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Abstract Water and mass transport in distributary channel networks play an important role in nourishing
fluvial and coastal wetlands, and are largely determined by the morphological configurations of channel
bifurcations. While the morphological equilibrium of a single channel bifurcation has been extensively studied,
the equilibrium configurations of channel networks with connecting channels linking the bifurcating branches,
that is, the “bifurcation-connecting channel” units that are commonly found in rivers, deltas and estuaries,
remain elusive. In this simple yet representative channel network of the “bifurcation-connecting channel” unit,
we observed through numerical simulations an oscillatory water partitioning under moderate Shields stress and
channel aspect ratio, in addition to the steady-state solutions reported in previous studies. The oscillatory water
partitioning indicates a newly discovered periodic solution, which is an emergent behavior under constant
boundary conditions. We found that the periodic solution is primarily due to the dynamic interactions between
bifurcation instability and water surface slope advantage in the two branches modulated by the reversable
discharges through the connecting channel, under moderate Shields stress and channel aspect ratio. In such
cases, the developed slope advantage in the subordinate branch can suppress the deepening of the dominant
branch and eventually lead to the shifting of the dominant branch. In contrast, the channel network attains a
steady-state solution when the slope advantage or the bifurcation instability is dominant with relatively low and
high Shields stress (or channel aspect ratio). Our results improve the understanding on the evolution and
restoration of channel networks under increasing human interventions in global deltas.

Plain Language Summary In rivers, deltas and estuaries, multiple channels deliver water, sediment
and nutrients to the fluvial and coastal wetlands and habitats. Where channels split at so-called bifurcations,
water and sediment are divided depending on the shape of the channel and downstream flow conditions. The
equilibrium configurations of a single bifurcation have been extensively explored. Specifically, the bifurcation
could lead to symmetrical channels but more often asymmetry occurs, so that one downstream channel expands
whilst the other tends to be abandoned. Here we add a connecting channel that cross-cuts the fork, and explore
the equilibrium configurations in such a simple but representative network comprising a bifurcation plus a
connecting channel. We found that this network exhibits oscillatory behavior in the division of flow and
sediment over the branches and the depth of the branches, but on average remains symmetrical. However, when
removing the connecting channel, the bifurcation would shift to an asymmetric configuration. Our results imply
that the connecting channel can lead to a dynamic yet overall more uniform mass partitioning in distributary
channel networks, which in turn affects critical functions such as wetland ecosystem nourishment. These
findings also open up new ways to investigate channel networks where tides are important.

1. Introduction

Distributary channel networks distribute water, sediments, nutrients, etc. to fluvial floodplains and coastal seas,
and are critical for society and wetland ecosystems (Dong et al., 2020; Hiatt et al., 2018; Salter & Lamb, 2022;
Shaw et al., 2021). In particular, predicting the morphological evolution of deltaic channel networks and
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unraveling the mechanism leading to their equilibrium configurations are critical for the sustainability and
resilience of river deltas, with important implications for implementing restoration projects such as river diversion
to mitigate land loss in coastal wetlands (Hoitink et al., 2020; Moodie & Passalacqua, 2021; Tejedor et al., 2017).
Therefore, the morphological evolution of channel networks has received extensive attention in recent decades
(Edmonds & Slingerland, 2007; Gao et al., 2018; Jerolmack & Swenson, 2007; Ke et al., 2019; Konkol
et al., 2022).

As a critical morphological unit in deltaic channel networks, channel bifurcation possesses different equilibrium
configurations, that is, the two downstream branches can remain open in a symmetric or asymmetric configu-
ration or one of them closes off (see the review by Edmonds et al. (2021) and Kleinhans et al. (2013)).
Furthermore, these equilibrium configurations can be either stable or unstable (Bolla Pittaluga et al., 2003;
Federici & Paola, 2003; Wang et al., 1995). A stable equilibrium configuration indicates that the bifurcation can
recover the initial morphological configuration under small perturbations. In reality, the channel bifurcation
would finally evolve to one of the stable equilibrium configurations largely depending on the initial conditions.
Furthermore, water partitioning at a river bifurcation can change over time due to migrating bars or meander
bends in the upstream channel (Bertoldi et al., 2009; Kleinhans & van den Berg, 2011) as well as in-channel net-
deposition caused by river mouth progradation or relative sea level rise at the downstream boundary (Salter
et al., 2018). However, bifurcation equilibrium has been mainly studied for a single channel bifurcation at reach
scale thus far (Bolla Pittaluga et al., 2003, 2015; van Denderen et al., 2018; Wang et al., 1995).

Predicting the long-term morphological evolution and equilibrium configurations of large-scale complex channel
networks consisting of multiple bifurcations/confluences remains challenging. One of the challenges is that the
equilibrium configurations of multiple channel bifurcations can affect each other. Specifically, the equilibrium
configuration of an upstream channel bifurcation determines the water discharge and sediment supply to the
downstream bifurcation, which can thus affect the development of the equilibrium configuration of the down-
stream bifurcation. Further, a downstream confluence could also affect the equilibrium configurations of an
upstream bifurcation by increasing/decreasing the water surface slope of the subordinate/dominant branch.
Therefore, the interactions between bifurcations and confluences in a channel network can lead to emergent
behaviors, that is, the equilibrium configurations of a large-scale complex channel network may not be a simple
combination of individual bifurcations (Gao et al., 2023; Kleinhans et al., 2012; Ragno et al., 2021, 2022a, 2022bj,
Salter et al., 2020).

