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Earth Surface Processes and Landforms

ABSTRACT: Side channel construction is a common intervention applied to increase a river’s conveyance capacity and to
increase its ecological value. Past modelling efforts suggest two mechanisms affecting the morphodynamic change of a side chan-
nel: (1) a difference in channel slope between the side channel and the main channel and (2) bend flow just upstream of the
bifurcation. The objective of this paper was to assess the conditions under which side channels generally aggrade or degrade and
to assess the characteristic timescales of the associated morphological change. We use a one-dimensional bifurcation model to
predict the development of side channel systems and the characteristic timescale for a wide range of conditions. We then compare
these results to multitemporal aerial images of four side channel systems. We consider the following mechanisms at the bifurca-
tion to be important for side channel development: sediment diversion due to the bifurcation angle, sediment diversion due to the
transverse bed slope, partitioning of suspended load, mixed sediment processes such as sorting at the bifurcation, bank erosion,
deposition due to vegetation, and floodplain sedimentation. There are limitations to using a one-dimensional numerical model as
it can only account for these mechanisms in a parametrized manner, but the model reproduces general behaviour of the natural
side channels until floodplain-forming processes become important. The main result is a set of stability diagrams with key model
parameters that can be used to assess the development of a side channel system and the associated timescale, which will aid in the
future design and maintenance of side channel systems. © 2017 The Authors. Earth Surface Processes and Landforms published
by John Wiley & Sons Ltd.
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Introduction

A side channel system is a term for a two-channel system that
is connected at both ends, in which the side channel con-
veys much less discharge than the main channel. In the past,
many side channel systems disappeared due to human inter-
ference, which resulted in a loss of habitat diversity and a
decrease in the conveyance capacity of the river. In several
rivers in Europe and North America, restoration projects aim
to restore the river to a more natural state, and such stream
restoration may include the construction of side channels. The
main objectives of side channel construction are to improve
flood safety (Simons et al., 2001; Nabet, 2014), to increase
ecological value (Schiemer et al., 1999; Formann et al., 2007),
to restore river branches (Henry et al., 1995; Helfield et al.,

2012) and to reduce degradation in the main channel (Tockner
et al., 1998; Formann et al., 2007). However, side channels
often suffer from aggradation or degradation, which results in
the need for regular maintenance. This is both expensive and
can deteriorate the targeted ecosystem, and therefore a side
channel without the need for intensive maintenance is desir-
able. However, it is unclear whether such a maintenance-free
side channel system can exist. A better understanding of the
mechanisms that influence morphodynamic changes of side
channel systems is therefore needed.

Side channels also occur in natural rivers in the form
of, for example, cutoff channels and chute channels. After
the initiation of such a new channel, various mechanisms
determine the discharge and sediment partitioning at the
bifurcation, which in turn determine the development of
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the two-channel system (Slingerland and Smith, 1998, 2004;
Van Dijk et al., 2012). A cutoff channel that becomes the
dominant channel reduces the transport capacity in the
main channel, leading to aggradation in the main channel
(Constantine et al., 2010; Van Dijk et al., 2012). This aggrada-
tion can be distributed over the channel (Dieras et al., 2013)
or if, for example, the bifurcation angle is large, local deposi-
tion at the entrance of the channel may lead to the formation
of a plugbar. After the main channel is closed due to a plugbar,
it slowly silts up through deposition of fine sediment due to
overbank flow (Constantine et al., 2010; Toonen et al., 2012).
From the moment that the discharge in the closing channel is
limited, a return current in the side channel can form due to
water-level variations at the confluence. This can increase the
aggradation rate of the closing channel (Citterio and Piégay,
2009; Le Coz et al., 2010).

The stability of a bifurcation is determined by the
sediment supply to the downstream branches and their
sediment transport capacity (Wang et al., 1995). There are
several mechanisms that affect the sediment supply and the
transport capacity of the downstream branches: a difference
in slope between the side channel and the main channel
(Bolla Pittaluga et al., 2003), sediment diversion due to bend
flow (Kleinhans et al., 2008; Van Dijk et al., 2014), sediment
diversion due to a transverse bed slope at the bifurcation (Bolla
Pittaluga et al., 2003; Kleinhans et al., 2008), sediment diver-
sion due to the bifurcation angle (Bulle, 1926; Van der Mark
and Mosselman, 2013; Dutta et al., 2017), partitioning of sus-
pended load (Slingerland and Smith, 1998, 2004; Edmonds
and Slingerland, 2008; Gaweesh and Meselhe, 2016), mixed
sediment processes (Sloff et al., 2003; Frings and Kleinhans,
2008; Sloff and Mosselman, 2012; Kastner et al., 2017), bank
erosion (Miori et al., 2006; Kleinhans et al., 2011), deposi-
tion due to vegetation (Rodrigues et al., 2006) and floodplain
sedimentation (Toonen et al., 2012). The discharge partition-
ing at the bifurcation is proportional to the water surface
slope in the downstream channels and is therefore related to
the length of the channels (Mendoza et al., 2016). The sedi-
ment partitioning at the bifurcation is related to the discharge
partitioning and is among other things affected by a trans-
verse bed slope (Bolla Pittaluga et al., 2003) and bend flow
(Kleinhans et al., 2008). Bend flow creates a secondary flow
that at the water surface is directed toward the outer bend and
at the bed towards the inner bend (Dietrich and Smith, 1984;
Struiksma et al., 1985). If a bifurcation is located just down-
stream of a bend (Figure 1), the sediment transport is slightly
directed towards the channel in the inner bend (Kleinhans
et al., 2008; Hardy et al., 2011; Van Dijk et al., 2014). The
transverse bed slope results from a difference in bed level
between the downstream branches that influences the bed
level up to a certain distance upstream of the bifurcation.
This transverse slope deflects sediment into the deeper chan-
nel due to the gravity effect (Bolla Pittaluga et al., 2003;
Kleinhans et al., 2008). Both bend flow and the transverse
bed slope affect the partitioning of bed load at the bifurca-
tion. Suspended bed-material load is less affected by slope
effects and the sediment concentration varies less with ver-
tical distance from the bed than bed load (Church, 2006),
which means that vertical differences in flow direction also
have a smaller influence on the partitioning of suspended
bed-material load. Wash load is almost uniformly distributed
over the depth (Bridge, 2003). The partitioning of wash
load is therefore expected to be about the same as the
discharge partitioning.

