirajganj was shown in Figure 5-29. This result indicates that the model predicted the water
level well for the average condition rather it predicted higher in case of the peak and through

of the hydrograph.

76



Figure 5-26: Calibration of the numerical model
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Figure 5-29: Verification of the model for the year 2012 at Sirajganj
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5.9.2  Overall planform of the river

Several behavior of the river relating
to the bar de velopment process like
adjacent ch annel s hifting, f ormation
of ¢ ross-bar ch annels and c¢ hannel
abandonment were reproducedb y
numerical modelinga ndw illb e
described in t he following s ections.
Figure 5-30 shows t he ¢ omparison
between theact uvalan d model
planform ¢ hangesin lo w{f low
period. The figure shows substantial
difference between observed in
modeled channel shape in some part
of the river. T he river | ike J amuna
where dynamicity and variability are
very hi gh, itis q uite d ifficult to

reproduce all the v ariability through

the 2D numerical model.

In th is s tudy th e n umerical mo del
was analyzed basically in two steps.
Firstlys omer each-scaler iver
properties w ere a nalyzed. A long
with t hisc¢ hanges of ba ra sa

response of t hese river pr operties
were as sessed. T hen t he f ocus w as

given oni ndividual ba rs cale a nd

Figure 5-30: Comparison between the planform of 2012

attempts h ave b een m ade t o r elate h
and numerical model

the h ydraulic pr operties of t he
adjacent channelsw itht heb ar

characteristics.
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5.9.3 Reach-scale River hydraulic property and Bar

5.9.3.1. Active channel properties and river bar

To assess the relationship of river h ydraulic property and bar, some reach s cale h ydraulic
property like active braided index (ABI) and active channel width were analyzed. Both the
active braided index (ABI) and active channel width (ACW) was calculated considering the
channels in which almost 90% sediment flew during that period as shown in Figure 5-31. The
ABI varies around 2 to 7 with the increase of river discharge while the TBI was almost 1.5
(during t he m onsoon w ater oc cupied almost the f ull w idth of t he year). T hisvalueis
comparable with the TBI in dry season which has been discussed in sec 3.4.2. Brice (1983)
found the braiding index of the river 4 to 6 (FAP24, 1996) while Sarker and Thorne (2006)

found it 2 to 2.8 from the dry season satellite imagery analysis.

Active C hannel W idth ( ACW) al so i ncreases w ith t he i ncrease o f'd ischarge as expected
(Figure 5-31). The total average river width was 9.8 km while the mo st sediment flowing
channels oc cupies almost 80% during the peak flow. This value recedes with the receding
discharge. Figure 5-32 shows the relationship of the active width/depth (B./h.) ratio to the
active channel braided index ABI. This figure indicates that ABI increases with the increase

of B/h. of at a rate of 59%.
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Figure 5-31: Change of ABI and ACW during the simulated period
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Figure 5-32: Relation between braided index and river width/depth ratio

Several previous laboratory based studies (Ikeda, 1984 and 1990; Y alin, 1992) specified the

bar dimension with different semi-empirical formulae which has been discussed in sec 2.5.1.

However, in t his s tudy the num erical m odel r esults s hows t hat t he r elation be tween ba r

amplitude and several hydraulic parameters for unsteady flow is according to equation (5.2)

Hy/ho=8.8(B/ ho)(B/d)*-..

where, Hp= bar height (m), h,= mean flow depth (m), d=sediment particle diameter (m)

Equation (5.2) signifies that the bar amplitude is quite higher in Jamuna compared to the bar

amplitude indicated by Yalin (1992) (equation 2.4) (Figure 5-33).
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Figure 5-33: Relation between bar amplitude and different hydraulic parameters
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The relationship w ith different h ydraulic p arameters w ith th e b ar le ngth a ssessed f rom

numerical model studies is shown in equation 5.3.
A/B=19.95(B/ ho)(B/d)*....oooenn. (5.3)
where A = bar length (m)

Equation (5.3) indicates that the bar length is higher for this river compared to the bar length
proposed by Ikeda (1990) (equation 2.5) (Figure 5-34).

