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Abstract

The effects of tides on the morphodynamics of estuarine channel networks is still poorly understood.
Whereas bifurcations in rivers are often morphologically unstable where one branch would be abandoned
occurring avulsion. In more tide-dominated systems, these seem to be more stable in which the two
downstream branches of bifurcation keep open. The main aim of this study was to understand the effects
of tides on the morphological evolution of an idealized estuarine channel network. It consisted of an
upstream river that bifurcates into two downstream channels that are connected to the sea. By analyzing
the results obtained with a 2-Dimensional Hydrodynamics Delft3D model, we first identified the tidal
propagation and sediment transport patterns in the system and subsequently examined the
morphological development of the tidally-influenced junction. We analyzed four different scenarios. First,
the branches of the junction were set up to be different in depth. Second, the branches of the junction
were set to be different in length. In both scenarios, the tide at the mouth of both branches was equal.
The effect of the tide on the stability of the junction was examined by varying the tidal amplitude. Third,
the configuration of both branches was set to be equal, but the branches were forced with different tidal
amplitude at the mouth. Fourth, a different tidal phase at the seaward of the branches is combined with
the similar configuration of the branches. For the first and second scenario, the unequal geometry causes
differences in tidal deformation along the channel, so the transport capacity in the branches becomes
more unequal. As a result, the tides enhanced the morphological evolution that would occur in the
absence of tides. For the third and fourth scenario, the different tidal forcing induces the tidal propagation
from one branch to another. This propagation causes the erosion at the junction that maintains the two
branches to keep open. These results indicate that equal tidal forcing enhances the morphological
instability that would occur in a river only situation while the different tidal forcing can cause the junction

to be more stable.
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1 Introduction

In river junctions, water and sediment are partitioned over the two downstream branches. Regarding
sediment transport, the partitioning mechanism is necessary to river pattern evolution not only
nearby the junction but also further away downstream. For instance, more sediment and weak flow
in one branch might lead to the avulsion. Therefore, the dynamics of the junction are important to be

understood to explain the past and to forecast the future evolution of the river.

In the absence of tidal forcing, river junctions are most likely to be morphologically unstable
(Kleinhans et al. 2008), where one bifurcate/branch would be abandoned. In the estuary, in which
the tidal forcing is significant, the partitioning mechanism and morphodynamics of the channel
networks are more complicated and poorly understood. Due to the tidal cycle, the current induced
by tide changes in direction and magnitude periodically. During the peak flood, the river flow could
be hampered by the tide whereas, during the ebb, the tidal flow is in the same direction as the river
flow that increases the total flow to the seaward. The interaction could be different in each branch
due to different friction, depth, length or other geometry differences of the branches. Those flow
variations due to the tides affect the partitioning mechanism and, as a result, might be able to

change the morphological stability of the bifurcation/junction.

Related to the civilization, the knowledge about the tidally-influenced junction becomes necessary
since many deltas/estuaries in the world especially tide-dominated delta/estuary, have many
channels connected to each other. Many of those are vital for civilization activities, such as for a
transportation route to connect the civilization living on the upstream and the ocean (Nugrahadi,
2005). For instance, in Mahakam Delta and Fly Estuarine (Figure 1-1), the channel networks are also
used as a shipping route for natural resources such as coal and woods from the upstream to the sea
before they are distributed to other places. In the case of Mahakam Delta, the main transportation
for the civilization is water transportation since people live in the delta which is surrounded by the

channels. Thus, any changes in the channel networks give a significant impact to the life of the people
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as well as to the economic growth. For those reasons, the knowledge of tidally-influenced
bifurcation/junction dynamics is very important to be understood for the delta and estuary spatial
planning. Therefore, the main aim of my thesis is to improve our understanding of the

morphodynamics of the junction forced by both river flow and tides.

Figure 1-1. An example of tidally-influenced junctions in Mahakam Delta (right), and Fly River Estuary (left)

(Source: Google Earth™),

1.1 Previous Research on Morphodynamics of the River Junctions

To understand the morphological evolution of junctions, it is crucial to understand the division of
water and sediment at the junction. Several previous studies have been done to analyze the
mechanisms and factors involved in water and sediment partitioning in the river junction. The first
theoretical analysis of the river junction stability was by Wang et al. (1995). They proposed ‘a nodal
point relation’ to determine the stability of the junction. The bed load transport (Qs) in each branch
depends on river discharge Qu and the width of the branches (W). It is expressed by:

=6 ()

QBZ B QWZ WZ

(1-1)
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Subscripted number (1 and 2) indicates the branches. k is a positive constant determined empirically.
According to Wang et al. (1995), the junction will be stable if k >n/3. Otherwise, one branch will be
abandoned (Kleinhans et al., 2013). n is an effective power of flow velocity to determine the bed load

transport (Kleinhans et al., 2008).

However, the bifurcation concept of Wang et al. (1995) have limitations. First, the value of k is
unknown and varies in observations. Second, they assumed the water and sediment discharge are
cross-sectionally uniform which is not in the case of asymmetrical transverse bed profile such as in

meandering river bend.

Bolla Pittaluga et al. (2003) improved the 1-dimensional flow and sediment division analysis of Wang
et al. (1995) to overcome the limitations of the earlier concept. Bolla Pittaluga et al. (2003) proposed
that the junction behavior is mainly related to the hydraulic condition and local geometry of the
upstream channel close to the junction (nodal point). The previous model was modified by allowing
the transverse water and sediment transport due to the asymmetrical bed elevation in the cross
section of the upstream channel just before the junction. This transversal effect can induce the
asymmetric division of water and sediment to downstream channels and thereby influence the
bifurcation stability. In the model of Bolla Pittaluga et al. (2003), the equilibrium state of the junction
depends on the Shields parameter in the upstream branches. The higher value of the Shields
parameter gives the more stable equilibrium with the branches still open. In contrast, the lower value
of the Shields parameter results in the junction instability where one channel will be abandoned,

even with the small transverse bed elevation difference.

Kleinhans et al. (2008) conducted the junction stability analysis with the effect of a meandering bend
in the upstream channels. The junction stability was tested for different radii and length of the
upstream meandering bend, sediment grain size, and asymmetrical geometries of the downstream

channels (length, width-depth ratio, and slope). The analysis was conducted on a 3D model, and the
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results were compared with the 1D nodal point relation model by Pittaluga et al. (2003) which has

been modified by adding the meandering effect in the upstream channel.

According to Kleinhans et al. (2008), the meandering bend in the upstream channel is essential for
the division of sediment and river discharge since the channel curve causes a spiral flow just before
the bifurcation in the transverse direction. Furthermore, the spiral flow causes transverse sediment
transport that may induce different sediment concentration distribution on the left and right side of
the upstream channel. The difference can lead to asymmetrical sediment transport division. Then the

important factors for the river junction stability are:

e The gradient advantage of one of the downstream channels and length difference between
branches cause unequal discharge in both branches. The discharge inequality leads to the
instability of the junction caused by the distance to the sea with the influence of backwater
adaptation length.

e A bend upstream can result in more flow in one channel and more sediment in the other. There
will be more sediment to the downstream channel on the inner bend side while more water
flow in the other side. The asymmetrical division of the water and sediment is due to the helical
flow explained above.

e The width-depth ratio in the upstream channel determines the bar regime and evolution in the
channel that is important to the dynamic of the junction.

e Sediment size and bed irregularity is also important to determine the morphological behavior of
the bifurcation.

e The upstream meandering can be balanced by the slope advantage to get more stable junction.

Kleinhans et al. (2011) extended the Pittaluga et al. (2003) model by allowing width adjustments,
based on the results of Kleinhans et al. (2008). The narrowing and widening of the downstream
channel width due to bank erosion and deposition are considered since the width evolution strongly

affects the junction development.
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1.2 Previous Research on Morphodynamics of the Tidal Junctions

The tidal junction is a junction where the forcing is not only imposed by the river discharge upstream
but also imposed by tidal forcing from the downstream. Theoretical studies on hydrodynamics of
tidal junctions are limited. Hill & Souza (2006) used mass and momentum conservation to solve the
frictionless tidal motion in a tidal channel networks with deep channels. The model successfully
predicts the water level and phase in each channel. However, many tidal junctions have shallow
depth where tidal nonlinearity is considerable. Based on Hill & Souza (2006), the river flow is ignored,
while in many system it is a significant value which cannot be neglected. Therefore, the concept by
Hill & Souza (2006) cannot be applied in morphodynamics modelling of the estuarine channel

networks.

Buschman et al. (2010) explained the tidally-averaged flow division in tidal junction in the case of the
downstream channels which have different length, depth, and roughness. To understand the impact
of the tide in the flow division, the model used for each case was run into three forcing conditions:
river only, tide only and tide and river forcing. Moreover, the flow division was determined by the
average discharge in the downstream channels. The tidal discharge was obtained from the average
tidal flow, which was determined by Stokes flux and the return flow, for two days during spring and
neap tide. Then the discharge asymmetry index was used to analyze the asymmetrical degree of the

average discharge division in the downstream channels.