The bifurcation angle is the angle between the side channel
and main channel (Figure 1) and is defined at the intersec-
tion between the centrelines of the downstream channels. The

© 2017 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.
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Figure 1. Flow patterns at a bifurcation that is located downstream
of a river bend with radius R and bifurcation angle (@) is such that
flow separation occurs. (After Kleinhans et al., 2013.).

diversion of the flow towards the side channel is associated
with a spiral flow upstream of the bifurcation in which the
velocity near the bed is directed towards the side channel.
This increases the sediment load towards the side channel,
which is also known as the Bulle effect (Bulle, 1926; Riad,
1961; Van der Mark and Mosselman, 2013). It is expected that
the Bulle effect increases with an increasing bifurcation angle
(De Heer and Mosselman, 2004; Van der Mark and Mossel-
man, 2013; Dutta et al., 2017). However, for large bifurcation
angles a flow separation zone may develop (Figure 1) (Bulle,
1926; Riad, 1961; Constantine et al., 2010; Dutta et al., 2017).
If flow separation occurs, the influence of the Bulle effect
on the sediment partitioning seems small compared to the
influence of the flow separation zone (De Heer and Mos-
selman, 2004; Van der Mark and Mosselman, 2013). Due
to the smaller flow velocities and the circulation inside the
flow separation zone, a bar forms inside this zone (Constan-
tine et al., 2010; Zinger et al., 2013). The reduced effective
width increases the flow velocities at the entrance of the side
channel (Figure 1), causing large scour and, potentially, bank
erosion (Kleinhans et al., 2013; Zinger et al., 2013). However,
if the side channel attracts only a limited amount of discharge,
large deposition in the separation zone may lead to a plugbar
(Constantine et al., 2010; Kleinhans et al., 2013).

Bank erosion and accretion influence the timescale of bifur-
cation development (Kleinhans et al., 2011). Width adaptation
allows for a larger difference in discharge between the down-
stream branches than without width adaptation (Miori et al.,
2006). In a degrading channel, bank erosion adds more sed-
iment to the channel, thus reducing the amount of sediment
that is picked up from the bed (Kleinhans et al., 2011). On
the other hand, in the case of bank accretion sediment is
deposited on the sides of the channel reducing the amount
of sediment deposited in the middle of the channel. This
means that the time after which an equilibrium flow depth is
reached increases.

The dynamics of bifurcations have been studied using
various models. One-dimensional modelling of bifurcation
behaviour requires a relation for the sediment partitioning
that accounts for two-dimensional (2D) and three-dimensional
(3D) effects on the sediment partitioning in a parametrized
way. The sediment partitioning is expected to be related to the
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characteristics of the downstream channels (Riad, 1961; Wang
et al., 1995). After introducing a more extended nodal point
relation, Wang et al. (1995) introduce a strongly simplified
relation and use this in a linear stability analysis:

@
Qs3 Q3 W3

where Q;; is the sediment load delivered to the downstream
branch i (where i € [2,3] indicates each of the downstream
branches), Q; is the water discharge in branch i, W; is the
width in branch i and k is an empirical parameter. It was found
that for k > n/3 the bifurcation is stable and for k < n/3 the
bifurcation is unstable (Wang et al., 1995), which implies that
one of the downstream branches closes. The parameter n is
the degree of nonlinearity of the sediment transport relation
(Qs < u") and n =5 for Engelund and Hansen (1967). A case
with k < n/3 implies that a small increase of the discharge in
branch i leads to a small increase of the sediment supply to
branch i and at the same time a relatively large increase of the
transport capacity, which results in degradation. This increases
the discharge even more, which implies that the bifurcation is
unstable. A case with k > n/3 implies that a small increase of
the discharge in branch i leads to an increase of the sediment
supply that is larger than the increase of the sediment trans-
port capacity, which results in aggradation. The aggradation
decreases the discharge to this branch and leads to a stable
bifurcation. A model for k is still lacking, which complicates
the application of Equation (1) to natural cases.

A second model to study bifurcation dynamics is proposed
by Bolla Pittaluga et al. (2003). The model is based on a mass
balance over two computational cells upstream of the bifur-
cation between which a transverse sediment flux occurs. This
flux occurs due to: (a) the fact that the discharge partitioning
generally differs from the width ratio (Q, in Equation (A7)); (b)
the transverse bed slope associated with a difference in bed
level between the downstream branches (Bolla Pittaluga et al.,
2003); (c) the presence of bend flow upstream of the bifurca-
tion (Kleinhans et al., 2008). A degrading deeper channel leads
to a larger transverse bed slope and therefore a larger sediment
supply. This continues until an equilibrium is reached and
results in an asymmetric stable bifurcation in which neither
branch is forced to close. The transverse bed slope there-
fore has a stabilizing effect. The magnitude of the transverse
bed slope effect is a function of the Shields parameter, the
width-to-depth ratio and the bed-level difference between the
downstream channels (Bolla Pittaluga et al., 2003, 2015). Sev-
eral laboratory experiments and field cases show that such
stable asymmetric bifurcations can occur in cases that are
dominated by bed load (Bertoldi and Tubino, 2007; Kleinhans
et al., 2008; Bolla Pittaluga et al., 2015). If the transverse bed
slope and the bend flow are ignored, the nodal point rela-
tion of Bolla Pittaluga et al. (2003) reduces to Equation (1)
with k = 1.