10
T A/B=19.95(B/
ho)(B/d)*-0.3
o0
S~
< =——)/B=5.3(B/ ho)(B/d)"-
0.45(eq developed by
0.1 -
Ikeda)
Model data
0.01
55000 57000 59000 61000 63000 65000 67000
(B/hg)*(B/d,)

Figure 5-34: Relation between bar length and different hydraulic parameters

Figure 5-35 shows the relationship be tween bar amplitude and active c hannel w idth-depth
ratio. For that particular season, the active channel width-depth increases 500 to 970 at the
same time the amplitude of bar also increased from 3.4 mto 4.02 m. Bar aspect ratio also
increases with the increment of B¢/h, as shown in Figure 5-36. With one unit increment of
B./h. bar aspect ratio increases almost 0.1%. It indicates that large and high amplitude braided
bars may form w ith the high active ¢ hannel w idth-depth r atio. Both ba r di mensions a nd
braiding intensity are known to depend on the width-depth ratio of the braidplain, as shown
by field observations and flume experiments (Bernini,et al., 2006). Fujita (1989) and Ikeda
(1990) also found more formative c ondition for | arge a nd hi gh a mplitude bars with hi gh

channel width-depth ratio but they used the total river width-depth ratio.
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Figure 5-36: Relation between bar aspect ratio and active B¢/h,

5.9.3.2. Sedimentation within the bankline and bar top

In this study the numerical model was simulated only for 4.5 m onths. Therefore, the model
sedimentation indicates the monsoon sedimentation; when the rate of sedimentation is quite
higher. Figure 5-37 shows t he c umulative s edimentation a nd e rosion of t he m odel a rea.
Figure 5-38 illustrates the net erosion or sedimentation within the bankline during the entire
simulation period. During the simulation period the river experienced a net erosion of 0.12m.
As the year 2011 is an average year, hence it can be concluded from the analysis shown in the

Figure 5-38, Jamuna does not aggraded during the average monsoon period.
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Figure 5-39 shows the cumulative average sedimentation/erosion only on the bar top of the
study area. This figure indicates during the simulation period the bars grew vertically almost
1.32 m. The accretion was higher during July to Aug. Then the rate of sedimentation slowed
down. However, this rate (3.5 m per year) is c omparable to the growth of youngbaras
described in sec 5.6 which indicates the vertical growth 3.11 m for the young bar (Age is

equal to one year).

Figure 5-37: Cumulative sedimentation/erosion in the numerical model
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Figure 5-38: Net sedimentation/erosion within the bankline
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Figure 5-39: Cumulative sedimentation on the bar top

5.9.4 Relation between Adjacent Channel Characteristics and Bar

5.9.3.3. Channel shifting process and Bar size

Adjacent channel s hifting p rocess is a v ery c ommon phe nomenon for the growth o fthe
braided bar. Such phenomenon has been searched in the numerical model results and attempt

has be en m ade t o qua ntify w ith h ydraulic pa rameter. Figure 5-40 shows a n e xample of
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reproduction of ¢ hannel s hifting
process 1 nt he num erical m odel. In
Figure 5-40, Aa nd Cs howst he
channel s hifting be havior i n t he ba se
year and successive year in the satellite
image whereas Band Ds howst he
reproduction of ¢ hannel s hifting
process in the numerical model. Figure
5-41 shows relation of channel shifting
andr iver b ar's s ize ¢ hange. Figure
5-41A, w hichis the plot of ratioo f
channel’s length to its width vs. bar’s

length to its width; indicates that with

the i ncremento f one unit
change i nch annel's length-

width ratio, bar’s length/width

ratio also increases more than 5%. The Figure 5-41B shows the relationship be tween the
bar’s width/length ratios to the adjacent channel’s unit discharge. With the increment of one
unit di scharge, the bar’s size ( width/length r atios) also increases ata rateof 0.7 %. The
relationship be tween the average o f adjacent ch annel sinuosity to the bar as pectratio are

shown in Figure 5-41C. With one unit change in adjacent channel sinuosity the bar aspect

ratio decreases 1.08 times.