_ (Qw)l - (QW)Z

B (Qw)l + (QW)Z ( 2 )

1%

In which, <Q;>and <Qy> are the average discharge in each downstream channel. The discharge
asymmetry was observed in the spring and neap tide condition. According to Buschman et al. (2010),

it can be concluded that:
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e Channel depth asymmetry condition

The presence of tidal motion enhances the asymmetric discharge distribution that would occur in a
river-only situation. It is due to the fact that the roughness is less important in the deeper
downstream branch. Therefore, the return discharge that compensates the Stokes flux in the deeper
branch is larger than in the shallower one. It leads to the net discharge seaward in the deeper
channel and the other way around in the shallower branch.

e Channel length influence

In river only case, shorter branch receives more discharge than a longer one. Then for river-tidal
forcing case, the tidal forcing enhance the asymmetry. Tidal energy from the shorter channel partly
propagates to the longer one that increases the tidal amplitude in the longer branch. This condition
leads the higher water level in the longer branch and more river discharge is steered to the shorter

branch.

e Bed roughness influence

In contrast to the other cases, the presence of tidal forcing in the junction gives the opposite effect to
the river forcing related to the flow division. In the river-only condition, a smaller roughness branch
conveys larger share of water discharge. On the other hand, tidal motion produces the net discharge
from lower roughness channel to the higher one since in the channel with low roughness, the
magnitude of Stokes flux is larger due to the small phase difference between flow velocity and water
level. Therefore, in the constant river discharge, the dominant channel depends on the tidal range
(spring-neap tide). In the spring tide situation, the dominant channel is the branch with higher
roughness. However, in the neap tide condition the dominant channel is the branh with lower

roughness.

Sassi et al. (2011) also used the same method as Buschman et al. (2010) to quantify the discharge
asymmetry in the multiple bifurcations in Mahakam Delta. The discharge asymmetry inequality

between river-only situation and combination forcing is quantified as a percentage of -{r/ Yr to
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determine the contribution of the tide to a change in the discharge division. The result shows that

the increase of tidal effect seaward will increase the change of the discharge distribution.

Sassi et al. (2013) observed the secondary flow and suspended sediment distribution over a period of
spring and neap tide from the field observation data. The paper implied that the secondary flow and
transversal distribution of the suspended sediment in the junction channel are essential to water and
sediment division. Further, the secondary flow and sediment distribution depend on the transverse

bed profile of the upstream channel and the tidal motion.

1.3 Gaps in Knowledge

From Kleinhans et al. (2008), it was known that, without tidal forcing, the different configuration of
branches can lead to the unequal division of water and sediment where one channel receive larger
share of water and/or sediment than the other. Then the asymmetric division causes one branch
receives less sediment than its transport capacity and the bed erodes (Wang et al., 1995; Pittaluga et
al., 2003; Kleinhans et al., 2011). However, the hydrodynamics behavior and sediment division may
change due to the tidal forcing from the seaward. Morphological instability of the river bifurcation
might be enhanced by the tides. Otherwise, the tides might be able to counteract the morphological
instability inducing morphologically stable bifurcation. It means that the tides could keep both

branches open.

In the real life, the branches geometry could be different in length, width and depth. This situation
will affect the tidal behavior and morphodynamics of the junction. The different geometry of
branches might cause a different tidal deformation from the seaward to the upstream though the
tide at the mouth of the branches is equal. The different tidal deformation might give an impact to

the partitioning, either enhancing or counteracting the mechanism that occurs in the absence of tide.
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Further, the different seaward tidal forcing can produce the different quantity of tidal forcing
between branches. These tidal forcing asymmetries and phase differences between branches may

also be able to change the division of water and sediment.
1.4 Objectives and Research Question

The aim of this study is to understand the role of tides in morphological evolution of the tidally-
influenced junction. To address the objective, two primary cases are examined. The first case is
junction geometry asymmetry combined by symmetrical tidal forcing between branches. In this case,
the length or the depth of downstream channels is different, while at the seaward boundaries both
branches are forced by the same tides. This case is conducted to get the insight if the equal tidal
forcing between branches could counteract or enhance the morphodynamics that would occur in the
river-only situation. The questions related to this case arise:

e How does tide affect the sediment transport in tidally-influenced junction that has two

branches with a different length or depth?
e What is the effect of the tides on the morphological evolution of the bifurcation channel that

has two branches with a different length or depth?

The second case is tidal forcing asymmetry between downstream channels. In this case, tidal
amplitude or tidal phase imposed at the seaward boundary of the branches is unequal. In this case,

the junction geometry is set up symmetrically. For this case, the questions are:

e How does tide affect the sediment transport in tidally-influenced junction that has
geometrically similar branches and is imposed by different tidal amplitude or phase between
branches?

o What is the effect of the river-tide interaction in morphological evolution of the bifurcation
channel that has two similar geometry branches and is imposed by different M2 elevation

amplitude or phase in the two branches?
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1.5 Thesis Structure

Chapter 2 describes the approach used to answer the research questions and the method that has to
be done for the chosen approach. Chapter 3 consists of the simulation results including their
interpretation. Chapter 4 consists of a discussion about the outcome and the future study that could
be conducted. In Chapter 5, the conclusion of this research thesis is provided. The complete overview

of the result are given in the appendices.
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2 Methodology

2.1 Research Approach

To reveal the role of the tides in morphological evolution of the tidal junction, idealized junction
model should be built. There are two different approaches that can be undertaken to do so, which
are using physical scaled and numerical model. Physical scaled model has more advantages for this
study since it can imitate a real river situation on a smaller scale. However, it is costly and time-
consuming since morphological evolution is a long-term process that could take in decades or even
centuries. Besides, it takes more time to set up the channel in scaled model than setting up the

model for numerical simulation.

Whereas numerical model is relatively simpler to be implemented and suitable for the long period of
simulation. In this model, we can optimize and simplify the calculation as long as we can get the
relevant feature of the process (in this study is morphological evolution). However, the quantity of

the results that would be obtained depend on the sediment transport formulation that we use.

Since we are interested in the morphological behavior of the junction, the exact quantity of the
sediment transport is not needed as long as the morphological evolution mechanism of the junction
could be understood. Therefore, the idealized junction model is set up in the numerical modeling
system. The modeling system used is Delft3D hydrodynamics model. It is the same model as used in
Kleinhans et al. (2008) and Buschman et al. (2010). The depth-averaged model (2DH) with 3D
parameterization is used, which solves the unsteady shallow water equations. An overview can be
seen in Lesser et al. (2004). A two-dimensional model is selected instead of a one-dimensional model
to allow the cross-channel flow and transport that may occur and become an important factor in flow
and sediment division. Further, instead of a three-dimensional model, the two-dimensional model is
preferred because the three-dimensional model is more computationally expensive and time-

consuming to simulate a morphological evolution.
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2.2 Model Setup

Parameter setting of the channel has to consider the bars regime development in the channel.
According to Kleinhans et al. (2008), the presence of the bars can change the water and sediment
distribution at the junction. The bars development in the channel bank at some point would give
feedback to hydrodynamics and sediment transport. Thus, letting the bar development in the
absence of tide would complicate the analysis. Since it would be difficult to distinguish the effect of
tide and the bars development in hydrodynamics and morphodynamics when the tides are involved.
Therefore, the parameter setting should be set up to limit the bars development in the absence of

tide.

First, to limit the bars development, it is necessary to set up the channel configuration by considering
the bar regime that may occur in the channel. The bar regime is empirically predicted. The channel
configurations and river discharge are the important factors to classify the bar regime. Several
studies were conducted to classify the bar regime of the channel (Parker, 1976; Struiksma et al.,
1985; Mosselman, et al., 2006; Crosato & Mosselman, 2009; Kleinhans & van den Berg, 2010).
According to those studies, the bar development can be prevented by setting up the channel

configuration that only allow the bar regime in the overdamped condition as illustrated in Figure 2-1.

To determine the bar regime, Struiksma et al. (1985) identified characteristic length scales in the

linearized equations for the steady alternate bars which are:

a. the adaptation length of flow Ay (m):

(2-1)

where h is mean water depth and C is Chézy friction coefficient. g is gravity acceleration (9.81 m s

for earth).
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mode m = 2, braiding index B;

unstable, growing, m=1, B;=

underdamped

Figure 2-1. Definition of bar regime and mode (Kleinhans and van den Berg, 2010 after Parker, 1976;

Struiksma et al., 1985; Mosselman et al., 2006; Crossato and Mosselman, 2009).

b. The adaptation length of a bed disturbance As (m):

= (7)o
(2:2)

where W is channel width and f(8) is the magnitude of transverse slope effect calculated from an

empirical function (Koch & Flokstra, 1981; Talmon et al., 1995):

(2-3)
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where Dso (m) is the median sediment grain size and 0 is non-dimensional shear stress (Shields

parameter):

0= b
=
(ps = Pw)gDso (2-4)
where psand pw (kg m3) are water and sediment density. The shear stress (Pa) defined as:
Tp = pwgRS
(2-5)
in which S (m™) is channel slope and R (m) is hydraulic radius defined as:
R Wh
W+h (2-6)
c. the wavelength of the bar L, (m) calculated by:
2mA Ao A\ =32
- om0 -5
Ly Ag Ag 2
(2-7)

where n is a degree of non-linearity of sediment transport to the depth-average flow velocity
(9=A(u")).

d. Damping length of the bar Lp (m) calculated by:
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Aw_l()\w n—3)
Ly 2\A 2
(2-8)

The characteristic of the bars is a function of Ay/ A, interaction parameter (IP). It depends
significantly on the width-depth ratio (W/h) (Kleinhans et al., 2008). For the narrow and deep
channel, the bar is overdamped. Perturbation in the channel which may lead to the appearance of
the bar results in only a small bar in the short distance downstream of perturbation or even no bar.
For wider and shallower channel, the bars are underdamped. Disturbance in the channel can lead to
over-deepening on the one side of the channel and enhancement of the bar on the other side across
the channel. Then, if the channel is very shallow and wide, the bar will grow in height and number

across the channel downstream of the perturbation.