The objective of this paper is to assess the conditions under
which side channels generally aggrade or degrade and to
assess the characteristic timescales of the associated morpho-
logical change. We use a one-dimensional bifurcation model
to predict the development of side channel systems and the
associated timescale for a range of conditions, and generalize
these in the form of stability diagrams with the most impor-
tant model parameters. We then compare these results with
aerial images that show the development of four side channel
systems to test whether the model reproduces these configu-
rations. First we introduce the model and explain how we use
it. In the Results section we first show the predicted side chan-
nel development and then we compare these results to the
observed development of the four side channel systems.

© 2017 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.

Model Description

We use the one-dimensional numerical bifurcation model
developed by Kleinhans et al. (2011). The model consists
of four branches: the upstream channel, the main channel,
the side channel parallel to the main channel and the recom-
bined downstream channel. The length of each branch is
assumed to be constant in the model. A constant bankfull
discharge is imposed at the upstream boundary, and at the
downstream end a constant water level is imposed. Floodplain
processes and effects on flow division are excluded and Klein-
hans et al. (2008) showed that discharge fluctuations then have
a negligible effect on the development of such well-defined
bifurcating channels. The discharge partitioning at the
bifurcation is computed by numerically solving the flow depth
at the bifurcation using the backwater equation (Parker, 2004)
under the condition that the water levels at the upstream
end as well as the downstream end, where they recombine,
of the side channel and main channel are equal. The sed-
iment transport is computed using the sediment transport
relation by Engelund and Hansen (1967). The sediment parti-
tions at the bifurcation based on the nodal point relation by
Bolla Pittaluga et al. (2003) (see Appendix) with an adjust-
ment of the transverse sediment transport due to a river
bend upstream of the bifurcation (Kleinhans et al., 2011).
To account for width adaptation of the channels, an empir-
ical equilibrium width is computed based on the discharge
in the channel (Equation (A8)). The sediment that is added or
removed from the banks is accounted for as a source or sink
term in the Exner conservation law (Equation (A11)).

As a constant bankfull discharge overestimates the yearly
averaged sediment transport rate of the river, the model under-
estimates the timescale of the side channel development. We
introduce an intermittency factor that corrects for the nonlin-
ear behaviour of the sediment supply in relation to the water
discharge (Parker, 2004; Kleinhans et al., 2011). We define
the intermittency factor as the measured yearly-averaged sedi-
ment transport rate of the river divided by the yearly-averaged
sediment transport rate as estimated with bankfull discharge.

Two additional mechanisms are accounted for in this paper.
Firstly, we assume a fraction u of the sediment supply that is
unaffected by bed slope effects or bend flow. This fraction is
therefore related to the limited effect of a transverse bed slope
or bend flow at the bifurcation on suspended load. Secondly,
we account for the effects of flow separation with a sim-
ple parametrization of the reduction of the effective entrance
width caused by the separated flow cell. The size of the flow
separation zone is estimated by (Constantine et al., 2010)

€ =1—0.94¢ 0013« 2)

where € is a fraction of the channel width that is occupied
by the flow separation zone and « is the diversion angle in
degrees. This relation is based on model results in which the
shape of the bifurcation is abrupt (Constantine et al., 2010).
The sediment load that enters the flow separation zone (Q)
is estimated by

Qs = €Qy; 3)
where Q; is the total amount of sediment supplied to branch
i. The length of the flow separation zone is unknown, but as a
first estimate we assume that the length of the flow separation
zone is the same size as the first grid cell (Ax). This leads to

8V\/x() _ lef
at ~ hAx

“4)

where W,, is the width of the channel entrance and h is the
flow depth at the entrance of the channel. From this it follows
that the size and growth rate of the bar at the entrance of the
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List of side channel systems with their main characteristics

Table I.

© 2017 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.

Wbank DSU

Qbank

(m?s™1)

Lside / Lmain

QS/year[y

(m? yr=) Reference

Fr

(mm)

(m)

(mm™7)

Location

River

Bravard (1986);

80 30 0.33*  0.38 0.06 60000

400

1600/1800

Mollon
(45° 56’ 51.14” N; 5° 14’ 55.36” E)

Ain, France

Rollet (2007);
Olivier et al. (2009);
Dieras et al. (2013)

30 0.33*  0.38 0.06 60000

80

400

950/1000

Martinaz
(45° 56’ 5.14” N; 5° 15" 9.72" E)

Singer and Dunne (2004);

0.48 1500 000

0.2

0.7°

259

1840

1200/1900

Colusa
(39° 19 31.35” N; 122° 1/ 31.28” W)

Sacramento River,

USA

Constantine et al. (2010)

Zinger et al. (2011, 2013);

0.40 1320000

0.2

0.12¢

300 0.7

2000

2500/11 500

Mackey Bend
(37° 48 57.99” N; 88° 2’ 29.52” W)

Wabash River,

USA

Konsoer (2014);

Zinger (2016)

Note: Lide/ Lmain is the length of the two channels in which the side channel is the initially smallest channel, Qpank and Whank are the bankfull discharge and width, Dsy is the median

grain size, k is the Nikuradse roughness length and Qs,ycarly is the average annual sediment load of the river.

2Based on water depth and discharge measurements.

bBased on bankfull discharge, width and velocity estimation (Constantine et al., 2010).

“Nikuradse roughness length was estimated using the ripple roughness height relation (Van Rijn, 1993), based on the measured dune height and length in the upstream channel

(Zinger, 2016) during a discharge of 1565 m* s™'.

Tsige
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Figure 2. An example of the calculation method of the timescale
of side channel development. A tangent line is drawn at the location
where the gradient in the discharge is largest. This timescale is then
made dimensionless by Equation (5).

bifurcation is a function of the grid cell size Ax. We recognize
that this approach is not appropriate as the discretization may
not affect the results. It is a pragmatic choice that will need to
be reformulated and improved in future analyses.

Method

We compute the side channel development and the corre-
sponding timescale for a range of side channel characteristics,
including three rivers: the river Ain, the Wabash River and
the Sacramento River (Table I). We then compare these results
with observed development of the side channel systems in
these rivers.