Figure 5-40: Channel shifting process and reproduction in
numerical modelling
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5.9.5 Development of crossbar channel

The g rowth of ¢ rossbar effects m ostly the
vertical growth of bar. Numerical model results
reveal that in the crossbar channel the velocity
off lowi sl owerw hich makesh igher
sedimentation r ate (Figure 5-42). Moreover
these channels spills and make sedimentation in

the adjacent bar top. Figure 5-42: Velocity vector in main and cross-bar
channel
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However, Figure 5-43 showst he r eproduction of t he ba r de velopment pr ocessint he

numerical model. Figure 5-43 A shows a s mall crossbar channel in the base year which it

became w ider i n t he s uccessive year ( Figure 5-43 C). Figure 5-43 Band D showthe

reproduction of this process in the numerical model.

Moreover, t he m odel results
indicate that the f ormation of
cross-bar ¢ hannel depend on
the maximum water depth that
the bar experienced during the
monsoon. Figure 5-44 shows
the relationship of ma ximum
water d epth of onb ar and the
ration of crossbar channel area
tot heba ra rea. T his f igure
indicates th at with th e change
of Im of water depth the ratio
of cr ossbar channel a rea/ b ar
area increases over 35%. At the
same time with the increase of
water d epth maximumb ed
shear stress on the bar top also

increases at a rate of 18%.

Figure 5-43: Development of crossbar channel and reproduction
of the process in the numerical model
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5.9.6 Channel abandonment and growth of bar

As discussed earlier, the channel 50.56°
abandonment phe nomenon he Ips 50.35°

to build complex bar. Numerical
model r esults in dicate thatth e
amount of flow s haring de pend
on the bifurcation angle with the
main f low. Figure 5-45 shows
such a ne vent. Figure 5-45 A
shows a bi furcation point w here
two ¢ hannelsw ere f lowing
maintaining a lmost e qual a ngles
(50.56° and 50.35° respectively).

Butinthe s uccessive year,t he

point of bifurcation moved 1 km

Figure 5-45: Channel abandonment process and

eastward w itht hech angei n an - i
reproduction in numerical modelling

bifurcation a ngle of t he bot h
channels (Figure 5-45 C). Comparing the A, B, C and D of Figure 5-45, it can be said that

with decreasing the angle the channel with the main flow, it became wider and deeper. Figure
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5-46 shows the relation between the channel bifurcation an gle and the p ercentage o f flow
sharing. This f igure in dicates w ith 1 ® increament in th e a ngle w ith th e ma in f low th e

percentage of flow decrease almost 2.3%.
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Figure 5-46: Relation between bifurcation angle and percentage of flow

5.9 Discussions

The growth of t he br aided ba rs o f't he J amuna a re qui te c omplex. The pr ocess of bar
development can be considered as an integral part of the flood and morpho-dynamics of the
river an d ch annels. Through t his s tudy, s everal pr ocesses w hich are responsible for bar
growth have been investigated. In the first part of this chapter the results of the hydraulic time
series data analysis have been discussed. Then these results have been tried to link with the
results dry season satellite imagery analysis. Through the numerical model details of the bar

development processes have been investigated.

The time s eries d ata o f annual d ischarge (maximum, minimum and me an) shows s lightly
increasing trend at Bahadurabad (Figure 5-1). Though, Mirza, et al. (2001) found that there
is no s tatistically significant trend in annual peak discharge, this study indicates this rising
discharge pl ays a crucial role i n s haping t he river m orphology. Mirza et al. (1998) also
analyzed the time series precipitation data of the Brahmaputra basin using the Mann-Kendall
rank s tatistic, S tudent's f -test a nd r egression a nalysis a nd found no p ersistent t rend ( In
Brahmaputra b asin one subdivision s hows a decreasingt rend a nd another s hows a n
increasing t rend). C EGIS (2010) e xplained t his s mall i ncrease a s t he ¢c ombined e ffect of
decreased flood flows spilling into the Old Brahmaputra distributary and the construction of

flood embankments along its right and left bank.
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Though the results of the time series water level data analysis shows almost a constant trend
in annual maximum, mean and minimum water level (a slight increasing trend is observed in
annual minimum and mean water level but the amount of increment is very, low just a few
centimeters), the river's w ater s urface s lope (atthe date of a nnual minimum) s hows a
decreasing t rend w hich i s al sot he s ame f or the b edmaterial | oad (annual m aximum,
minimum and average) (Figure 5-2, Figure 5-3 and Figure 5-4). CEGIS (2010) showed that
the braiding intensity increased during this period (Figure 3-14). Several qualitative models
(Lane, 1955; Schumm, 1969) can be used to predict the possible adjustment as a response of

the change in water surface slope and bedmaterial load.