Recently, morphological equilibria of simple tree-like channel networks, that is, an initial channel splits into two
branches at an upstream bifurcation and each branch further splits into two more branches at the two downstream
bifurcations, have been explored (Ragno et al., 2022b; Salter et al., 2020). These studies have demonstrated
emergent behaviors in such channel networks driven by downstream controls such as tides or net-deposition.
Specifically, Salter et al. (2020) showed that aperiodic yet bounded chaotic water and sediment partitioning arose
in such channel networks with net-deposition, while periodic partitioning pattern emerged in a single channel
bifurcation (Salter et al., 2018). More recently, Ragno et al. (2022b) showed that small tides can either mitigate or
augment the asymmetric water and sediment partitioning at the upstream bifurcation in a tree-like channel
network, contrasting with their consistent role in mitigating asymmetric partitioning of a single bifurcation
(Ragno et al., 2020). Nonetheless, the above emergent behaviors in tree-like channel networks are largely driven
by downstream boundary conditions such as tides or net-deposition caused by relative sea level rise. In this study,
we investigated whether internal dynamics resulted from a shortcut channel (termed “connecting channel”
hereinafter) connecting two downstream branches (Figure 1) can lead to an emergent behavior, such as dynamic
water partitioning at channel bifurcations of the network, under constant boundary conditions and without net-
deposition.

Specifically, we examined a simple and common channel network of the “bifurcation-connecting channel” unit
(hereinafter termed the B-C network) in river deltas and braided rivers (Figure 1). While Gao et al. (2023) have
shown that the connecting channel can significantly modulate the water and sediment partitioning in the channel
network, its morphodynamics are yet unexplored. In this simple yet representative topological structure of deltaic
channel networks, we conducted a series of numerical simulations using a reduced-complexity morphodynamic
model with a wider parameter space than Gao et al. (2023). We observed and reported internal dynamics between
the upstream water partitioning and downstream water level via a connecting channel that led to periodic water
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Figure 1. Panels (a—d) are examples of the “bifurcation-connecting channel” unit in river deltas and braided river. Panel
(e) shows the schematic channel network of the “bifurcation-connecting channel” unit (the B-C network), with the orange
arrows indicating the assumed flow directions. Q,;, Q,;, D;, B; and L, are the discharges, sediment loads, water depths,
channel widths and lengths, respectively, of each channel (i = 0 -5 is the channel number). H; are the water levels at the
downstream ends of each channel except the connecting channel (j = 0—2 and 4 —5). For Channel 3, the positive direction is
from Junction 1 to Junction 2, while the orange arrows indicate the positive direction of other channels. Satellite images are
from Google Earth (https://earth.google.com/).

partitioning in the channel network under constant boundary conditions. A better understanding of these feed-
backs and behaviors can help inform and predict the equilibrium configurations of channel networks.

In the following, the basic assumptions, governing equations and modeling parameters for the reduced-
complexity morphodynamic model of the B-C network are provided in Section 2 (see also Gao (2023)). Sec-
tion 3.1 documents the emergence of different equilibrium configurations of the B-C network, and Section 3.2
illustrates the mechanisms leading to the different equilibrium configurations. The comparisons of the results with
previous studies and field observations are conducted in Section 3.3, whereas the implications for the evolution
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and restoration of deltaic channel networks under human interventions are discussed in Section 3.4. Finally, the
main conclusions are drawn in Section 4.

2. Methodology
2.1. Governing Equations

As shown in Figure le, the initial river channel (Channel 0) first splits into two downstream limbs, that is, Limb I
(including Channel 1 and Channel 4) and Limb II (including Channel 2 and Channel 5). A connecting channel
(Channel 3) further links the two limbs at their midways (denoted as Junction 1 and Junction 2) by cutting through
floodplains or deltaic islands (Gao et al., 2023; Nanson & Knighton, 1996; Salter & Lamb, 2022; Swinkels
et al., 2009; Wang et al., 2015). Essentially, the studied channel network, that is, the B-C network, consists of an
upstream primary bifurcation and two downstream junctions (junctions 1 and 2) which can alternate between
bifurcation and confluence depending on the flow direction in Channel 3. In the following, we introduce the basic
assumptions and governing equations for the morphological evolution of the B-C network.

Following previous studies (Schielen & Blom, 2018; Wang et al., 1995), we adopted the assumption of normal
flow conditions and the assumption of AD; = —An; (where An; and AD, are changes in branch-averaged bed
elevation and water depth, respectively) in each channel. The above assumptions were adopted to reduce
computational costs, which are valid when the changes in water levels are relatively small and negligible (see
Figure S2 in Supporting Information S1) and when the wave of bed elevation change migrates relatively fast in the
channel or the channel is relatively short (Schielen & Blom, 2018). Therefore, the changes in branch-averaged
water depths in each channel based on mass conservation of sediment yield

dDi _ Qsei_Qsi
dt — (1-p)BiL, W

where D, is the branch-averaged water depth, Q,; (m*/s) and Osei (m*/s) represent the sediment supply from the
upstream boundary and the sediment transport capacity of Channel i, and p (=0.4) is bed porosity. The subscript i
is the channel number (see Figure le). The nondimensional time is defined as t. = t/(aBO2D0(l - p)Qy)-

The adoption of Equation 1 thus represents a zero-dimensional modeling framework. Nonetheless, further
simulations with longer channels using a one-dimensional model solving the Saint-Venant equations for hy-
drodynamics do not change the conclusions of this study, that is, the emergence of different equilibrium con-
figurations of the channel network (see the detailed comparisons between the zero- and one-dimensional
simulations in Figure S3-S8 in Supporting Information S1).