Assessment of general side channel behaviour

We use the one-dimensional numerical model described
above to study the general development of side channel sys-
tems. We compute the development for the three selected
rivers (Table 1) and we vary five model parameters between
reasonable ranges to study the stability of the side channel
system. These model parameters are the length of the side
channel, bend flow at the bifurcation, bank erosion, the bifur-
cation angle, and the fraction of suspended bed-material load.
We assume the initial water discharge into the side channel
to be 10% and into the main channel equal to 90%. The
effect of this assumption on the result appears to be limited for
small variations of the initial condition. Based on this initial
discharge and assuming an equilibrium water depth in each
branch, we estimate the initial bed level. We assume that an
equilibrium is reached when the discharge changes less than
0.5 m* s7' between subsequent years. The timescale of the
side channel development is estimated based on the tangent
line at the largest gradient in the time—discharge results of the
side channel (Figure 2). The timescale is non-dimensionalized
using the yearly averaged sediment supply and the initial
volume of the side channel (Viige = Wiide Lside Pside):

Tside

Wiid
Wmains‘l'l“e;vside Qs,yearly Wiide Lsidehside

Tef = (5)

where Qs early is the yearly averaged sediment supply, Wiqe is
the initial width of the side channel, Lgqe is the length of the
side channel from the bifurcation to the confluence and hgge
is the initial flow depth of the side channel.
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Use of aerial images

We study four side channel systems using aerial image time
series (Table ). We selected these four sites because their
side channel development is visible from the time series
and human influence on their development seems limited.
The length of a channel is measured following its centreline.
Using the aerial images, we study the locations of deposition
and scour, the timescale of side channel development and
channel migration. We then pose several hypotheses for mech-
anisms that determine or affect the morphodynamic change in
the side channel systems. The results of the one-dimensional
(1D) model are used to quantify the effects of the mechanisms
on the stability of the side channel system and the timescale
of the side channel development.

Results

General side channel development

We apply 1D numerical model described in above to estimate
the equilibrium state of a side channel system. According to
the model, the length of the side channel relative to that of
the main channel strongly determines the side channel devel-
opment (Figure 3). If the side channel is much shorter than
the main channel, the side channel becomes the dominant
channel. Neither channel fully closes, because at some point
the transverse bed slope is large enough to divert a sufficient
amount of sediment from the shallower channel to the deeper
channel such that the transport capacity in each downstream
channels is equal to its sediment supply. There is an abrupt
transition between the dominance of the side channel and
the dominance of the main channel. This abrupt transition is
caused by the transverse bed slope effect. A situation with an
equal discharge in both branches is unstable due to a small
transverse bed slope. These results show that the transition
between a dominant side channel and a dominant main chan-
nel occurs for similar length ratios for a sand-bed river such as
the Wabash River, a sand-gravel river such as the Sacramento
River and a gravel-bed river such as the river Ain. With increas-
ing discharge asymmetry, the transverse bed slope increases
until the sediment supply to the channel matches its sedi-
ment transport capacity. The stability of the bifurcation and
the location of the transition therefore depend on the mag-
nitude (dn/dy) and the intensity (1/f(0)) of the transverse
bed slope effect (Equation (A3)), which agrees with previous
studies (Bolla Pittaluga et al., 2003, 2015). This causes the
transition to occur at slightly different values for the three

without width adaptation
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Figure 3.
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rivers. The transition for the Sacramento River occurs at a
slightly lower length ratio, because the high Shields parameter
reduces the transverse bed slope effect (Table ).

We extend this analysis with the effect of bend flow at the
bifurcation (Figure 4A-D). If the side channel is located in
an inner bend, more sediment is supplied to the side chan-
nel compared to a case with a straight upstream channel, and
therefore it is likely that the main channel becomes dominant
(Figure 4A). Similarly, when the side channel is located in the
outer bend, it receives less sediment and it is more likely that
the side channel becomes dominant (Figure 4B). The abrupt
transition (Figure 3) is shown as a white line in these graphs.
The smaller transverse bed slope effect in the Sacramento River
shifts the transition to lower values of the length ratio. The
transition for the river Ain is similar to the Wabash River for
gradual bends, but with a decreasing relative radius the inten-
sity of the bend flow increases faster for the river Ain due to a
larger depth-width ratio (Equation (A6)).

The results change slightly if the width adaptation of the
downstream branches is accounted for (Figure 4C, D). The
width adaptation is assumed to be a function of the flow
rate (Equation (A8)) and a degrading channel will there-
fore increase in width. This increases the timescale of the
side channel development since the eroded sediment acts as
source of sediment in the Exner conservation law. The flow
depth in a degrading channel increases less with an increase
of discharge compared to the case without width adaptation.
This also leads to a smaller difference in bed level between the
downstream channels and therefore a smaller transverse bed
slope. The side channel system therefore stabilizes at a larger
discharge asymmetry and it is easier to switch from a domi-
nant main channel to a dominant side channel, which results
in a shift of the transition zone. This is shown in Figure 4D
as an upward shift of the transition line at large length ratios.
In the case of a side channel in the inner bend and width
adaptation (Figure 4C), a large transition zone occurs, because
due to bend flow the upstream channel supplies sufficient
sediment to the side channel to match its increased transport
capacity. This does not occur in the case without width adap-
tation, because the transverse sediment transport due to bend
flow increases with a decreasing width difference between the
downstream branches (Equation (A5)).

The timescale of side channel development (Equation (5))
depends on the transport capacity in and the sediment sup-
ply to each branch (Figure 5). The maximum timescale goes
theoretically to infinity because there are conditions under
which the supplied sediment matches the transport capacity
of the channels. However, the model results are discrete and

with width adaptation

0.5 1 15 2
L. /L

side’ ~“main

Equilibrium discharge partitioning for three rivers as a function of the length difference between the side channel and the main channel.