Crosato & Mosselman (2009) proposed an empirical mode predictor from the theory of Struiksma et

al. (1985) calculated by:

_0.17g(n—3) W3S

/s_ cQ
pppDSO w (2_9)

mZ

where Qw (m3s?) is river discharge, and m can be used to determine braiding index B; of the river

defined as:

(2-10)
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in which B; is total active channel across the river width. A river is categorized single thread for B; <

1.2, moderately braided for 1.2 < B; < 3 and braided for B; > 3.

Beside the bar regime, empirical river pattern prediction in the absence of tide has to be considered
in setting up the channel configuration. Though the junction model bank is set up to be fixed, if the
river pattern is empirically predicted to be, for instance, braided, the bar might grow and form a
braided river. Potential specific stream power (wp) (W m?) is defined to set up the desired river

pattern type (e.g. braided, meandering and immobile). It is calculated by:

(2-11)

and according to van den Berg (1995), discriminant river pattern type analysis for stream power

versus median grain size of the sediment is empirically defined as:

Wpm = 900D5, %4> (2-12)

the parameter setting that has to be arranged to get stable river pattern and overdamped bar regime
are median grain size (Dso) of the sediment, sediment density (ps), water density (pw), bed roughness,
river discharge (Qw), channel depth (h), slope (S) and width (W). The sediment type used for this
study is sand, so Dsp uses the median grain size of medium sand (0.25 mm) with the specific density
(ps) of 2650 kg m?3, the reference density (csoi) and dry density (psq) of 1600 kgm™ (typical sand
density). There are two sediment sources in this study. First, the sediment concentration imposed from
the upstream boundary. The imposed sediment from the upstream is set to be constant with the value of

0.1 kg m=3during the simulation. The second sediment source is from the river bed. The properties of the
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sediment (grain size, settling velocity and sediment density) from the upstream and the bed are uniform.
The sediment concentration is not imposed from the downstream boundary at the seaward of the

branches

The water density is set to be uniform with the value of 1025 kg m3. The bed roughness uses the
Chézy friction coefficient with the value of 60 m¥/?s. The river discharge is set up to be constant with
the value of 2800 m3s™. The channel depth is 15 m for the entire channel except for the case of
downstream channels depth difference, and the channel slope is 3x10° m™. The channel width of the
upstream channel just before the junction (W;) is 480 m, and it converges 20 km upstream from the

junction with the e-folding length scale for width (L) about 50 km calculated as:

y — W e—x/LW ( 2-13 )

After 20 km to the upstream, the upstream channel is straight with the length of 200 km to make
sure the river dampen out smoothly (Buschman et al., 2010). The width of the straight part of the
channel is about 321 meter. Further, the upstream channel splits into two downstream channels with
the same width. Both channels also diverge exponentially up to 30 km (except for the scenario with
different branches length) to the downstream boundary with the same e-folding length scale for
width (Lw). The bars and channel pattern characteristics of several locations with the different width
are shown in Figure 2-2. In the top figure of Figure 2-2, it can be seen that only the downstream end
channel configuration is classified as moderately braided. However, it can be neglected since the
location is far away downstream from the junction. The other places are successfully set up as a

stable channel with an overdamped bar regime in the absence of tidal motion.
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Figure 2-2. Bar regime and channel pattern classification at four locations of the channel with different

width.

The other parameter used for flow and sediment transport calculations for the model is turbulence
characteristics of the flow. Turbulence model used in this study is constant coefficient. A constant
value leads to parabolic vertical velocity flow (laminar flow). The constant that must be input are

horizontal eddy viscosity and diffusivity. Both values are set up to 1 m?s™® and 10 m?s?, respectively.

The Sediment transport calculation used is a formulation for non-cohesive sediment proposed by van
Rijn (2001). Sediment transport is distinguished into bedload and suspended load transport. In the
model, those are classified by their vertical position in the water column (van Rijn, 1993). Sediment
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transport below the reference height is classified as bedload, and that above the reference height is

classified as suspended load. Reference height is defined as:

a = min[ max(AKSFAC.ks;0.01h),0.2h] (2-14)

in which AKSFAC is proportionality factor, ks is current-related effective roughness height.

Multiplication of both variables is defined as 1 in this study.

Bedload transport is partly influenced by the bed level gradient. The bed level gradient or bed slope
is distinguished into the slope to along channel direction and across channel direction. In along

channel direction the bedslope effect is given by:

Qp = asQB,x, (2-15)

while in transverse channel direction is expressed by:

QB = asQB,y, ( 2-16 )

a is a term of bed slope effect. In along channel direction, the bed slope effect uses the predictor by
Bagnold (1966). This predictor requires a self-defined parameter ajs = 1 in this study. While the
transverse slope effect uses lkeda (1982) as presented by Van Rijn (1993) using a self-defined

parameter ap,= 1.5 in this study.

The grid used for the simulation is built in grid generation program developed by Kleinhans et al.
(2008). For the whole domain, the grid cell length to the along-channel direction (Ax) is fixed at 80 m.
The grid cell length-width ratio is two at the junction and decreases gradually seaward since the grid

cell width (Ay) increases due to the diverging channel width seaward and increases landward due to
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the converging channel upstream until 20 km upstream. The ratio is constant along the constant
width part of the upstream channel. For the upstream channel, the channel width is divided equally
by 12 grid cells across the channel. To split the channel, two grid cells are removed at the junction for
the numerical reasons (Kleinhans et al., 2008). Then each branch is set to gently curved on their side
for the first 4 km from the junction. The branches width is divided equally into five grid cells across
the channel. A time step of 6 seconds is used in all simulations to fulfill the requirement of Courant
Number for numerical stability. The overview can be seen in Stelling (1984). All the parameters

setting used in the model are summarized and provided in Table 2-2.

Ax

219 219.5 220 2205
X (km)

Figure 2-3. Grid set up of the junction

2.3 Scenarios

Several idealized junctions with different geometries and downstream tidal forcing are set up. First,
the asymmetrical junction geometry is imposed with the same tidal amplitude and phase in the
branches. This part is conducted to get the insight if tides could counteract or enhance the
morphological evolution that would occur in a river only situation based on Kleinhans et. al. (2008).
Second, the tidal amplitude and phase difference between branches are imposed in the symmetrical
geometry junction. This setup is chosen to get the insight whether the different tidal forcing can

cause morphological stability of the junction or force the junction to be unstable and occurring
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avulsion. Morphological stability in this term is when the two branches of the junction are
maintained to keep open. While the morphological instability is when one branch tends to close off,

occurring the avulsion.

Tidal forcing used in this idealized model are semi-diurnal (M;) and quarter-diurnal (M,) tides. The M,
amplitude and phase are changed between different simulations while My is set constant with the
amplitude of 0.2 meters. Except in the river only case, the M, amplitude is set to 0. In the scenario
with non-zero M; phase for each simulation, M4 phase is configured to be twice as the M, phase at

each seaward boundary.

Short-term and long-term simulation are undertaken for all scenarios. Long term simulation is
conducted to find out the morphological evolution of the tidally-influenced junction in the long
period. In this case, the morphological development in 100 years is examined. Since the long-term
simulation is computationally expensive, the morphological acceleration factor (MORFAC) of the
model has to be scaled up. The Morphological Acceleration Factor (MORFAC) alows the long-term
morphodynamics evolution (Lesser et al., 2004; Roelvink, 2006; Ranasinghe et al., 2011) at time
scales of decades (Lesser, 2009; Tonnon et al., 2007, Jones et al., 2007, Lesser et al., 2004) and
centuries (Dissanayake et al., 2009, Dissanayake et al., 2009, Van Der Wegen & Roelvink, 2008, van
der Wegen et al., 2008) to be done in the shorter simulation duration. The MORFAC value applied in

this study is 200 with the simulation duration of 6 months.

Short-term simulation is done to explain the mechanism behind the morphological evolution from
the long-term simulation. The hydrodynamics and sediment transport behavior in one M, period is
observed to get the insight of the morphodynamics processes. The simulation is run for 10 days
simulation duration to let the hydrodynamics being stable, and then the result from the last M, tidal
cycle is examined. The bed update in the short-term simulation is inactivated to prevent the

morphological feedback that might change the sediment transport and hydrodynamics process.