To solve Equation 1, the following equations are further provided. The mass conservation of water and sediment
at a bifurcation or confluence reads:

Z Qw,u = Z Qw,d (2)
Z Qs,u = Z Qs,d (3)

where Q,, , (m?/s) and Osa (m?/s) are the upstream coming river discharge and sediment load of a bifurcation/
confluence, respectively; Q,, 4 (m*/s) and Osa (m>/s) are the discharges and sediment leaving the bifurcation/
confluence through the downstream channel(s), respectively. Notably, we did not specify the channel number i in
Equations 2 and 3 since junctions 1 and 2 can be either a bifurcation or confluence depending on the flow direction
in Channel 3.

Assuming normal flow conditions, the discharge in each river channel Q,,; is:
0, = B,C:iD;*S'? @

where B; (m) is the channel width, C; (m?/s) is the Chezy coefficient, D; (m) is the water depth, S; is the water
surface slope. Water surface slope S, reads:
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_ id ©)

where H;, and H,, are the water level at the upstream and downstream boundaries of river channel i, and L; is the
length of river channel i. Notably, the water levels at the bifurcation or confluence is assumed to be the same for
all the channels connected (Bolla Pittaluga et al., 2003; van Denderen et al., 2018). However, Ragno et al. (2021)
suggested that the water level of the dominant branch connected to a confluence tends to be higher than the
subordinate branch, which thus stabilizes the upstream bifurcation; these effects are not yet considered in this
study.

In this study we focused on sand-bed rivers and adopted the Engelund-Hansen formula (Engelund & Han-
sen, 1967) for sediment transport capacity in each river channel, which reads:

Qy.i = B/ Rgdsy’ mb;" (6)

where R (=1.65) is the submerged specific density of sediment, g (m/s?) is gravitational acceleration, ds, (m) is
the median sediment grain size, and the coefficients m = 0.05 C*/g and n = 2.5. The Shields stress of each river
channel 6, can be written as:

1 Qwi :
o [ ERwi 7
' RdSO(BiCiDi> @

At the channel bifurcations, we adopted the nodal-point relation of Bolla Pittaluga et al. (2003) for the sediment
partitioning at the bifurcations in this study, which can be written as:

2ar(Dy; — D,
Q.v a1 Qw,dl + —(\/%B“ dZ)Qw,u (8)
= 2ar(Dyg, —D,

QS,dQ Qw,dZ — Zart ;IB dZ)Qw,u

where « is the ratio between the length of the river section allowing transverse sediment exchange and the up-
stream channel width, r is a coefficient of transverse sediment transport ranging from 0.3 to 1 (Ikeda et al., 1981;
Talmon et al., 1995), and the subscripts u and d for each variable indicate the upstream and downstream channels
connected to a bifurcation, respectively. Notably, we used the subscripts u and d instead of the channel number i,
since Junctions 1 and 2 can alternate between bifurcation and confluence depending on the flow direction in
Channel 3. Therefore, Equation 8 using the subscripts # and d is more convenient and straightforward for this
study. See the in Supporting Information S1 for the detailed derivation of Equation 8. Equation 1 thus can be
solved by incorporating Equations 2-8 (see Gao (2023)).

2.2. Parameter Space

We simulated the morphological evolution of the B-C network given different Shields stress 0, and aspect ratio f3,
(=By/Dy) of the upstream river channel, widely ranging from 0.05 to 5 and from 5 to 40, respectively, in this
study. 6, and S, are two critical parameters determining the equilibrium configurations of a single bifurcation
(Bolla Pittaluga et al., 2003, 2015). The initial perturbations in Limb I of the channel network (i.e., Channel 1 and
Channel 4) were implemented upon a symmetric single upstream primary bifurcation. Specifically, we changed
both initial D, and D, to different proportions, that is, [0.5, 0.7, 0.9, 0.99999], of D, and Ds, respectively. Initial
D5 was set to 0.3D, for all simulation scenarios since the connecting channel is relatively shallow as compared
with the main branches (Limbs I and II). The other modeling parameters and boundary conditions are listed as
follows.

e Channellength: L, =L, =L;=L,=Ls=1km

o Channel width: B, = B, = B; = B, = Bs = 50 m, B, = 100 m

¢ The empirical coefficients of transverse sediment transport in the nodal-point relation are: @ = 3 and » = 0.5
e Chezy coefficient: C; = 40 m"?/s
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Figure 2. The normalized discharges and water depths over time in each channel when attaining a periodic solution (a—b), and
steady-state solution (c—d). Shields stress of the upstream river channel 6, = 2 for panels (a—b) and 8, = 3 for panels (c—d),
and aspect ratio of the upstream river channel #, = 20 for panels (a—d). Q,,, and D,, are the river discharge and water depth,
respectively, in the upstream channel, and i (=1 — 5) is the channel number.