Lane proposed a qualitative relation as depicted in Equation 5.4. It relates the water discharge
and channel slope to the bed material size and sediment 1oad in a r each. According to the
Lane (1955)1 f's ediment 1 oad decreases with i ncreasing river d ischarge, the river w ill

decrease its the slope by bed degradation.

QS * d50 X Q xS (54)

Where, Qs = sediment load, dso = bedmaterial size, S = slope, Q = discharge

Schumm (1969) expressed the adjustment of width, de pth, m eander wavelength, slope and
sinuosity t o ¢ hanges 1 n di scharge ( Q) and s ediment | oad ( Qg) in a s eries o f q ualitative
relations. A ccording to him, if sediment load decreases with increasing river discharge, the

response of the river will be the following
Q'Q =W, d  A\S P F (5.5)

Where, W = width, d =depth, S =slope, A =meander wavelength, P = sinuosity and F
representing t he w idth/depth r atio. In t hese r elations, t he + sign and — sign i ndicate an

increase and decrease in each of the parameters.

So it can be concluded from the above discussion that the change in water surface slope may
be due to decreased sediment load. At the same time as the response of these processes, an

increasing or decreasing trend the river width should be happened.

Such a change was also observed in the river width; during the last few decades the width of
the river increased significantly (Figure 5-5). The bar area showed hi gher sensitivity to the

widening process than the area of low flow channels. Both sand and vegetated areas increase
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as the width of the river increases almost at the same pace. It indicates that the river tried to
adjust its width to keep the channel area almost same throughout this period. From 1973 to
2013 the channel area changed at an average rate of 1.08 sq km per year while the bar area
increased at an average rate of 18.78 sq km per year (Figure 5-6). The bar area shows more
sensitivity with the change in water surface slope and change in bed material load (Figure 5-7
and Figure 5-8). From the above discussion it can be concluded that in case of braided river
like J amuna, t he river r esponse t o fluvio-morphological parameter c hanges occurs mainly

through the adjustment of its braid bars.

The temporal analyses of the river bar reveal that mostofthe bars (more than 53%) are
young; age ranges from 0-8 years with an average of 4.5 years (Figure 5-10). Only 5.56%
ages above 20 years. This result is comparable to some previous studies described in sec 2.7.
ISPAN (1995) used satellite images to assess the ages of bars that existed in the early 1990s.
According to them the average age of 38% of the bars, observed in 1992 dry season satellite
image, were within three years but they found that only 14% of the bars were older than 20
years. Hasan etal. (1999) and S arker et al. (2003) updated the analysis of ISPAN (1995)
works. T hey e xtended the analyses of b ar a ges and persistence for the bars appearing on
satellite images of 2000. They found that the ages of more than 56% of the bar areas were
within three years and only 6% of char areas above 19 years. They further found that 34% of
the bars persisted for 3 to 6 years, which was the highest among other groups of years. This

study found highest age groups of bar ranges from 2 to 5 years (25.5%)

Figure 5-12 and Figure 5-13 indicate th at th e bars of J amuna are n ot fully co veredby
vegetation; the maximum 70% coverage is found and it happens within the first 8 years. The
vertical growth of the bar also reaches its maximum level within that period of time when the
average height of the bars above low water level would go upto 5 m (Figure 5-14 and Figure
5-15). Though EGIS (1997) and Hasanetal. (1999) found a5 years period to reach this
average height but they found average height of the bars above low water level would go upto
5.5 m, which is very close to the findings of this study. It can be drawn as conclusion that in
Jamuna an average braid bar matures with 8 years both in terms of vegetation coverage and
vertical growth. Ifthe baris s tructurally i ntervened t he r ate o f growth is faster t han t he
natural one the accumulation of sediment over the bartop is quite less compared to the non-

intervened bar (Figure 5-19).
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The de velopment o fbarsina d ynamic river | ike J amuan doe s not flow a uni -direction
process ( Figure 5-20 and Figure 5-21). H owever, t he m ajor p rocess relatedt ot heb ar
development are ad jacent channel s hifting, growth of c rossbar channels a nd channel
abandonment ( Figure 5-22, Figure 5-23 and Figure 5-24). H owever, t hese p rocesses ar e

essentially related to the overall morphology of the river.