Four scenarios undertaken are described below.
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1. Asymmetrical junction geometry and symmetrical tidal forcing between downstream channels

In the scenarios of this part, the tide imposed from the mouth of both branches has the same
amplitude and phase. The first scenario is the case in which the depth of both branches is different

and the second scenario is the case in which the length of both branches is different.

a. Depth difference between downstream channels

The depth of branch 2 (Figure 2-4) is set up as the initial parameter setting of the entire channel
(15 meters) as determined according to bar theory explained in Section 2.2. The depth of branch
1 is set up to be shallower to get unstable condition where the shallower branch will close off
(Kleinhans et al., 2008). Therefore, the depth of branch 1 is set up to be a half of the depth of
branch 2 (7.5 meters). The depth change from the upstream channel to branch 1 is set up to
change gradually from 15 meters to 7.5 meters for 2 km started from the junction up to seaward.
It is conducted To avoid the reflection flow due to the rapid depth change.

In the short-term scenario, the tides imposed at the downstream of the branches is set to be
equal. The simulations of this scenario are run six times with different M, elevation amplitude
conditions which are without tide condition, 0.25 meter, 0.5 meters, 1 meter, 1.5 meters, and 2

meters.

Tidal Forcing
channel 2

Channel 2

River Discharge

Upstream Channel

Channel 1

channel 1

Figure 2-4. Junction illustration.
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b. Length difference between downstream channels

The length of branch 2 is set up as an initial setting which is 30 km, and the length of branch 1 is

set to be a half of the length of branch 2 (15 km). Then the tides imposed at the mouth of the

branches are equal in amplitude and phase. The simulation repetition with different M, elevation

amplitude is similar with the depth difference scenario.
2. Asymmetrical tidal forcing between downstream channels and symmetrical junction geometry
The scenarios in this part are for the junction that has symmetrical branches shape and geometry. On
the other hand, the tidal forcing from downstream is set to be unequal between branches. The first
scenario is that the M, elevation amplitude between branches is arranged to be different. While the
second scenario is that the amplitude between branches is similar but, both phases are different. The
M, amplitude and phase imposed from downstream are constant in the first scenario. In the second
scenario, the M, amplitude at the downstream end of both branches is constant, but its phase is two
times of the M2 phase at the branch with non-zero M, phase.

a. Tidal Elevation Amplitude difference between downstream channels

The junction geometry is arranged symmetrically, and different tidal amplitude is imposed from

the downstream channels. The M tidal elevation amplitude at the boundary of branch 2 is set up

at 1 meter with the phase of 0. Then at the entrance of branch 1, M, tidal elevation amplitude is

varied for each simulation which are without tidal condition, 0.25 meter, 0.5 meters, 1 meter, 1.5

meters, and 2 meters. The phase set up in all simulations is constant with the value of zero.

b. Tidal Elevation Phase difference between downstream channels

The junction geometry is arranged symmetrically, and different tidal phase is imposed on the

downstream channels. The tidal amplitude forced from both the downstream channel

boundaries is set up at 1 meter. Tidal phase at the boundary of branch 2 is set up at 0. Then at

the entrance of branch 1, the M, tidal phase is varied for each simulation conducted in this

scenario. The phase at the entry of branch 1 is varied with the value of 0, 22.5, 45, 67.5 and 90.
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All the scenarios done is summarized in Table 2-1. While the parameter settings are provided in Table

2-2.

Table 2-1. Scenarios run and their geometry and tide setting.

M2 M2 Channel Channel
Amplitude (nv2) Phase (0) Length (Lo) Depth (h)
Scenario (m) (deg) (km) (m)
Branch | Branch | Branch | Branch | Branch | Branch | Branch | Branch

1 2 1 2 1 2 1 2
1.a. Length difference 0-2 0-2 0 0 15 30 15 15
1.b. Depth difference 0-2 0-2 0 0 30 30 7.5 15
2.a. M2 Amplitude difference 0-2 1 0 0 30 30 15 15
2.b. Tidal Phase difference 1 1 0-90 0 30 30 15 15
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Table 2-2. Parameter Settings

Parameter Symbol Unit Value

Channel and hydrodynamics Parameter Setting

along channel grid size Ax m 80
channel slope S m! 3x10°
channel width at the Junction Wi m 480
Chézy friction coefficient C mY2s?t 60
e-folding length scale Lw km 50
horizontal eddy diffusivity Kn m?gs? 10
horizontal eddy viscosity An m?gs? 1
length of the upstream channel Lu km 220
length of downstream channels Lo km 30
mean water depth h m 15
river discharge Qw m3g? 2800
time step of calculation At s 6

Sediment Parameter Setting

dry bed density Ps,d kg m3 1600
imposed sediment concentration from the upstream c kg m3 0.1
median grain size Dso m 0.00025
reference sediment density Csoil kg m3 1600
specific sediment density Ps kg m3 2650
Morphology Parameter Setting

along channel bed gradient factor for bedload transport Aps - 1
minimum depth for sediment calculation SedThr m 0.1
minimum sediment thickness for transport and erosion Thresh m 0.05
morphological scale factor (long & short term, respectively) MorFac - 200& 1
sediment layer thickness - m 25
transverse bed gradient factor for bed load transport Apn - 1.5
Van Rijn’s reference height factor AKSFAC*ks - 1

2.4 The Limitations of This Study

The junction model is highly idealized and simplified regarding geometry, but not on the physical
processes. Thus, the result quantities depend on the setup and parameterization chosen. The
limitations of the model are distinguished into two parts, the methods and related to the processes

that would occur in the real situation.
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Regarding the methods, two important factors affect the results. First is the selected grid size. In
morphodynamics modeling, the results are sensitive to the grid resolution, mainly because the finer
grid can represent the formation of local scour and bar development better than the coarser one
(Kleinhans et al., 2008). However, the computational cost must be taken into account, so the
optimum size must be used to balance the result accuracy and the computational cost. Second, the
sediment transport process depends on the sediment transport predictor including the bed slope
effect term. The predictor is important to determine the sediment transport results as well as the

morphological development since it can enhance or slow down the morphological processes.

In the real situation, the processes are indeed more complex. Several important processes that are
neglected in the model would give a significant effect on the morphological development of
bifurcation which are bank erosion, sediment sorting, and density difference. Firstly, related to the
bank erosion, the widening or narrowing channel width due to the erosion strongly affect the
bifurcation development (Kleinhans et al., 2011). The channel width adaptation enables the branches
to keep open while the fixed model shows the avulsion (Kleinhans et al., 2011). The converging
channel in the tide-dominated estuary is formed by the tide and also give the feedback to the tidal
spatial deformation along the estuary. However, since the bank erosion is not involved in this model
the converging channel only give the influence in tidal deformation without obtaining feedback.
Second, in this study the bed and delivered sediment properties are uniform. In the estuaries, several
sediment variety in the systems likely presents. This poorly sorted sediment might give a significant
influence on the morphological development. The presence of gravel or rocks that has low erodibility
can decrease the sediment entrainment and transport from and to the junction. As a result, it will
also influence the morphological evolution of the junction. Furthermore, in this study, the sediment
is only imposed from the upstream boundary and from the erosion of the river bed. The sediment is

not imposed from the seaward boundaries.

In this study, the water density is set to be constant. In the real life, the estuarine is the place that
fresh water from the river meets the saline water from the sea. Density difference and the related
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salt intrusion brought by the tides from the sea can induce substantial alterations of the water level
gradients, and baroclinic pressure gradients need to be involved (Buschman et al., 2010). Thus, the

density difference (de Swart, 2015) might affect the sediment transport processes at the junction.
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3 Result and Analysis

3.1 Symmetrical tidal forcing and asymmetrical junction geometry

between downstream channels

3.1.1 Depth Difference Scenario

Figure 3-1 shows the erosion and deposition pattern for the river-only and river-tide case in several
kilometers nearby the junction for a hundred years simulation. In both cases, the erosion occurs in
the deeper branches. The erosion starts at the junction and expands downstream. Further, a bar
develops in the upstream channel on the shallower branch side. Tides enhance the morphological
evolution of the junction that occur in the river only case. The erosion in the deeper branch is larger
and widens more rapidly than in the river only case. Furthermore, the bar in the upstream channel
on the shallower branch side is more developed in height and length. However, the morphological
development slows down after 20 years. It can be seen in Figure 3-2, in the river-tide case, the bar
development in upstream channel grows very fast in the first 20 years. Though it still grows
afterward, the growth rate is smaller than the first 20 years. While in the river only case, the bar
development at the same location slowly develops in the first 70 years and grows more rapidly

afterward. The bar seems to rise continually over a hundred years.

A fixed bar in the middle of the upstream channel just before the junction develops to the shallower
branch side of the upstream channel (Figure 3-1). This bar development is enhanced by the presence
of migrating bar that develops at the upstream channel where the channel start diverging and
migrates downstream. This migrating bar causes a small silting up in the deeper branch that can be
noticed in the year 50 of the tide-river case in Figure 3-1. However, after that, the deeper branch is
eroded again. Whereas the migrating bar amplifies the fix bar development at the junction to be
more developed to the shallower branch side of the upstream channel. Then the fixed bar expands

more to the downstream in the shallower branch resulting in the silting up in the shallower branch.
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Figure 3-1. Erosion and deposition pattern of the junction for 100 years simulation several kilometers nearby
the junction. The left panels are the case without tides, and the right panels are the case with the tides (M2

elevation amplitude = 1 meter).
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Figure 3-2. The bar height evolution at the shallower branch just after the junction for the river-tidal case and

river only case.