« Upstream river discharge: O, , = 400 m*/s

o Water levels at the outlets: H, = H5 = 0 m, as we do not consider tides, waves, and relative sea level rise in this
study

¢ Sediment load Q,, and sediment grain size ds, can be calculated using Equations 6 and 7 given a specific value
of 6, and p,

In this study, discharge asymmetry AQ was adopted to quantify river discharge partitioning at the upstream
primary bifurcation:

le - Qw2
AQ =——"= 9
Q Qw() ( )

AQ ranges from —1 to 1, where AQ = 0 represents a symmetric discharge partitioning, and AQ = =+1 represents
the closure of one of the downstream branches, that is, one of the branches takes all the river discharge.

3. Results and Discussions
3.1. Different Equilibrium Regimes in Relation to Shields Stress and Channel Aspect Ratio

As shown in Figure 2, we found that the discharges and water depths in each channel of the B-C network have two
distinctive behaviors depending on the Shields stress 6, (or channel aspect ratio f3;). Specifically, the discharges
and water depths either vary periodically over time (hereinafter periodic solution of the channel network,
Figures 2a and 2b) or eventually attain a steady state (hereinafter steady-state solution of the channel network,
Figures 2c and 2d). For the periodic solution, discharges and water depths in Channels 1 and 2 (as well as
Channels 4 and 5) oscillate around a symmetric configuration, with alternative shifting of the dominant branch.
Furthermore, the discharge in Channel 3 oscillates in both magnitude and directions, implying the shifting of
bifurcation and confluence for Junctions 1 and 2. Notably, the magnitude of oscillatory water depth in Channel 3
is relatively small compared with those of Channels 1 — 2 and 4 — 5, presumably due to the relatively low
discharge and hence smaller bed level change in the connecting channel (Figure 2a).
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Figure 3. Equilibrium configurations of the B-C network and a single bifurcation in relation to (a) Shields stress 6, and
(b) aspect ratio 3, in the upstream channel. Panel (c) shows the different regimes in the parameter space of 6, versus f,. AQ is
the discharge asymmetry of the upstream bifurcation. The shaded area with blue asterisks in panels (a—b) indicates the
oscillatory range of AQ when attaining the periodic solution. The B-C network refers to the channel network of the
“bifurcation-connecting channel”.

In the following, we further illustrate the emergence of the periodic and steady-state solutions of the B-C network
related to Shields stress 8, and channel aspect ratio f3,. Notably, we focused on the partitioning of river discharge
at the upstream bifurcation in the B-C network (see Figure 1e), which facilitates the comparisons with the results
of a single bifurcation in previous studies (Bolla Pittaluga et al., 2015).

When the connecting channel is absent, the B-C network degenerates to a single bifurcation. In such cases, the
single upstream bifurcation attains a steady-state solution with either symmetric or asymmetric water partitioning
with relatively low and high Shields stress 6, (or channel aspect ratio f,), respectively (gray lines in Figures 3a
and 3b). These results are consistent with previous studies (Bolla Pittaluga et al., 2015), which suggests that the
bifurcation instability increases with increasing 6, (or ;) in sand-bed rivers. Notably, the equilibrium config-
urations of a single bifurcation are trivial solutions for the B-C network by assuming the connecting channel is
inactive and conveys no discharge. Also, such solutions are delicate as a small disturbance in the two branches
will re-activate the dormant connecting channel. Therefore, the equilibrium configurations of a single upstream
bifurcation are considered as unstable equilibria for the B-C network in this study.

As shown in Figure 3, the equilibrium configurations of the B-C network with the existence of the connecting
channel can be dictated by three regimes related to Shields stress €, (or channel aspect ratio f):

Regime I: With relatively low 6, (or f,), the channel network eventually attains a steady-state solution with
higher discharge asymmetry at the upstream bifurcation than a single bifurcation (see the black lines in Figures 3a
and 3b).

Regime II: With moderate 6, (or f,), the channel network attains a periodic solution with smaller discharge
asymmetry at the upstream bifurcation than a single bifurcation (see the shaded area with blue asterisks in
Figures 3a and 3b).
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Regime III: With relatively high 6, (or ), the channel network eventually evolves to a steady-state solution with
smaller discharge asymmetry at the upstream bifurcation than a single bifurcation (see the red lines in Figures 3a
and 3b).

Notably, the shaded area in Figures 3a and 3b indicates the oscillatory ranges of AQ when attaining the periodic
solution. Furthermore, we also observed that the periodic solution could coexist with the steady-state solution in
regime II with relatively low @, (or f,) (Figures 3a and 3b). In such cases, whether the channel network attains the
steady-state or periodic solution in regime II primarily depends on the initial difference in the water depths of the
two limbs, which is discussed in the following Section. Nonetheless, in this study the criterion for attaining regime
II is the existence of the periodic solution, therefore the parameter space for the coexistence of the two types of
solutions is not shown in Figure 3c.

3.2. Mechanisms Leading to Different Equilibrium Regimes

The above equilibrium regimes in the B-C network (Figure 3) essentially result from the dynamic interactions
between the bifurcation instability and the downstream water surface slope advantage (i.e., the slope difference
between Channels 1 and 2, and hereinafter termed slope advantage for simplicity). A slope advantage in Channel
1 develops when H; < H,, whereas Channel 2 attains a slope advantage with H; > H, (see Figures 4c—4f). In this
study, the bifurcation instability refers to the nature of the bifurcation to develop an asymmetric configuration
(Bolla Pittaluga et al., 2015).