2D numerical model can reproduce the major planform characteristics but here the period of
numerical s imulation w as v ery small ( Figure 5-30). But th ere is s ubstantial d ifference
between observed in modeled channel shape in some part of the river. The river like Jamuna
where variability is very high, it is very difficult to reproduce all the variability through the
2D num erical m odel. However, t hrough 2D numerical mo del it is p ossible to in vestigate

some major bar developing phenomena (Figure 5-40, Figure 5-43 and Figure 5-45).

Several previous studies related the bar development phenomenon on river width/depth ratio
(described insec 2.5.1). However, Bertoldi et al. (2009) s howed t hat a ctive ch annel (the
channels in which most of the sediment flow) can be used for be tter unde rstanding of the
braided river. Hence, in this study several river properties have been investigated by relating
to the active channel property. Both the active braided index (ABI) and active channel width
increase w ith the increase of discharge and recede as the discharge falls down during the
simulation period (Figure 5-31 and Figure 5-32). The analysis also showed that bar amplitude
and aspect ratio are seemed to be related to these active channels p roperties. Both the bar
amplitude and aspect ratio increases with the increment of width-depth ratio of these channels

(Figure 5-35 and Figure 5-36).

Though it is traditionally believed that braiding is caused by high sediment | oads that the
river cannot c arry, resulting in de position on t he bed as internal bars and general channel
aggradations (Parker, 1976); this study indicates that the river Jamuna is a degrading one for
the average flooding year (Figure 5-38). During the simulation period the river experienced a

net degradation of 0.12 m.

In this study the numerical model were simulated only for wet period. The sedimentation rate
over the bar top is seemed to be higher during this period. The results of the numerical model
indicated t hat t he rate o f s edimentation during wet seasonis anaverage 3.5m ina year
(Figure 5-37 and Figure 5-39). The BWDB data and Satellite images analysis indicates the

bar will grow 3.1 m only for the 1st year from its emergence (Figure 5-15).
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These numerical model revealed that the development of bar in lateral direction depend on
the a djacent channel h ydraulic property (Figure 5-41). With one unit change in ¢ hannel
length-width ratio, bar’s width/length ratio also increases more than 5%.With the change in
discharge the adjacent channels adjust their sinuosity causing the lateral growth of bar. But
the f low a nd w ater de pth of t he a djacent ¢ hannel de pend ont he h ydro-morphological

characteristics of the river.

However, the growth of crossbar channels depends on the amount of inundation that the bar
experienced during the monsoon. In fact, high water caused higher bed shear stress which
initiates t he f ormation of ¢ rossbar channel on t he ba rt op ( Figure 5-44). Another ba r
development pr ocess- abandonment of t he adjacent channel is mainly depending on't he

bifurcation angle with the main channel (Figure 5-46).

Like the other large rivers in the world, the Jamuna is also subjected to future changes like
climate an omalies, h uman 1 nterventions et c. If s uch ch anges o ccur h ydro-morphological
condition of the river will be al tered. If'the discharge o fthe river increase due to future
climate change, this study indicates the braiding intensity will be increased. At the same time
there is a high chance to decrease the sediment load due to future human interventions which
will affect the river and hoped to be act as a d river to c ontinue e xisting m orpho-dynamic

process of adjustment.
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions

Through this study the growth of bars in lateral and vertical direction of the Jamuna River

were studied using time-series satellite images, bathymetric surveys, cross-bed profiling data

and numerical model within limited time and resources. The process of bar development can

be considered as an integral part of the flood and morpho-dynamics of the river. Attempts

have been made through this study to relate the dynamics of the bars with the dynamics of the

whole river and the adjacent channels. Within the limitation of data and resources, it was not

possible to address all the issues properly. Nevertheless, this study has been able to highlight

some important issues which have been summarized below.