Earth Surf. Process. Landforms, (2017)



R. P. VAN DENDEREN ET AL.

A. Inner bend

5
=

w w
= A=
g g o
2 =
@ g 5
O o
(] [
= =
ko 5 2
[0} (0]
14 id
1
0.5 1 1.5 2
il
side’ ~main

C. Inner bend + width adapt.

i

inf

X g 20
w w
2 2
g 10 g 10
2 2
¢ 5 o 5
o o
[} ]
= =
T 2 & 2
& z
1 1
0.5 1 15 2
senfl
side’ —main

0.5

B. Outer bend

;

1 15 2

|
side ~main

0.5

D. Outer bend + width adapt.

1 1.5 2

e | L
side’ —main

Figure 4. Equilibrium state of the two-channel system in the Wabash River (Figure 9) depending on the length difference between the channels,
bend flow and width adaptation. The relative bend radius (y-axis) is defined as the ratio between the radius and the width of the upstream channel.
An infinite relative radius corresponds to a straight channel, and a smaller relative radius corresponds to a larger bend flow intensity. The x-axis
shows the ratio between the side channel length and the main channel length. The blue colour means that the side channel becomes dominant
and the red colour means the main channel remains dominant. The white line that separates the blue and red surfaces is a result of interpolation
and represents the abrupt transition. The black and green dotted lines represent the abrupt transition for the river Ain and the Sacramento River
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Figure 6.  Equilibrium state of the two-channel system depending on the length difference between the channels, bifurcation angle and suspended
sediment transport. The blue colour means that the side channel becomes dominant and the red colour means the main channel remains dominant.

therefore do not show an infinite timescale. The line with the
maximum timescale is shown in Figure 5C, F. This is not a
stable situation; rather, a minor perturbation would initiate
change. Below this line, the gradient in the timescale is much
larger than above. This line occurs for similar conditions for
each of the three rivers (Figure 5C, F). The timescale increases
if width adaptation is accounted for and is in that case sensitive
to the width adaptation timescale (Kleinhans et al., 2011).

In the model the size of the flow separation zone is related
to the bifurcation angle. Depending on the angle between the
downstream channels and the upstream channel, a flow sep-
aration zone may occur in the main channel (Figure 6A) and
in the side channel (Figure 6B). A large angle means a large
flow separation zone that reduces the channel width at the
entrance and therefore reduces the discharge in that channel,
which results in aggradation. The computations with a flow
separation zone in the side channel (Figure 6B) show a transi-
tion zone between a dominant main channel and a dominant
side channel. The large transverse bed slope, which is induced
by scour at the entrance of the channel, results in a transverse
sediment flux at the bifurcation that is large enough to balance
the increased transport capacity of the side channel. The flow
separation zone increases the likelihood that the channel in
which flow separation occurs closes.

The partitioning of the suspended bed-material load is dif-
ferent from the partitioning of bed load and this affects the
equilibrium state (Figure 6C). We vary the parameter u, which
is the fraction of the sediment that is affected by the trans-
verse bed slope (y-axis). For 4 = 0 we deal with bed load
only and for 4 = 1 the sediment partitioning is independent
of the transverse bed slope. In the latter case, the sediment
partitioning is similar to the water discharge partitioning and
one of the branches fully closes. The transport capacity in the
side channel increases with ig/z, where i, is the slope of the
side channel, whereas the water discharge increases with i;/z.
This means that if the side channel is steep enough the trans-
port capacity increases faster than the water discharge, leading
to erosion of the side channel. In the case of u = 1 this
is the mechanism that can lead to a dominant side channel.
For < 1 it is easier for the side channel to become domi-
nant, because due to the transverse bed slope more sediment
is diverted to the main channel.

Field cases

We apply the presented stability diagrams to four side chan-
nel systems. We study the side channel systems using aerial
images and compare them with the 1D numerical results.

© 2017 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.

Mollon, river Ain (France)

The river Ain is located in the southeast of France and is a trib-
utary of the river Rhéne. The average annual discharge is 120
m? s~ and the 2-year peak flow is 760 m* s~' (Dieras et al.,
2013). The surface grain size varies between 15 and 46 mm
(Rollet, 2007). Figure 7 shows a series of aerial images of a
two-channel system in the river Ain near Mollon, France. In
1968 the two channels have similar lengths. The west channel
aggrades over time and a bar forms at the entrance. From 1991
a meander forms in the east channel, as is visible in 1996. This
meander induces a length difference between the channels. In
1996 the west channel reopens due to a chute incision (Dieras
etal., 2013). The water-level gradient over the west channel is
larger than over the east channel due to their length difference.
The west channel therefore attracts more discharge relative to
its size, which leads to degradation in the west channel. The
discharge in the east channel therefore decreases, which leads
to aggradation. From 2003 the conveyance capacity is larger
in the west channel than in the east channel, and in 2005 the
east channel does not convey water during base flow (Dieras
et al., 2013). Vegetation growth has likely accelerated aggra-
dation due to increased trapping of sediment (Figure 7, 2010).
The images show a widening of the west channel, which
seems to be due to the unstable and poorly cohesive banks
(Piégay et al., 2002).

Based on the stability diagrams (Figure 4), we hypothesise
that the length difference between the two channels caused
the switch from a dominant main channel to a dominant
side channel (Table I). Based on Figure 4, we find that the
length difference between the west and east channel is suffi-
cient for the west channel to become dominant. The predicted
timescale is of the order of 25 or 90 years, depending on
whether width adaptation is included (Figure 5). The banks
in the river Ain are unstable (Piégay et al., 2002), which
suggests that the width adaptation timescale might be overes-
timated, leading to an overestimation of the timescale of side
channel development. This could be solved by calibrating the
timescale of the width adaptation on the basis of data, and
would put the modelled timescale between the two present
values. We expect that mechanisms that are not accounted for
in the model lead to the filling up of the channel: for example,
aggradation of finer sediments and the trapping of vegetation.