Essentially, the periodic solution arises from the dynamic interactions between the bifurcation instability and the
downstream water surface slope advantage modulated by the connecting channel. Specifically, the bifurcation
instability leads to the development of a slope advantage in the subordinate branch, which is possible with the
existence of the connecting channel. The developed slope advantage in turn changes the bifurcation instability
that turns the subordinate branch to the dominant one.

3.2.1. The General Interactions Between Bifurcation Instability and Slope Advantage

When the connecting channel is absent (i.e., D; = 0) and the B-C network reduces to a single bifurcation, the
water surface slopes in the two limbs are dictated by the water levels at the upstream bifurcation node and the two
outlets (see Figures 4a, 4b, and 4g). In contrast, the existence of the connecting channel provides a degree of
freedom for the adjustment of water levels at Junctions 1 and 2 (i.e., H; and H,) associated with the setup of the
water surface slope (and hence the discharge) in the connecting channel (Channel 3). The changing discharges in
Channels 1 and 2 (as well as the sediment loads) driven by bifurcation instability can thus lead to different water
surface slopes between Channels 1 and 2 through the changing H, and H, (Figures 4c—4f). The changing H, and
H, are a response to the morphological changes, that is, a disbalance between the sediment supply from the
upstream node of each channel and its sediment transport capacity causes sedimentation or erosion and hence the
changed discharge in the channel. The changed discharge can further alter the slope (as well as water depth) to
counteract the disbalance. Specifically, under bifurcation instability, the deepening riverbed of Channel 1 or 2 due
to sediment deficit tends to be associated with a decreasing water surface slope, that is, the increasing water level
of H, or H,, to reduce the sediment transport capacity to match the sediment supply, and vice versa. Notably, the
changing H, and H, will further affect the bifurcation instability (Figure 5).

The changing H, and H, are then maintained by the different discharges between Channels 1 and 4 of Limb I (also
Channels 2 and 5 of Limb II) modulated by the connecting channel as demonstrated below (see also Figure 4g).
Assuming H, > H, (e.g., Figure 4f), the connecting channel thus drains discharge from Limb I to Limb II
(0,,3 > 0), which leads to Q,,; > 0,4 and O,,, < Q,5. O,,; > O,,4 Will result in an increasing water surface slope
from Channel 1 to Channel 2 along Limb I, that is, S; < S,, whereas Q,,, < O,,5 would lead to a decreasing water
surface slope from Channel 4 to Channel 5 along Limb II, that is, S, > S5 (Sinha & Parker, 1996; Wang
et al., 2008). S; < S, and S, > S5 in turn ensure the maintaining of H, > H,, given the same water levels at the
upstream bifurcation node (H,) and the two outlets (H, and Hs). The above mechanisms for the development of
slope advantage are summarized schematically in Figure 4g.

Furthermore, the water levels of each channel are constant over time when attaining a steady-state solution
(Figures 4c and 4d), while the water levels of each channel keep changing over time (associated with different
discharges) when attaining the periodic solution (Figures 4e and 4f). Notably, the water surfaces in Figure 4 are
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Figure 5. Equilibrium configurations of a single bifurcation in relation to (a) Shields stress 6, and (b) channel aspect ratio f,
with different slope advantages between the two branches.

delineated by the water levels in the upstream and downstream ends of each channel, since we adopted the zero-
dimensional model in this study. Therefore, the water surface slopes are the branch-averaged values (see
Equation 5). Moreover, in this study we focus on the different water surface slopes between Channels 1 and 2,
since they are directly linked to the primary upstream bifurcation.

In the following, we further illustrate how the different water surface slopes between Channels 1 and 2
(Figures 4c—4f) affect the equilibrium configuration of the primary upstream bifurcation. As shown in Figures 5a
and 5b, the slope advantage tends to more significantly affect the equilibrium configurations of a single bifur-
cation with relatively low Shields stress 6, or channel aspect ratio f, (see also Figure S9 in Supporting Infor-
mation S1). Specifically, the bifurcation can only attain one stable asymmetric steady-state solution at relatively
low Shields stress 0, or channel aspect ratio f,, while the stable steady-state solutions are close to those without
slope advantage at relatively high Shields stress 6, or channel aspect ratio f,. The effects of slope advantage on
the equilibrium configurations of a single bifurcation are consistent with Redolfi et al. (2019). Notably, in this
study the slope advantage in Figures 5a and 5b were attained by imposing different water levels at the downstream
ends of the two branches (Channels 1 and 2) (Figures 4c—4f), while the slope advantage in Redolfi et al. (2019) is
due to the different lengths between the two branches.

As demonstrated above, in the B-C network the changing discharges driven by bifurcation instability can lead to a
slope advantage between Channels 1 and 2 (Figures 4c—4f), the slope advantage can in turn affect the bifurcation
instability (Figure 5). In the following, we demonstrated how the interactions between bifurcation instability and
slope advantage lead to different equilibrium configurations in the B-C network.