Though during the last few decades river's discharge and water level did not change
significantly, river s ediment | oad d ecreased almost 90% .  Asa response of the
process, river reduces its water surface s lope and increased its width at an average
75.67 m/y.

The bar area showed higher sensitivity to this process. The channel area increased at
an average rate of 1.08 sq km per year while the bar area increased at an average rate
of 18.78 sq km per year.

Temporal analysis of bars shows that at present maximum ages of the ranges from 1
to 5 years. Within the bar, the optimum limit that the vegetation can cover is highest
70% of the bar area.

The vertical growth of bar stabilizes from 8 to 10 years. This range of age matches
well with the colonization of ve getation of the bars. The average time required for
about 70% ve getation c overageisalso 8t o 10 years. T his s tudy also found t he
average height of the bars above low water level would be around 5 m. The growth
rate of a structurally intervened bar is faster than the natural one but the accumulation
of sediment over the bartop is quite less compared to a non-intervened bar.

The num erical m odel ¢ an s imulate s everal br aid ba r phe nomenon | ike a djacent
channel shifting, formation of cross-bar channels and channel abandonment.

The n umerical mo del r esults in dicated thatthe river J amunaisa de grading one ;

during the simulation period the river experienced a net degradation of 0.12 m. The
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results o f the numerical model al so indicated that the average rate of s edimentation
over the bar top during wet season was 3.5 m/year.

Here reach scale river property was linked to the active channel property. Both the bar
amplitude and aspect ratio were related to the active channel width-depth ratio. With
one unit change in active channel width-depth ratio both the bar amplitude and aspect
ratio increased about 0.1 %.

The growth of bar in lateral direction depend on the hydraulic property of the adjacent
channel. With the increment of ¢ hannel 1 ength/width ratio, bar’s I ength/width ratio
increased at a rate of 5%. With one unit change in adjacent channel sinuosity the bar
aspect ratio decreases 1.08 times.

The growth of crossbar channel depends on the water depth that the bar experienced
during monsoon. With the change of 1 m of water depth the ratio of crossbar channel
area/ bar area increases over 35%.

Adjacent ¢ hannel a bandonment pr ocess i s m ainly de pend on t he bi furcation a ngle
with the main channel; with 1° increase in the angle with the main flow the percentage

of flow decrease almost 2.3%.

6.2 Recommendations

The process of braided bar development is as an essential part of the morpho-dynamics of the

river. Through this study the vertical and lateral growth of bars has been investigated. Based

on the findings of the study the following recommendations are proposed for further studies.

The interaction between the floodplain and river play in important role for the growth
of b ar i.e. act asl ocal s ediment s ources ( bank e rosion), t herefore i t s hould be
considered.

There are several interventions in the river like revetments and groins. The effect of
these interventions on ¢ hannel a nd ba r d ynamics s hould be identified cl early for
proper understanding of the natural process of bar growth.

This s tudy i ndicates nu merical m odel can be used as a very e ffective t ool for the
future pr edictions of the ¢ hannel and bar d ynamics due t o e xtrinsic a nd 1 ntrinsic
factors. But in this study the numerical model was simulated for a very short period,

only for one wet period due to difficulties in c omputational facility. For long term

96



prediction of t he m orphological pr ocess of t he r iver, num erical m odel ¢ an be
simulated for longer periods.

In this study the numerical model was simulated assuming the fixed banks. But the
banks of the Jamuna are highly erodible. Hence, it may be in included during future
studies.

The r iver J amuna i s s ubjected t o f uture ch anges 1 ike cl imate an omalies, h uman
interventions etc. If such changes o ccur h ydro-morphological condition of the river
will be altered. For an example ifthe discharge of the river increases due to future
climate change, this study indicates the braiding intensity will be increased. So before
any interventions in the river, it should be considered that the river may not behave as

the same as it do now. Hence detail study is needed prior to any intervention.
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