Martinaz, river Ain (France)

A second two-channel system in the river Ain is found near
the village of Martinaz. Between 1954 and 1968 a meander
forms (Figure 8), which cuts into an already existing channel
(Figure 8, 1954), forming the side channel system shown in
1968. The bifurcation is located at the downstream end of the
bend. Bend flow, i.e. spiral flow that is directed toward the
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Figure 7. A series of aerial images of a two-channel system in the river Ain near Mollon, France. In 1995 the west channel is reopened, and

around 2005 the east channel closes. (IGN France and Google Earth.).

Figure 8. A series of aerial images of a two-channel system in the river Ain near Martinaz, France. A meander cuts into a former channel which
is connected to the main channel in the outer bed (see image of 1968). The west channel starts to aggrade and the east channel becomes the main

channel. (IGN France.).

inner bend near the bed, likely increases the sediment load
into the west channel. In 1968 and 1970 a cutoff channel is
visible in the meander. This cutoff does not become dominant,
but may have affected the stability and the timescale of the
side channel development. In 1976 another cutoff forms and
the west channel aggrades such that it is disconnected from
the main channel during base flow.

The development of the side channel system is likely
affected by the bend flow at the bifurcation and the cutoff
of the bend in 1968 and 1970. The numerical model results
(Figure 4) show that the small length difference is sufficient
for the east channel to become dominant and that bend flow
increases the water discharge conveyed by the east channel.
Including these two mechanisms and width adaptation in the
numerical model yields a timescale of the order of 10 years to
reach its equilibrium, which is comparable to the 8-10 years
after which the west channel seems to have been disconnected
(Figure 8).

© 2017 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.

Mackey Bend, Wabash River (USA)

The Wabash River is located on the border of Illinois and
Indiana (USA). The average annual discharge is 825 m? s~
and the 2-year flood is 3795 m? s™' (Zinger et al., 2013).
Mackey Bend is located just upstream of the confluence
between the Wabash River and the Ohio River (Figure 9,
2007A). In June 2008, a large discharge in the Wabash River
in combination with a low discharge in the Ohio River leads
to the formation of a cutoff channel (Zinger et al., 2013). The
bifurcation angle of 82° (Zinger et al., 2013) leads to flow sep-
aration at the left bank of the cutoff channel. A bar forms in the
flow separation zone (Figure 9, 2009). The first cutoff channel
is shorter than the meander and therefore the cutoff attracts a
relatively large discharge. The large flow velocity, in combina-
tion with the large flow separation zone, appears to result in
bank erosion, allowing the channel to migrate and to reduce
the bifurcation angle to about 60° in 2009.
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Figure 9. A series of aerial images of a meander cutoff in the Mackey Bend of the Wabash River, USA. The first image (2007A) shows the full
river bend and the confluence with the Ohio River in the bottom right corner. The other images are zoomed in on the location of the cutoffs. The
first cutoff occurs in 2008 and the second in 2009. The second cutoff becomes the main channel. The former meander channel and the first cutoff

slowly fill with sediment. (NAIP.).

After several floods, a second cutoff channel forms in June
2009 (Zinger et al., 2011). This new channel has an even larger
water surface slope and therefore attracts a large fraction of
the upstream water discharge. Measurements show that ini-
tially the bar in the flow separation zone remains small and
bank migration is limited (Zinger et al., 2013). During a mod-
erate flood at the beginning of July 2010 the width increases
rapidly and a bar forms in the flow separation zone, as shown
in 2011. The two sharp corners in the banks, visible in 2010,
possibly hinder the migration of the channel and the growth
of the bar at the entrance. It is not clear why these seemingly
hard corners in the banks occur. From 2011 the second cutoff
channel conveys the larger part of the discharge and measure-
ments show that during a flood event with a return period of
2 years in 2015 about 80% of the total discharge is conveyed
by the second cutoff channel (Zinger, 2016).

The length difference and the bifurcation angle likely
affected the development of the channels. The numerical
model shows that very large bifurcation angles can outweigh
the favourably short length of the side channels such that the
main channel remains dominant (Figure 6B), but this only
occurs if bank erosion is limited. The side channel system
of the Wabash River shows extensive bank migration, which
reduces the bifurcation angle. If we ignore the effect of the
bifurcation angle, the timescale of the development of the first
cutoff is about 2 years (Figure 5), which appears to be an
underestimation on the basis of the aerial images. Possibly bar
formation and bar-induced channel migration increased the
timescale of the side channel development.

Colusa, Sacramento River (USA)

The Sacramento River is located in California (USA). Its aver-
age annual discharge is 350 m* s™! and its 2-year flood is
equal to 2100 m? s~ (Constantine et al., 2010). The average
suspended load (1.5 x 10° m® yr=') is much higher than the
average bed load (7.5 x 10* m? yr™1), and is to a large extent
transported as wash load (Singer and Dunne, 2004; Constan-
tine et al., 2010). A side channel system exists just upstream
of the city of Colusa (Figure 10). Between 1964 and 1976
the west channel is connected to the main channel and it is
much shorter than the east channel. We therefore expect the

© 2017 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.

west channel to grow, but it only starts to do so after 1998.
This may be due to a limited sediment transport in the river,
barely erodible banks or the formation of a bar upstream of
the bifurcation, which from 1993 may induce bend flow at
the bifurcation. From 2009 the width of both channels is the
same. We therefore expect that the conveyance capacity in
the west channel is larger than in the east channel. In 2015
the sedimentation in the downstream part of the east chan-
nel almost closes the channel and we expect that the east
channel closes in the next few years. This suggests a large dif-
ference in timescale between the opening of the west channel
(in the order of 30 years) and the closing of the east channel (of
the order of 10 years). Suspended bed-material load or even
wash load may induce such a difference, as it requires space
and time to settle. Suspended bed-material load has a limited
effect on the opening of the west channel, but may deter-
mine the closing of the east channel. The role of suspended
load seems to be confirmed by the 2015 image, which shows
that aggradation starts near the downstream end of the east
channel. This corresponds to the spatial lag expected for
suspended load.