3.2.2. Mechanisms Leading to the Periodic Solution in Regime I1

For the periodic solution in regime II with moderate Shields stress 6, (or channel aspect ratio f;), an asymmetric
river discharge partitioning is first initiated due to the bifurcation instability (Bolla Pittaluga et al., 2015), leading
to a dominant branch (say Channel 2) and a subordinate branch (say Channel 1) conveying more and less dis-
charges, respectively (f, — ¢, in Figure 6a). The bifurcation instability leads to a continuous erosion in Channel 2,
that is, a deepening stage, since the sediment transport capacity is larger than the sediment supply to Channel 2.
The deepening stage is associated with a decreasing water surface slope, that is, an increasing H,, since the
channel tends to adjust its water surface slope to match the sediment transport capacity with the sediment supply.
In contrast, Channel 1 undergoes continuous siltation, that is, a shallowing stage, which is associated with an
increasing water surface slope, that is, a decreasing H,. The increasing H, and decreasing H, are further main-
tained by the discharges modulated by the connecting channel, leading to Q,,; < Q,.4 and Q,, > 0,5 (see
Figure 4g). Subsequently, the slope advantage developed in Channel 1 suppresses the further development of the
asymmetric river discharge partitioning, and finally changes the bifurcation instability that further drives Channel
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Figure 6. (a) The trajectories of H,/H, versus Q,,,/Q,,, in regime II with Shields stress 6, = 2 and channel aspect ratio f, = 20 for the B-C network (blue line). The red
dots in panel (a) are the equilibrium configurations of the corresponding single bifurcation. t,, t, and T, — T are representative time instants. Panel (b) is the associated
time series of river discharge ratio Q,,,/Q,,,, water depth ratio D,/D, and water level ratio H,/H,. Panels (c—f) show the water levels in Limbs I and II associated with
different discharges in Channels 1 and 2 at time instants 7'|-Ts. The B-C network refers to the channel network of the “bifurcation-connecting channel”.

1 to become the dominant branch (¢, — T, in Figure 6a). The above processes thus create a periodic water par-
titioning in the channel network (the cycles indicated by the orange arrows in Figure 6a). We further demonstrated
afull cycle of the periodic solution at representative time instants, thatis, T; — T’s, in Figures 6b—6f (see also Figure
S10 in Supporting Information S1) as follows.

1. From T, to T,: The bifurcation instability drives the continuous deepening of Channel 1 and shallowing of
Channel 2. While the continuous deepening of Channel 1 is associated with a decreasing water surface slope,
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the shallowing of Channel 2 is associated with an increasing water surface slope. Furthermore, the slope
advantage developed in Channel 2 from T}, to T, is associated with the discharges modulated by the connecting
channel (Q,,; > 0), thatis, Q,,; > Q,.4 and O,,, < Q,,s (Figures 6¢ and 6d).

2. From T, to T5: The continuous development of the slope advantage in Channel 2 finally changes the
bifurcation instability at T, (see Figure 5), leading to the subsequent deepening of Channel 2 and shallowing of
Channel 1. The deepening and shallowing of Channels 2 and 1 are associated with decreasing and increasing
water surface slopes, respectively, which is also maintained by the decreasing discharge in the connecting
channel, that is, Q,,; gradually decreases to 0 at 7. Finally, the slope advantage shifts to Channel 1 after 75
(Figures 6d and 6e).

3. From T; to T,: Although the bifurcation instability still drives the continuous deepening of Channel 2 and
shallowing of Channel 1, the slope advantage in Channel 1 starts to suppress the continuous deepening of
Channel 2 and shallowing of Channel 1. During this stage, the connecting channel drains discharge from Limb
II to Limb I, that is, Q,,; < 0, leading to Q,,; < 0,4 and Q,, > 0,5 (Figures 6e and 6f). Finally, the slope
advantage in Channel 1 changes the bifurcation instability at 7, (see also Figure 5).

4. From T, to T5: The changed bifurcation instability starts to drive the subsequent deepening of Channel 1 and
shallowing of Channel 2, associated with a decreasing and increasing water surface slope in Channels 1 and 2,
respectively, that is, a decreasing S, and increasing S,. The decreasing S, and increasing S, are also maintained
by the decreasing discharge drained from Limb II to Limb I through the connecting channel, that is, O, ;
gradually increases from —27 to 0 m’/s at Ts. Finally, the slope advantage shifts to Channel 2 after T’
(Figures 6a and 6f).

To demonstrate the effects of the modulated discharges by the connecting channel on the development of the
periodic solution, we further conducted additional simulations with different fixed bed levels (and hence roughly
fixed water depths) in the connecting channel (Figure 7, see also Figure S11 in Supporting Information S1 for the
1D simulation scenarios). The channel network tends to attain a steady-state solution when the water depth of the
connecting channel is fixed at a relatively low value (red dots in Figure 7a). In such cases, the flow through the
connecting channel is relatively low (red dots in Figure 7b), translating to a lower capacity of the connecting
channel to modulate the discharge distribution in the entire channel network. In contrast, a relatively large water
depth in the connecting channel, allowing a relatively high flow, tends to lead to a periodic solution (blue asterisks
in Figures 7a and 7b). Notably, the critical water depth and associated discharge in the connecting channel above
which the channel network attains a periodic solution are generally consistent with those derived from simulations
with a morphologically active connecting channel (dashed lines in Figures 7a and 7b). Notably, we also observed
that the periodic solution could coexist with steady-state solution in regime II. The steady-state solution in regime
11 is attained when the initial water depth difference between the two limbs is sufficiently large such that the slope
advantage is unable to shift the dominant branch. Therefore, in reality, the water depths when sufficiently altered
by dredging activities (Jeuken & Wang, 2010; Riquier et al., 2017) could lead to the transition from periodic
solution to steady-state solution (Figure 8).