A larger flow causes the erosion in the deeper branch. The larger flow in the deeper branch can be
seen from the width-averaged and tidally-averaged mean flow (Uo) presented in Figure 3-3. Then the
width-averaged M2 velocity amplitude (Uny) in Figure 3-4. In Figure 3-3, it can be seen that the mean
flow in the deeper branch is larger than in the shallower branch. The significant increasing mean flow
changes nearby the junction in the shallower branch is due to the gradual depth change (from about
15 meters to 7.5 meters). The presence of the tide does not give a significant change for the mean
flow in both branches. The flow direction is directed to the sea in all tidal conditions in the entire

channel due to the large river discharge.

Figure 3-4 shows the spatial evolution of width-averaged M2 velocity amplitude (Umz) for different
tidal forcing. In the deeper branch, the Uw;is larger than in the shallower branch in the almost all
location except around 5 kilometers from the sea boundary (between around km 45 and 50). The Uz
magnitude in the deeper branch increases from the sea to the junction. The opposite behavior of the
Uwm2 spatial profile appears in the shallower branch. The Uu, decreases upstream and significantly
decreases with the gradual deepening at the junction due to the gradual deepening. The spatial
evolution of the Umz in both branches is more apparent for a higher tidal forcing (Figure 3-4).
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Figure 3-3. A) The width-averaged mean flow (Uo) profile along the channel for depth-difference branches in
the absence of tide (solid line) and with the M2 tidal water level amplitude of 2 meters (dash line). Km 0 at
the most left of the graph is the most upstream of the upstream channel at which the channel start diverging
seaward. B) The mean flow at 4 km from the junction in both branches for different M2 elevation amplitude

imposed from the sea. The positive mean flow indicates the flow is to the seaward direction.
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Figure 3-4. The width-averaged M2 velocity amplitude (Uwz) spatial profile along the shallower branch and

the deeper branch. Km 20 indicates the junction while km 50 is the sea boundary of the branches.

The Umz seems to control the sediment transport quantity. In other word, it determines the quantity
of the sediment entrained from the bed. While the mean flow controls the sediment transport
dominant direction. Figure 3-5 shows tidally-averaged suspended load flux (Qs) in both branches with
different tidal forcing condition. Regarding direction, Qs is directed to the sea for the entire channel
caused by the mean flow to the sea direction. Regarding the quantity, Qs becomes larger for the
larger tidal forcing indicating that the Uw, steers the sediment entrainment. In the deeper branch, Qs
shows the increasing behavior upstream indicating that erosion takes place at this location confirmed
by the long-term simulation. In the shallower branch, Qs gradually decreases from the sea boundary
to the junction. It is much dropped in the location of gradual channel deepening nearby the junction.
The very low Qs at the junction in the shallower branch side is caused by the weak mean flow and
Uwm2 at this location. As a result, the deposition presents at this location causing the bar development
as shown in the long-term simulation. The similar behavior of sediment flux is also shown for bedload

sediment flux which can be seen in Figure 3-6.
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Figure 3-5. Tidally-averaged suspended load flux (Qs) profile along the shallower branch (channel 1) (top
figure) and the deeper branch (channel 2) (bottom figure) for different tidal amplitude imposed from the

seaward of both branches.

The M2 tides cross current amplitude (Vm) and tidally-averaged cross flow (Vo) in the upstream
channel just before the junction are shown in Figure 3-7. The positive value of mean cross flow (Vo)
indicates that the flow is more dominant to the deeper branch. The cross-flow magnitude does not
seem to be sufficient to erode the bar development in the middle of the upstream channel.

Furthermore, main direction to the deeper branch indicates that, more water is conveyed to the
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deeper branch. More water into this branch induces the larger flow into this branch causing the
erosion while the shallower branch experiences the opposite process. Less water discharged into the
shallower branch causes the sediment brought from the upstream to settle at the junction on the
shallower branch side. As a result, the silting up occur, and the bar develops at this location. The
silting up in one branch and erosion in the other increases the inequality of the flow and as a

feedback enhances the morphological process in the branches.
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Figure 3-6. Tidally-averaged bedload sediment flux (Qs) profile along the shallower branch (top panel) and

the deeper branch (bottom panel) for different tidal amplitude imposed from the seaward of both branches.
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Figure 3-7. The M: tidal flow (top panel) and the mean flow (bottom panel) to the cross-channel direction in

the middle of the upstream channel just before the channel bifurcates for the different tidal situations.

Even though from the short-term simulation, we know that tides enhance the sediment transport, it
cannot fully predict the long-term morphological evolution. From Figure 3-1, it can be seen that the
erosion location in the deeper branch expands downstream. While the increasing of Qs to the
downstream that indicates erosion only appears in the first several kilometer after the junction and it
is followed by the decreasing. In other words, the advection term of tidally-average sediment
transport is less important to the morphological evolution. The bar development and non-linearity of
sediment transport seem to be more important than the advection term. The non-linearity of
sediment transport cause the larger erosion at the location that would erode in river-only situation
and also amplification of the bar development. With the presence of tide, the large Upand Uwmz in the
deeper branch erodes the bars and continue deepening the branch. While the weak flow in the
shallower branch leads the fix and migrating bar to be more developed to the shallower branch. Then
the silting up gives the feedback to the flow and the non-linearity response of the sediment transport

to the flow velocity enhances the branch silting up.
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3.1.2 Length Difference Scenario

Figure 3-8 shows the differences in morphological evolution between the river only and the river-tide
case. Similar to the depth difference scenario, the tides seem to enhance the morphological
evolution that would occur in the river only situation. In the absence of tide, the shorter branch (the
bottom branch in each panel) is eroded nearby the junction and the erosion expands downstream.
On the other hand, the slight erosion occurs in a longer branch only in the first 40 years of the
simulation and the scour starts to be filled with the sediment and that location then has a constant

deposition trend.

In the presence of tide, the morphological evolution seems to be enhanced. In the first ten years, the
sediment accumulation pattern, in this case, is almost similar to the river only situation in a hundred
years. After ten years, the morphological evolution of the junction becomes more unequal. The
deposition is enhanced by the migrating bar that comes from the upstream channel in which the
channel start diverging. The deposition occurs in the longer branch causing a constant silting up in a
hundred years which can be seen in Figure 3-9. Whereas erosion is shown in the shorter branch. The
erosion seems to expand downstream occurring a channel deepening for the entire shorter branch.
This condition could induce the channel avulsion where longer branch could be abandoned due to

the siltation.
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Figure 3-8. Erosion and deposition pattern for 100 years simulation several kilometers nearby the junction.
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The left panels are the case without tides, and the right panels are the case with the tides (M2 elevation

amplitude = 1 meter).
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Figure 3-9. The erosion/deposition time series on the longer branch side of the upstream channel just before

the channel bifurcates.

The unequal flow causes the morphological instability of the junction conveyed in both branches in
which the shorter branch has larger flow than the longer one. The mean flow (Uo) and the along
channel M; current amplitude (Uwmz) spatial profile can be seen in Figure 3-10 and Figure 3-11. The flow
inequality between branches is larger with the presence of the tide. The presence of migrating
branch from the upstream amplifies the bed inequality in both branches. The weak flow in the lower
branch and the non-linearity of sediment transport cause a silting up. In the absence of tide, the river
flow magnitude in the shorter branch is higher than the longer one resulting in a larger transport
capacity in the shorter branch. The presence of tides increases the inequality of the transport
capacity since the Uwmz in the shorter branch is also larger than in the longer branch. The more
considerable Umzin the shorter branch is caused by the shorter distance from the sea to the junction.
In the shorter branch, tides reach the junction earlier and start feeding the upstream channel and
longer branch with water. As a result, tides convey more water in the shorter branch. While in the
longer branch, the tides are hampered by the tides coming from the shorter branch. Therefore, the

Umz in the longer branch is smaller. The large Uuw, and mean flow in the shorter branch induces a
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larger transport capacity in that branch, so the migrating bar is eroded in this branch. Whereas a
small transport capacity due to a weak flow in the longer branch is insufficient to transport the
sediment from the upstream and erodes the migrating bar. It can be said that The tides cause the
system to be more dynamics. Thus, more sediment is transported from the upstream due to the local
bed erosion upstream, and the migrating bar also comes faster to the junction and is larger than in
the river only situation. The insufficient transport capacity in the longer branch causes the sediment

to be deposited and, therefore, the branch silt up and has a high possibility to close off.
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Figure 3-10. A) The width-averaged mean flow (Uo) profile along the channel for the river-only case and river-
tide case (M2 water level amplitude of 2 meters). Km 0 at the most left of the graph is the most upstream of
the upstream channel at which the channel start diverging seaward. B) The mean flow at 4 km from the

junction in both branches for different M2 elevation amplitude imposed from the sea.
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Figure 3-11. A) The width-averaged M2 velocity amplitude (Umz) profile along the channel for length-
difference branches for the case of M2 water level amplitude of 1 meter and 2 meters. Km 0 at the most left
of the graph is the most upstream of the upstream channel at which the channel start diverging seaward. B)
The mean flow at 4 km from the junction in both branches for different M2 elevation amplitude imposed

from the sea.