The large difference between bed load and suspended sup-
ply in the river likely affects the side channel development.
Based on only bed load, the model predicts that the west chan-
nel becomes dominant and that the timescale of side channel
development is of the order of 70 years (Figures 4 and 5). This
corresponds to a switch of a dominant side channel to a dom-
inant main channel after 35 years (Supplementary material,
provided as supporting information). This agrees with the order
of 30 years that was observed from the aerial images. How-
ever, the observed aggradation in the east channel is much
faster than the model predicts. For equal channel slopes, sus-
pended sediment that is less affected by the transverse bed
slope than bed load tends to force the shallowest channel to
close (Figure 6C). When a sufficient amount of water discharge
is diverted into the west channel, suspended bed-material load
may be able to settle in the east channel, which accelerates the
side channel development, and this may explain the observed
deposition in the downstream part of the east channel. The
bend flow due to the bar that forms after 1993 might be an
additional mechanism that diverts more sediment towards the
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Figure 10. A series of aerial images of a meander cutoff upstream of Colusa in the Sacramento River, USA. The west channel increases in size and
around 2009 the west channel seems to be the dominant channel. In 2015 large aggradation is visible in the east channel. (Geoportal California,

NAPP USGS, NAIP and Google Earth.).

east channel. The images show that the relative bend radius
varies between 1 and 2.5, which means that the timescale
varies between 5 and 40 years.

Discussion

Our modelling study underlines the importance of a number
of mechanisms affecting side channel development. The final
stages of channel closure and its conversion to floodplain were
not modelled. In this section we give an overview of the clos-
ing mechanisms that were not considered, the limitations of
our method, and finally the applicability of the results to the
designing of side channel systems.

Closing mechanisms

The four field cases show diverse behaviour. The aerial images
are taken during base flow conditions and show that in a few
cases one of the channels is disconnected from the main chan-
nel under base flow conditions, but the model does not repro-
duce this. We expect that silting up of the channels mainly
occurs with fine sediment as in meander cutoff channels
(Citterio and Piégay, 2009; Constantine et al., 2010; Toonen
et al., 2012; Dieras et al., 2013). Indeed, grain size measure-
ments in the channels of the Wabash River clearly show that
the bed of the closing channels consists of much finer sed-
iment than the bed of the dominant channel (measurements

© 2017 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.

from Zinger, 2016, and USACE). If the closing channel con-
veys limited discharge, for example in the case of a plugbar
at the bifurcation, the connectivity at the confluence becomes
important. When the discharge in the main channel varies,
flow reversal can occur in the side channel and then new
sediment is delivered to the closing channel through the
confluence. This can increase the aggradation rate of such
channels (Citterio and Piégay, 2009; Le Coz et al., 2010).

A second mechanism that may induce or enhance aggrada-
tion in the closing channel is vegetation. Vegetation encroach-
ment and settling is a mechanism that can induce aggradation
in the channel. Vegetation increases the hydraulic roughness,
creates a zone characterized by a smaller flow velocity and
traps sediment (Makaske et al., 2002; Rodrigues et al., 2006;
Baptist et al., 2007; Van Oorschot et al., 2015). The growth of
vegetation depends, for example, on the flow depth, bed-level
change and the flow velocity (Van Oorschot et al., 2015). The
flow depth and flow velocity in the closing channel may be
small enough for vegetation to settle. We expect that in the
side channel near Mollon (Figure 7) vegetation affects mor-
phodynamic change. In closing channels conditions generally
favour vegetation growth and therefore trapping of sediment.

Limitations of the numerical model and the use of
aerial images

There are many uncertainties in the use of the 1D numerical
model. Some of the relevant mechanisms are not included or
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strongly simplified. 2D and 3D flow patterns that are impor-
tant at the bifurcation are parametrized. Significant uncertainty
follows from the nodal point relation that is a function of the
transverse bed slope relation. Large differences can be found
between transverse bed slope relations (Bolla Pittaluga et al.,
2015; Baar et al., 2017) and this affects the stability of the
bifurcation. A weaker transverse bed slope effect means that
the side channel system is less stable and it is more difficult
for the side channel to become dominant, because less sedi-
ment is diverted into the main channel (similarly to Figure 6C).
The second source of transverse sediment flux is bend flow.
The parametrization of bend flow assumes that spiral flow is
fully developed and that flow separation does not occur. This
implies that the effect of bend flow may be overestimated
especially for small radii (Blanckaert and De Vriend, 2004).
Other sources of uncertainties in our model are the bifurcation
angle and the width adaptation parametrizations. Regardless
of this, the model seem to be able to reproduce the develop-
ment of side channel systems, and previous studies show that
the model is able to reproduce the bifurcation development
reasonably well (Kleinhans et al., 2008, 2011; Van Dijk et al.,
2014; Gupta et al., 2014; Bolla Pittaluga et al., 2015).

The use of aerial images in studying the development of
side channels has some limitations. In the case of the Wabash
River, measurements were available on the flow velocity
and the water discharge partitioning, but for the other cases
assumptions were made based on the river geometry and
the observed morphodynamic change. In addition, the aerial
images do not provide information on the discharge partition-
ing and the bed-level variation. We therefore assume an initial
water discharge partitioning and derive the initial bed level
from this estimate. The aerial images are taken with irregu-
lar frequency, which means that processes that occur on short
timescales are not visible. In addition, there is no reason to
assume that the last recorded image represents the equilibrium
state of the side channel system. The 1D numerical model
always approaches and reaches an equilibrium, but, for exam-
ple, temporally variable boundary conditions and meander
formation, which are not included in the numerical model,
affect the stability and the development of the side channel
system and likely lead to a dynamic equilibrium state.