3.2.3. Mechanisms Leading to the Steady-State Solution in Regimes I and IIT

In the following, we further demonstrated the mechanism leading to the steady-state solution of the B-C network
with relatively high and low Shields stress 6, (or channel aspect ratio /), that is, regimes III and I (Figure 3).
When the Shields stress €, (or channel aspect ratio f,) is relatively high (regime III), the strong bifurcation
instability tends to drive the upstream bifurcation toward an asymmetric water partitioning (¢, — ¢, of the blue lines
in Figures 9a and 9b). Therefore, the trajectory of D, versus D, for the B-C network largely overlaps with that of a
single bifurcation during ¢, — #; (the red dashed line in Figure 9b). During this stage, the continuous erosion in
Channel 2 leads to an increasing H,, while the continuous siltation in Channel 1 leads to a decreasing H;. In such
cases, the connecting channel drains discharge from Limb II to Limb [, that is, Q,,5 < 0, leading to Q,,; < Q,,, and
0,» > 0,5 that maintain the slope advantage in Channel 1 (see also Figure 4d). Further, the developed slope
advantage in Channel 1 suppresses the development of the asymmetric water partitioning but fails to result in the
shifting of the dominant branches (¢, — #, of the blue lines in Figures 9a and 9b). As a result, the upstream
bifurcation attains a steady-state solution with a reduced asymmetric water partitioning and with the connecting
channel draining discharge from Limb II (the dominant branch) to Limb I (the subordinate branch). This is also
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Figure 7. Panel (a) shows the equilibrium configurations of the B-C network with different Shields stress 6, and fixed water depth in the connecting channel D5,
relative to the water depth in the upstream channel D, with panel (b) showing the associated parameter space of Shields stress 6, versus maximum absolute value of
discharge in the connecting channel Q, 5,,,... Channel aspect ratio f, = 20 for the plotted scenarios. Panels (c-h) are the normalized water depths D;/D, and discharges
0,,/0,,0 over time in each channel for the scenarios indicated in panels (a) and (b).
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3 consistent with Figure 5, which shows that the slope advantage has lesser
Before Dredging o Dredging to effects on the equilibrium configuration of the upstream bifurcation with
251 dredging 2D, 3D, 5 . . . .
increasing Shields stress €, (or channel aspect ratio f).
S Finally, for regime I with relatively low Shields stress 6, (or channel aspect
QL5 ratio f3,), the trajectory of D, versus D, for the B-C network (the blue line in

Figure 8. Evolution of water depths in Channel 1 (D,) and Channel 2 (D,) of
the B-C network subject to different dredging depths in Limb I. The Shields
stress 6, = 1.2 and channel aspect ratio f, = 20 for the plotted scenarios. D,
is the water depth in the upstream channel, and i (=1 or 2) is the channel
number. The B-C network refers to the channel network of the “bifurcation-

connecting channel”.

Figure 9d) largely overlaps with that of a single bifurcation (the red dashed
line in Figure 9d) during #, — #;. When approaching to t,, H; > H, develops
due to the greater erosion in Channel 1 than that in Channel 2 (Figure 9d),
leading to a slope advantage in Channel 2. In such cases, the connecting
channel drains discharge from Limb I to Limb II, that is, Q0,5 > 0, leading to
0,1 > 0,.42and Q,,, < 0, 5 that maintain the development of slope advantage
in Channel 2 (see also Figure 4c). Later, the developed slope advantage in
Channel 2 is dominant in determining the water partitioning at the upstream
bifurcation (¢, — t, of the blue lines in Figures 9c and 9d), leading to
continuously increasing discharge in Channel 2. At the same time, the con-
necting channel drains discharge from Limb I (the subordinate branch) to
Limb II (the dominant branch) due to H,> H,. In such cases, the slope
advantage in Channel 2 results in an increased asymmetry of the water

Legend
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Figure 9. The trajectories of H,/H, versus Q,,/0,,, and D, versus D, for representative scenarios of regime III with Shields
stress 8, = 3 (a—b) and regime I with Shields stress 6, = 0.1 (c—d). #,, ¢, and ¢, are representative time instants. Channel aspect
ratio f}, = 20 for the plotted scenarios. The B-C network refers to the channel network of the “bifurcation-connecting

channel”.
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Figure 10. The schematics showing the different equilibrium regimes of the B-C network and their mechanisms in relation to
Shields stress 6, (or channel aspect ratio f3), as well as the comparison with a single bifurcation. The widths of the blue lines
are scaled with the discharges and the orange arrows indicate the flow directions in each channel. The B-C network refers to
the channel network of the “bifurcation-connecting channel”.

partitioning at the upstream bifurcation, which is consistent with Figure 5, i.e., the slope advantage tends to more
significantly affect the equilibrium configuration of the upstream bifurcation with relatively low Shields stress 6,
(or channel aspect ratio ff,).

The equilibrium regimes of the B-C network and their mechanisms are briefly summarized in Figure 10. When 6,
(or f,) is relatively low (Regime I), the slope advantage is dominant and leads to a higher discharge asymmetry at
the upstream bifurcation in the B-C network than a single bifurcation (Figure 5). When 6, (or f,) is relatively high
(Regime III), the bifurcation instability is dominant yet the slope advantage mitigates the discharge asymmetry at
the upstream bifurcation in the B-C network (Figure 5). For Regime II with moderate 6, (or f3;), the dynamic
interactions between bifurcation instability and slope advantage lead to the periodic solution (Figure 6).