The different branch length also causes the different tidal celerity between branches. The celerity
difference increases the cross flow at the junction that might erode the bar at the middle of the
upstream channel. However, the cross-channel flow induces by propagation from channel 1 to

channel 2 is weak and less significant for eroding the bar. Figure 3-12 shows the cross flow in the
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middle of the upstream branch just before the junction. From a bottom panel in Figure 3-12, it can be
seen the tidally-averaged cross flow is to the shorter branch direction (negative indicates it is to
shorter branch and positive is to the shorter branch). The mean cross flow magnitude is still below

0.1 m/s with the Vi, of 0.2 m/s for the largest tides case.
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Figure 3-12. The M:tidal flow (top panel) and the mean flow (bottom panel) to the cross-channel direction in

the middle of the upstream channel just before the channel bifurcates for the different tidal situations.

The morphological development of the junction is mainly caused by the bar development that is
much enhanced with the presence of tides. The advection term in sediment transport is less
important in determining the morphological development. It can be seen in the spatial pattern of
tidally-averaged suspended load flux in Figure 3-13 and bedload flux in Figure 3-14. If the advection
term is important, there will be erosion at the junction in both branches since the sediment flux is
much increased from the junction toward downstream nearby the junction. However, the low flow

and the presence of migrating bar silt up the longer branch. The non-linearity of the sediment
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transport seems to be more important. The non-linearity of the sediment transport enhances the

silting up at this branch while the erosion is enhanced in the shorter branch.
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Figure 3-13. Tidally-averaged suspended load flux (Qs) profile along the shorter branch (top panel) and the

longer branch (bottom panel) for different tidal amplitude situation.
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Figure 3-14. Tidally-averaged bedload flux (Qg) profile along the shorter branch (top panel) and the longer

branch (bottom panel) for different tidal amplitude situation.

3.2 Asymmetrical tidal forcing between downstream channels and

symmetrical junction geometry

3.2.1 Tidal Elevation Amplitude Difference Scenario

Figure 3-15 shows the difference between the morphological development of the junction imposed
by equal and different tidal amplitude in both branches. The unequal tidal forcing between branches
results in the erosion at the junction. In both branches, the erosion occurs and expands downstream
while the subtidal trench that connects the branches occurs in the upstream channel just before the

junction. The unequal tidal forcing situation seems to erode a bar that occurs in equal tidal forcing
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case. The tides from the branch with larger tidal forcing propagates to the other branch to balance

the weaker forcing and lower water level from the other branch.

Equal tidal forcing between branches Unequal M2 amplitude
5years
54.6- 1 54.6-
m im

54.4- . 7_1 54.4- L M2
1 sa2- Bra\"d\ 2.0 e 1 sa2- Bfanch 2 a
£ s 5 £ = g
g 538- - B 2 538~
£ 536 § 536 .
g 534 Bra 5 § 534 Br
Ssa2- Nch 1. 532t anch 1:
£532 :

= 1 N> im 0 - Nm2 025m
281 2185 209 285 220 2205 221 2215 222 2025 23 2 281s 2185 218 2195 220 2205 221 2215 222 2225 223
100 years
15

545- 1m 546

54.4- nwz 1 544-
1 s42- Braﬂd‘z 1 s42-
£ - 3 E 5
2 538- ] 0 2538
i; 536 £ 538
8534 Bra B 8 534 B
Ss32- Nch 1. S saol ranch 1.

53 1; N Im e 53 1: Nmz OZSm
52%18 2185 21'9 2195 250 2265 21 22‘1 5 222 22'25 2%3 g %2 §18 2185 21‘9 2185 2%0 22(‘)5 21 22‘1 s 222 22’25 223

% coordinate (km) — % coordinate (km) —»

Figure 3-15. Erosion and deposition pattern for 100 years simulation at the junction. The left panels are the
case with equal tidal forcing imposed between branches (M2 elevation amplitude of 1 meter). The right
panels are the case with unequal tidal forcing between branches (M2 elevation amplitude in the lower

branch (branch 1) = 0.25 meters; in the upper branch (branch 2) = 1 meter).

Figure 3-16 shows the cross flow in the middle of the upstream channel just before the junction for
different tidal forcing in the branch 1 (lower branch in Figure 3-15). The tidally-averaged cross flow in
the middle of the upstream channel just before the junction (bottom panel in Figure 3-16) is small
with the magnitude lower than 0.1 m/s for all tidal condition. Though the mean cross flow is low, the
M tidal current in across channel direction Vmz is very large. It is larger when the tidal forcing

difference between branches is increased. The small mean flow and large M, cross current indicate
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that the tidal current shift its direction over an M, period with almost the same magnitude. The large
M, tidal current with this alternating direction causes the erosion at the junction in the upstream

channel. Then it cancels the bar development that occurs in equal tidal forcing situation.
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Figure 3-16. The Mz tidal flow (top panel) and the mean flow (bottom panel) to the cross-channel direction in
the middle of the upstream channel just before the channel bifurcates for the different tidal situations in the
branch with varied tidal forcing (branch 1). While the branch 2 is imposed by the M:tide with the elevation

amplitude of 1 meter.

The tidal amplitude inequality between branches also causes the opposite behavior of the mean flow
and the M, tidal current in along channel direction (Upand Umz) in both branches. A branch with
larger tides has more considerable Uwu; than in the other branch (Figure 3-17). While the mean flow is
larger in the branch with weaker tides (Figure 3-18). This situation occurs because the river flow is
discharged to the branch with weaker tidal forcing. Since larger river discharge and the tides from the
other branch flow to this the branch with weaker tides, the Um in this branch is much hampered.
Therefore, the Uuw, becomes smaller. In the branch with larger tidal forcing, tides have to feed the
upstream channel and the other branch to balance the forcing and water level. As a result, tides

convey more water in this branch resulting in the larger Umz. For the simulation where the tides are
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equally imposed in the two branches, the Um; in both branches are low with the equal magnitude.
Since the tides from both branches already have equal forcing, they do not balance each other.

Therefore, the low Uwm: is actually the character of the tide itself.
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Figure 3-17. Each panel represents a width-averaged M2 velocity amplitude (Umz) profile along the channel
for different M2 elevation amplitude imposed from the entrance of the branch 1 while M. elevation
amplitude in branch 2 is 1 meter for all cases. Km 0 at the most left of each panel is the most upstream of

the upstream channel at which the channel start diverging seaward.

The unequal tidal current and mean flow between branches cause the unequal sediment transport.
The branch with larger tide shows a larger sediment transport except for the situation in which no
tide is imposed from a branch. However, unequal tides condition causes an increasing of the
sediment transport capacity in both branches. Figure 3-19 shows the tidally-averaged suspended
sediment flux profile along the channel. It can be seen that though the sediment transport in unequal

tidal forcing condition results in unequal sediment transport, the sediment transport in both
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branches for such a situation is much larger than for the equal tidal forcing condition. A larger
transport capacity is mainly because one branch conveys a large Uw, while the other branch has a

large mean flow. The same pattern also occurs in the bedload spatial profile that can be seen in

Figure 3-20.
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Figure 3-18. Each panel represents a width-averaged mean flow (Uo) profile along the channel for different
M;: elevation amplitude imposed from the entrance of the branch 1 while M: elevation amplitude in branch 2
is 1 meter for all cases. Km 0 at the most left of each panel is the most upstream of the upstream channel at

which the channel start diverging seaward.

From the suspended sediment flux profile, it can be seen the increasing quantity nearby the junction
toward the sea in both branches indicating the erosion occurs in both branches if the advection term
is important. However if we compare to the long-term simulation (Figure 3-15), the advection seems
to be relevant for the initial morphological evolution at which the erosion only occur nearby the

junction. Then the sediment transport non-linearity causes the erosion to expand downstream.
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Figure 3-19. Each panel represents tidally-averaged suspended load flux (Qs) profile along the channel for
different M2 elevation amplitude imposed from the entrance of the branch 1, while M2 elevation amplitude
in branch 2 is 1 meter for all cases. Km 0 at the most left of each panel is the most upstream of the upstream

channel at which the channel start diverging seaward.
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Figure 3-20. Each panel represents width integrated, depth-averaged and tidally-averaged bedload (Qg)
profile along the channel for different M2 elevation amplitude imposed from the entrance of the branch 1.
Km 0 at the most left of each panel is the most upstream of the upstream channel at which the channel start

diverging seaward.

3.2.2 Tidal Elevation Phase Difference Scenario

Figure 3-21 shows the morphological evolution nearby the junction for the case of 22.5 phase lag
(small phase difference) and 45 degrees phase lag (larger phase difference). The lower tidal phase
lagged causes the morphological instability of the junction where the silting up occurs in the branch
with lagged tidal phase. When the tidal phase lagged is increased, the silting up of the branch with
lagged tidal phase seems to be delayed (Figure 3-27). Then the larger tidal phase delay also results in
the presence of subtidal trench at the junction. It indicates that the cross flow becomes larger (Figure

3-22) and, therefore, more important in determining the morphological evolution.
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Figure 3-21. Erosion and deposition pattern for 100 years simulation at the junction. The left panels are the
case of 22.5 degrees M2 elevation phase lag, and the right panels are the case of 45 degrees M2 elevation
phase delay. The branch with earlier M2 phase (Bm2= 0 degree) is the upper branch and the branch with

lagged M2 phase ((Bmz2=22.5 degrees (left panels) and 45 degrees (right panels)) is the bottom branch.