Application possibilities

Our stability diagrams provide a first insight on best practices
for the design of a constructed side channel. As an example
we consider a case where the required design is such that the
main channel remains dominant and that slow side channel
development is beneficial. This implies that it is preferable to
design the side channel to be longer than the main channel,
and preferably downstream of an outer bend or at the inside
of a mild bend (Figure 4). This leads to the largest timescales
of side channel development and the main channel remains
dominant. This recommendation is unaffected by flow sepa-
ration in the side channel or a large influence of suspended
bed-material load. Flow separation in the main channel should
be avoided, as it tends to form a dominant side channel (Figure
6A).

Generally, structures are placed in constructed side chan-
nels to control the discharge partitioning. The effect of struc-
tures is not included in the current 1D analysis and a better
understanding of their influence on morphodynamic change is
needed for a more accurate estimation of the timescale of side
channel development.

Whether a maintenance-free side channel exists has yet to
be determined. The numerical model suggests that a stable
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bifurcation exists in which the side channel remains open, but
we did not account for floodplain-forming processes that may
lead to full closure. Conceivably, side channels that gradually
transform to floodplain could be ecologically valuable enough
to outweigh the costs for maintenance.

Conclusions

Several mechanisms determine the equilibrium state of a side
channel, development and characteristic timescale. Typically,
the length of the side channel is an important parameter:
a shorter side channel is more likely to become dominant
and decreases the timescale of the side channel development.
However, other mechanisms may outbalance or reduce the
effect of a length difference. Bend flow increases the sedi-
ment load to one of the branches, the transverse bed slope can
stabilize the side channel system, the flow separation zone
decreases the water discharge to one of the branches, and sus-
pended load reduces the effect of the transverse bed slope.
Bank erosion hardly affects the equilibrium state, but causes
larger timescales of side channel development depending on
bank erodibility.

The 1D numerical results reproduce the morphological
development and timescale of four side channels observed in
multitemporal imagery. Furthermore, these cases demonstrate
that the mechanisms are quite similar between sand-bed and
gravel-bed rivers. Generalized results can therefore be used
to assess the development and corresponding timescale for
various side channel designs.
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Appendix A: Equations of the 1D Numerical
Model

Bolla Pittaluga et al. (2003) propose a mass balance over two
computational cells upstream of the bifurcation:

Qw2 = Qq + qsyaWW1 (AT)

2
W, + W3

where g, is the transverse sediment transport rate and oW,
is the distance upstream of the bifurcation over which the
transverse sediment flux occurs. The factor ayy is assumed to
vary between 2 and 3 based on physical and numerical exper-
iments (Bolla Pittaluga et al., 2003; Kleinhans et al., 2008).
The transverse sediment flux is computed by calculating a
deflection angle of sediment in a longitudinal direction:

Qs]
W

gsy = tan B (A2)

where f; is the deflection angle of the sediment transport flux.
This angle is given by (Koch and Flokstra, 1981)

En
o (A3)
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where B is the angle between the direction of the bed shear
stress and the streamwise direction, dn/dy is the transverse
bed slope, dn/0x is the longitudinal bed slope and f(0) is a
ratio between the fluid drag and the gravity forces on a particle
(Talmon et al., 1995):

f(8) = 9(D/h)*’ Vo (A4)

where D is the sediment diameter, 0 is the Shields stress, and
hy is the water depth in the upstream channel. The angle of
the shear stress (f;) is given by the transverse velocity and the
effect of the spiral flow due to a river bend (Struiksma et al.,
1985):

(A5)

Whanin h
B = arctan (1) — arctan (A —])
u

Wmax R

where v and u are the depth-averaged transverse and lon-
gitudinal flow velocity respectively, A is the spiral flow
intensity and R is the radius of curvature of the streamlines
(Kleinhans et al., 2008). This radius is assumed to be similar
to the radius of the centreline of the channel. In the case of
a large difference in channel width between the downstream
channels, a smaller portion of sediment transport rate that is
affected by the spiral flow is transported over the interface
between the two computational cells. Therefore, a damping
factor (Whin/Wiax) is added (Kleinhans et al., 2011), which is
the ratio between the width of the downstream channels. The
spiral flow intensity is given by (Struiksma et al., 1985)

A:26(1 */g) (A6)

K2 kC

where « is the Von Kdrman constant, C is the Chézy coeffi-
cient and ¢ is a calibration coefficient (¢ &~ 1). It is assumed
that the spiral flow is fully developed, the bend is smooth
and the radius so large that flow separation does not occur.
The depth-averaged transverse velocity (v) is derived from
the transverse discharge (Qy). This transverse discharge arises
from the fact that the discharge partitioning over the bifurcates
generally differs from the width ratio of the bifurcates (Bolla
Pittaluga et al., 2003).

(A7)

1 W, — W
Qy=5(Q2—Q3—Q1¥)

W, + W;

The width adaptation is incorporated by assuming an empir-
ical equilibrium width as a function of the water discharge
(Kleinhans et al., 2011):

Weq = yQPW (A8)

where W, is the equilibrium bankfull width, y is estimated
based on the upstream channel and Sw & 0.5 (Van den Berg,
1995). The change in the width is given by (Miori et al., 2006;
Kleinhans et al., 2011)

W We— W
hAARLAL. B A9

where W is the actual channel width and Ty represents
the timescale over which the width adjustment occurs. The
timescale is given by (Kleinhans et al., 2011)

Wh
TW =0y — (A1 0)
gs,bank
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where gspank is a fraction of the total streamwise sediment
transport per unit width (gs) that contributes to bank retreat
or aggradation, ar,, is a calibration parameter and Wh repre-
sents the volume of sediment per unit length of the channel.
The sediment transport rate near the bank (gspank) is assumed
to be gspank = gsh/ W (Kleinhans et al., 2011). This is an ini-
tial estimate of the timescale, in which local characteristics of
the banks are not taken into account. The eroded or deposited
sediment from the banks is conserved by adding an additional
source/sink term to the Exner conservation law:

ww

an _9g, _ IW
at h

(1—p)o —2F =

All
ot ax ( )

where p is the porosity of the bed sediment and 7 is the bed
level.
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