3.3. Comparison With Previous Studies and Field Observations

Previous studies have shown that the shifting of the dominant branch and hence periodic water partitioning can
result from the progradation or aggradation-induced changes in the slope advantage of the two downstream
branches (Salter et al., 2018) or migrating bars in the river channels (Bertoldi et al., 2009; Le et al., 2018). In this
study, we further showed that the internal dynamics in a channel network can also lead to an oscillatory water
partitioning even under constant upstream water and sediment supply as well as fixed downstream relative water
level of the receiving basin (Figure 2). These results are robust, as the periodic solution of the B-C network also
exists for scenarios adopting the other commonly used nodal-point relation of Wang et al. (1995) as well as longer
channels (see the in Supporting Information S1). Furthermore, periodic solution with constant external conditions
can also be found in the other dynamical systems such as the generalized Lorenz systems and predator-prey
systems (Lipowski, 1999; Shen, 2019).

The historical water partitioning during ebb flows at the upstream bifurcation of the North and South Channels in
the Yangtze River Estuary shows an oscillatory pattern that fluctuates around a symmetric configuration and the
alternative shifting of the dominant channel from 1958 to 2007 (Gu et al., 2012) (see Figure 11). Our results
provide a plausible explanation that the connecting channels, that is, the Nanshatou Passage and Hengsha
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oal ‘ T ‘ ‘ ‘ ] Passage, linking the North and South Channels (Figure 1b) play an important
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role in the development of the oscillatory water partitioning, in addition to
those caused by alternating bar formation and in-channel dredging activities
------------ (Bertoldi et al., 2009; Le et al., 2018; Wang et al., 2015). The critical role of
the connecting channels in preventing a highly asymmetric bifurcation in the
Yangtze River Estuary is also suggested by previous studies (Gu et al., 2011,

1960 1970 1980 1990 2000

2012; Wang et al., 2015).

Year 3.4. Implications for the Evolution and Restoration of Deltaic Channel
Networks
Figure 11. The oscillatory water partitioning at the upstream bifurcation of
the north and south channels in the Yangtze River Delta (see Figure 1b). The In this study, we focus on sand-bed channel networks with relatively short
north channel is dominant when AQ > 0, and the south channel is dominant branches, in which the wave of bed elevation change migrates relatively fast
when AQ < 0. The original data is from Gu et al. (2012). in the channel (Schielen & Blom, 2018). Therefore, the normal flow and

branch-averaged assumptions for the zero-dimensional simulations adopted
in this study are valid. Admittedly, the relaxation of the above assumptions in one-dimensional simulations can
lead to different oscillatory ranges and periods of the periodic solution as shown in the Supporting Information
(Figures S3-S8 in Supporting Information S1). Nonetheless, the mechanisms leading to the different equilibrium
regimes in this study are the dynamic interactions between the bifurcation instability and slope advantage
modulated by the reversible discharges through the connecting channel (Figure 6); similar interactions are likely
to exist in channel networks with longer branches (Figures S5 and S6 in Supporting Information S1), affecting the
equilibrium configurations of the channel networks in such cases. Our results, though from a reduced complexity
model, open up possibilities for new research into channel networks in rivers, estuaries and deltas with more
complex channel structures and processes, such as meandering and bifurcation angle (Kleinhans et al., 2008;
Szewczyk et al., 2020) as well as tides (Buschman et al., 2010) through more sophisticated models.

Our results also provide important implications for the planning and restoration of deltaic channel networks. The
channel network with a periodic solution can more uniformly nourish deltaic and coastal habitats as it prevents the
upstream river discharge and sediment from concentrating into one dominant channel (Edmonds et al., 2011). In
particular, the period and amplitude of the periodic solution can help inform the frequency in the shifting of
dominant branch and the deviation of water partitioning from a symmetric configuration. While the connecting
channels may play an important role in maintaining the dynamics of deltaic channel networks, they can be
relatively small and therefore vulnerable to human interventions. Moreover, the periodic and steady-state solu-
tions can coexist for moderate Shields stress (and channel aspect ratio) as shown in Figures 3a and 3b. In such
cases, the transition from periodic solution to steady-state solution can occur due to dredging activities (Figure 8).
Therefore, a systematic view on the equilibrium configurations of channel networks is also of critical importance
for the planning and restoration of the channel networks under pressing environmental changes, as also suggested
in Gao et al. (2024).

4. Conclusions

In this study, we studied the equilibrium configurations of a simple yet representative channel network of the
“bifurcation-connecting channel” unit through numerical simulations. Our results show that the dynamic in-
teractions between bifurcation instability and water surface slope advantage can lead to the emergence of a
periodic solution under moderate Shields stress and channel aspect ratio, in addition to previously identified
steady-state solutions. The periodic solution in this study implies a dynamic water partitioning that oscillates
around a symmetric partitioning in the channel network under constant boundary conditions, which could provide
an additional explanation for the existing field observations. Furthermore, the periodic solution can coexist with
the steady-state solution, implying potential shifts between oscillatory and stationary water partitioning patterns
under human interventions such as dredging. Our results provide additional insights into the morphological
equilibria of complex channel networks in rivers, deltas and estuaries that can help improve their planning and
restoration under increasing human interventions.

Data Availability Statement

The code and data are available at a repository on a Zenodo database (Gao, 2023).
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