Figure 3-22 shows the M, tide cross-flow amplitude (Vm2) and the mean cross flow (Vo) for different
tides situation over an M, period. The tidal phase difference between branches results in a partial
tidal propagation from the branch with earlier tidal phase to another branch. The tide that comes

earlier to the junction start feeding in the upstream channel and the other branch before the delayed
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tide comes. Then the propagation from one branch to another increases the cross-flow. More phase
difference causes more water to be conveyed from one branch to another by the tide. Thus, the cross
flow also increases with the increasing of the phase difference. Though the mean cross flow at the
junction is small in all tidal phase situations, the Mz cross-current increases with the increasing of the
phase difference. The low mean flow and large Vu; indicates the cross flow is shifting in direction
over an M, period. The increasing of Vv, with the larger phase difference results in the presence of
subtidal trench in between the branches that occur in 45 degrees phase difference case in Figure

3-21.
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Figure 3-22. The M:tidal flow (top panel) and the mean flow (bottom panel) to the cross-channel direction in
the middle of the upstream channel just before the junction for the different M. water elevation phase

difference situations.

In along channel direction, the tidal propagation from one branch to another branch causes a lower
mean flow (Up) and larger M2 tidal current amplitude (Umz) (Figure 3-23 and Figure 3-24) in the

branch imposed by earlier tidal phase. Then the opposite behavior occurs in the branch with lagged
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tidal phase. The propagation from the branch with earlier tidal phase hampers the lagged phase tides
that propagate in the other branch. Thus, it declines the tidal current and the tidal energy of lagged
phase tides. The lower energy of lagged phase tide causes the river to be more conveying the branch
with lagged tidal phase. As a result, the mean flow in the branch with lagged tidal phase is larger

(Figure 3-23), and the Uwmz is lower (Figure 3-24).
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Figure 3-23. A) The width-averaged mean flow (Uo) profile along the channel for the cases of 22.5 (solid line)
and 90 (dash line) degrees phase differences. Km 0 at the most left of the graph is the most upstream of the
upstream channel at which the channel start diverging seaward. B) The mean flow at 4 km from the junction
in both branches channel for all M2 elevation phase difference cases. The positive mean flow indicates the

flow is to the seaward direction.
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The small phase difference (22.5 degrees) results in a very low tidal current as shown in Figure 3-24.

The Uwmz in the branches with lagged tidal phase shows a decreasing profile landward instead of

increasing as shown in the other branch. The increasing of phase lag causes the increasing of the Umz

in the branch with lagged tidal phase though the value is still smaller than the Uw;in the branch with

earlier tidal phase. Then the Uwm, shows the increasing pattern landward in both branches.
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Figure 3-24. Each panel represents a width-averaged M2 velocity amplitude (Um2) profile along the channel

for different M2 elevation phase difference situations. Km 0 at the most left of each panel is the most

upstream of the upstream channel at which the channel start diverging seaward.

In the branch with lagged tidal phase, the low Uwm, for a small phase difference causes a very low

transport capacity in the branch. While for a large tidal phase lagged, the increasing Umzfrom to sea

to the junction also increase a sediment transport capacity. Then the larger mean flow in this branch

causes the sediment transport capacity to be more similar to the capacity in the branch with earlier

tidal phase. This processes can be seen from tidally-averaged suspended load flux (Qs) spatial profile
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in Figure 3-25. Compared to the case without phase difference, the phase difference causes sediment
transport to be larger in both branches except for the case with a phase lag of 22.5 degrees. It
indicates the more sediment transport capacity in both branches with the large phase difference. The

similar behavior is only obtained for the tidally-averaged bedload flux in Figure 3-26.
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Figure 3-25. Each panel represents a width integrated, depth-averaged and tidally-averaged suspended load
(Qs) profile along the channel for different M2 elevation phase difference situations. Km 0 at the most left of

each panel is the most upstream of the upstream channel at which the channel start diverging seaward.

The increasing Qs nearby the junction indicates the erosion in both branches if the advection effect is
significant. However, from the long-term simulation (Figure 3-21), the morphological evolution seems
to be more influenced by the bar development and the sediment transport non-linearity enhances it.
Figure 3-27 shows the bed erosion/deposition time series in the branch with lagged tidal phase just

after the junction. It can be seen that, in the initial morphological development, the advection
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influences the process. It is indicated by the erosion at this location before 20 years which is at the
same location where the sediment transport increases in the short-term simulation. However, after
20 years, the migrating bar from the upstream takes over the morphological development of the
junction. The deposition occurs at this location due to the weaker current while the other branch is
eroded. The sediment transport non-linearity increases the inequality of the morphological

development of both branches.
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Figure 3-26. Each panel represents tidally-averaged bedload flux (Qg) profile along the channel for different
M2 elevation phase difference situation. Km 0 at the most left of each panel is the most upstream of the

upstream channel at which the channel start diverging seaward.

For the small phase difference between branches, a weak cross-channel current at the junction is not
sufficient to erode the fixed bar in the middle of the upstream channel at the junction (Figure 3-21).

Then the migrating bar enhances the fix bar growth and causes the silting up in the branch with
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lagged tidal phase. The silting up in this branch is due to the weak Um2 that is not sufficient to erode
the bed. The silting up is constant in a hundred year simulation (Figure 3-27). Therefore, the small
phase difference causes the morphological instability of the junction whereby the branch with lagged

tidal phase will be closed off.

1 1 ] 1 1 1 1 1 1
_Gm difference = 22.5 degrees  _|
_HMZ difference = 45 degrees

Bar height (m)
N
T
1

10 20 30 40 50 60 70 80 90 100
Years

Figure 3-27. The bed evolution over a hundred-year simulation for two different M2 phase difference cases.

When the tidal phase difference is increased, more water is conveyed from one branch to the other
by the tide. It causes a larger cross-channel flow at the junction. The larger cross flow seems to be
sufficient to keep both branches open in the longer time. This situation occurs because a larger cross
flow could erode the bed at the junction which can be indicated by the presence of trench to connect
the branches at the junction. The sediment brought from that erosion cannot be fully transported in
the branch with lagged tidal phase. The bar on the inner side of the branch and in the upstream
channel on the side of the regarding branch develops due to the horizontal turbulent of the cross-

channel flow. Since the Umz in the branch is low, the along channel current in the branch is
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insufficient to erode the bars. In a hundred years of simulation, the bars seem to grow in height, but

the growth is slowing down in a hundred years (Figure 3-27).

It can be concluded that though phase difference causes the asymmetrical sediment discharge and
river flow, larger phase difference could keep both branches to open for a longer period. Even in the
largest phase difference case (90 degrees), the current can erodes the bed of both branches at the

junction that causes more both branches to keep open almost symmetrically.

3.3 The Influences of Tides to the Morphological evolution

From all simulations, it can be summarized that the morphological evolution of the junction is
controlled by two factors. First, the bar development and the junction morphological instability
strongly depend on the inequality of the along channel tidal current (Uwz) and the mean flow (Uo) in
along between branches. The Umzis controlling the sediment entrainment from the bed while the Ug
is transporting the sediment. The larger Umzand Ug in one branch cause the erosion in the branch and
silting up in the other branch. In the case of Um; is dominant in one branch and Ug in the other one,
both currents seem to compete to keep the branch open. For instance, in the tidal phase difference
situation between branches, the 22.5 degrees phase difference causes the close off in the branch
with Larger Upand lower Uwm,. However, in the amplitude difference scenario, the branch with the
similar behavior experiences erosion. The latter is happening due to the tidal propagation from one
branch to another to balance the water level and, in turn, the tidal energy. This process causes the
significant magnitude of cross flow at the junction. Therefore, the second factor that controls the
morphological evolution of the junction is the cross flow. The erosion at the junction seems to occur
when M; tide cross flow amplitude (Vm2) is large and not necessary for the Vo. The large Vu; erodes
the bar and cancels its development. The erosion forms a trench connecting the branches. Then the

sediment from the trench is transported by the along channel current to the sea.

66| Morphodynamics of Estuarine Channel Networks



In the most case of the real estuaries, the branches of the bifurcation have a different geometry such
as different depth or length. This condition could lead to avulsion, yet, in most cases, the junction
seems to be stable where both branches are open. The unequal tidal forcing with counteracting
effect in morphological evolution is required in such junctions to stabilize the junction in which both
branches keep open. Therefore, two simulations is run to investigate it. The first simulation, the
depth difference branches situation is combined with the amplitude difference scenario. The deeper
channel that experience erosion is imposed by the large M;tide (M;amplitude = 1 meter) and the
shallower branch is imposed by the lower M, tide (M; amplitude = 0.25 meter). The second
simulation is that the depth difference branches situation is combined with the amplitude difference
scenario. The deeper channel that experience erosion is imposed by the lagged M, water level phase
(M, phase = 45 degrees). Whereas the shallower branch is imposed by the earlier M, tidal phase (M,

phase = 0 degree).

It can be seen in the left panels of Figure 3-28, the amplitude difference between branches can
balance the effect of depth difference to the morphological evolution. Though the bar in the
upstream channel on the side of shallower branch still exists, its size shrinks in a hundred years. The
cross channel current due to the tidal propagation from shallower branch to the deeper branch
results in a trench-like erosion in between the branches. Top panel of Figure 3-29 shows the bed
evolution time series in a hundred years in the middle of the branches just after the junction. It can
be seen that in the shallower branch, the competition between the amplitude difference effect and
the bar development due to depth difference results in an almost stable bed. The significant
deposition after 50 years is because the presence of the migration bar from the upstream at that
location. The effect of the migration bar also causes a bit siltation in the deeper branch. However,

after this siltation both branch experience erosion until 100 years.

The 45 degrees phase difference gives the opposite result with the depth difference scenario. The

deeper branch seems to silt up while erosion takes place in the shallower branch. It can be seen in
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the right panels of Figure 3-28, in the first 25 years, the effect of depth difference appears where the
fixed bar grows in the middle of the upstream channel and widens to the shallower branch side. On
the other hand, deeper branch experiences erosion. However, after a hundred years, the effect of
phase difference takes over the effect of depth difference. The bar development occurs on the side
of deeper branch which has a lagged tidal phase while the erosion takes place on the side of
shallower branch. This morphological evolution pattern becomes more similar with the phase
difference scenario with 45 degrees tidal phase lagged and symmetrical junction which can be seen in
Figure 3-21. The bottom panel of Figure 3-29 shows the time series of the bed change in the middle
of the branches just after the junction. The initial bed change in shallower branch shows a small
deposition that might be due to the depth difference effect. However, it is followed by the erosion
trend. After 20 years, the migration bar causes a significant accretion. However, the bed is eroded
continuously until a hundred years. The initial bed change of the deeper branch in this simulation is
also similar with the depth difference scenario where the large erosion takes place in this branch. The
lagged tidal phase effect in this branch causes a deposition trend after the migration bar pass
through the junction after about 20 years. However, the deposition trend is slowing down and
showing a small erosion pattern several years before a hundred years. The phase difference effect
causes a cross flow that is sufficient to erode bar development at the junction occurring the trench in
between the branch. With that being said, the phase lagged between branches can counteract the
junction instability due to the depth difference. The earlier tides should come from the branch that
tends to close off. In the real estuaries, this condition can be reached by the different condition the
downstream of both branches. For instance, the deeper branch is connected to the more complex

channel networks and much longer distance to the sea than the shallower branch.
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Figure 3-28. Erosion and deposition pattern for 100 years simulation at the junction. The left panels are the
case of the depth difference opposed by the amplitude difference, and the depth difference opposed by the
tidal phase difference. The branch with earlier M2 phase (0m2= 0 degree) is the upper branch and the branch

with lagged M: phase ((Om2 = 22.5 degrees (left panels) and 45 degrees (right panels)) is the bottom branch.

The unequal tidal forcing can have two roles in stabilizing the morphologically unstable junction.
First, it can erode the river bed at the junction canceling the bar formation and resulting in the trench
between the branches and erosion in both branches. Secondly, the tidal forcing difference balances
the effect of geometry difference by causing the opposites effect to the morphological development

of the junction as present for the simulation of phase difference opposed by depth difference.
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Figure 3-29. Top panel: the erosion/deposition time series in the middle of the branches just after the

junction for the amplitude difference opposed by the depth difference.

Bottom panel:

the

erosion/deposition time series in the middle of the branches just after the junction for the tidal difference

opposed by the depth difference.
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4 Discussion

4.1 The Effect of Tides to the Morphological Stability of the Junction

From this study, it reveals that the along-channel tidal flow inequality in the branches and the cross
flow at the junction determine the morphological stability of the junction, whether both branches are
open, or one branch is closed. Therefore, the influence of the tide to the morphodynamics of tidal

junction can be illustrated by Figure 4-1.
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Figure 4-1. The illustration of the effect of the tides to the junction morphological evolution for several tidal
forcing situation.
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The equal tidal forcing at the seaward entry of the branches can enhance the morphological
evolution that would occur in a river-only situation as investigated by Pittaluga et al. (2003) and
Kleinhans et al. (2008). The tidal current seems to behave in the same way as the river discharge
where tidal current is larger in the branch with the dominant river discharge in the river-only
situation. Thus, the erosion is enhanced in this branch with the presence of tide. While in the branch
with lower river discharge, the tidal current is also lower. As a result, the presence of tide also

increases the inequality of water discharge division as modeled by (Buschman et al., 2011).

On the other hand, a significant tidal forcing inequality can counteract the junction morphological
instability that would occur in the river bifurcation. In this study, the unequal tidal forcing is made at
the sea. However, in the real estuaries, the tidal phase or amplitude coming to the bifurcation from
the branches could be different due to the branches geometry (Buschman et al., 2013; Sassi et al.,
2011 & 2013) or the downstream condition. Regarding the downstream condition of the branches,
both branches could have different downstream conditions such as a complexity of the channel

networks on the downstream, distance to the sea, or anthropogenic interference.

The tidal forcing inequality could cause tidal propagation from one branch to another. Then it
induces the large cross flow at the junction that erodes the bed at the junction. The erosion is
illustrated by the appearance of the trench between the branches in Figure 3-15, and left panels of
Figure 3-28 for tidal amplitude difference case. The presence of the trench due to the cross flow in
different tidal forcing condition also can be seen in phase difference scenario for the cases of phase
difference more than 22.5 degrees (Figure 3-21). The periodical erosion, therefore, causes the trench
and the bathymetry at the junction to be deeper and consequently keep both branches open as

observed by Buschman et al. (2013) in Berau Estuaries.

The role of cross flow and the bar development in the upstream channel are important to determine
the junction morphological stability. Therefore, the two-dimensional the 1D concept by Wang et al.

(1995) without the two-dimensional effect (Wang & Ding, 2012) is not suitable to investigate the
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morphological evolution of the junction. The 2D parameterization will be required to take into
account if the morphological development model is applied to the 1D model. Further, the 1D model
should accommodate the settling and scour lag effects in the gradually varied flow condition (Sassi et
al., 2013) due to the tides that did not take into account in the Pittaluga et al. (2003) and Kleinhans

etal. (2008).

4.2 Future Research

The morphological evolution is a long-term process that can take hundreds or thousands of years
until it reaches its equilibrium condition. 3D and 2D model is computationally expensive for such a
long-term period so that the 1D model will be more suitable. Therefore, the 1D model (Wang et al,
1995) with 2D effect used Pittaluga et al. (2003), Kleinhans et al. (2008, 2011) need to be extended
by tides. The 1D model can also be very useful to model an evolution of the entire delta with many

channel networks and tidal creek system.

From this study, it is revealed that the geometry difference effect to morphological development can
be opposed by the unequal tidal forcing. However, the sensitivity of the stability to the geometry
difference in unequal tides condition also needs to have further studies. Geometry differences that
occur in the estuary are also variable, such as, the branches are different in slope, width, meandering
upstream channel shape or e-folding length scale. Those geometry differences might have a different

degree of tidal inequality between branches.

The river discharge condition is also important to the morphodynamics of the junction. In this study,
the river discharge forcing is relatively strong to maintain overdamped bar regime condition in the
river-only situation. The weak river discharge condition might give a different result since the tidal
energy would be less hampered. Then it also influences the bar regime (Kleinhans and van den Berg,
2010). The tidal junction morphological evolution in the underdamped bar regime condition might be
different to the overdamped condition.
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The presence of the intertidal might affect the tides since the considerable tidal flat area compared
to the channel area can change the dominant tidal flow direction (Friedrichs, 2012). The tidal flow
direction in this term is the flood and ebb direction. The change in the dominant direction might also

change the tidally-averaged sediment transport as well as the morphological development.

The salt intrusion seems to have an important role in transporting the sediment (van Kessel et al.,
2011). The effect of salt intrusion process in the tidal junction examined by de Swart (2015) might

give a significant effect to the morphological evolution of the junctions.
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5 Conclusions

This chapter presents the conclusion of the effect of tides in morphological evolution of the tidally-

influenced junction using idealized junction model. It can be concluded that:

For the equal tide with unequal geometry, the equal tidal forcing enhances sediment
transport capacity that might occur in river only situation. More sediment erodes from the
bed at the erosion location and settles at deposition location that would occur in the river
only situation. Therefore, the morphological evolution of the junction that occurs in the river
only situation is enhanced by the tide. It can be said that the tides enhance morphological
instability of the bifurcation in this case.

Tidal elevation amplitude difference between branches increases the sediment transport
capacity in both branches and induces the current from one branch to another. The
implication to the morphology is that the current from one branch to another causes the
erosion at the junction and the large transport capacity in both branches cause the
deepening of the two branches. As a result, the bifurcation is morphologically stable.

Small tidal phase difference results in a weak sediment transport capacity in the branch with
lagged tidal phase. This condition causes the morphological instability where the branch with
lagged tidal phase silts up and tends to close while the other deepens. By increasing the

phase difference the closure of one branch is delayed.

Therefore, The Tidally-influenced junction will be stable if either the tidal amplitude or the tidal

phase in both branches is significantly unequal. For the cases that the branches geometry is unequal,

the tidal forcing inequality with the opposing effect to the unequal geometry is required to keep the

two branches of the junction open.
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