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Abstract. Understanding the morphological responses of gravel-bed rivers to changes in external forces (e.g. water and
sediment supply conditions) is a critical concern in river science and engineering. However, this remains a-challenging issue
because river responses are-highty-dependentdepend heavily on the distance from the source point where such environmental
changes occur. Hereln this study, we focus on the short-term effects of flood-scale non-equilibrium sediment supply on-the
downstream alternate bar dynamics in poorly sorted gravel-bed rivers using a numerical morphodynamic model. Specifically,
we-perform-a two-dimensional morphodynamic calculation was performed using iRIC-Nays2DH in a straight channel under
repeated cycles of an unsteady water hydrograph and a constant supply of poorly sorted sediment. Undertheln well-sorted
sediment cases, the upstream non-equilibrium sediment supply ean-affect-only affects a limited distance from the upstream
end (i.e. the hydrograph boundary layer). However, the inclusion of a-poorly sorted sediment disrupts this concept;-teading
and leads to the migration of low-amplitude bedload sheets farfarther downstream. In this context, the upstream water and

sediment boundary conditions may affect the-far-downstream river dynamics through the migration of bedload sheets. The

numerical results shewshowed that the migration of bedload sheets and the associated fine sediment transport greathy

affeetsubstantially affected the alternate bar dynamics and ehangechanged their texture. However, this effect of bedload sheets

on the bars cannot propagate across the entire channel and disappears completely in the-alternate bars located further
downstream. These results suggest that the-upstream non-equilibrium sediment supply eenditienconditions in poorly sorted
sediment hasplays a nen-negligiblemajor role in downstream alternate bar dynamics-even-far-from-the-sedimentfeed-peint..
However, this effect becomes negligible in-the-further downstream reaches-as-long-as—activeandbecause bedload sheets

gradually disperse during their migration process into larger and more active morphological ehangesfeatures, such as alternate

bars,-greathy-disperse-the-bedload-sheets.

1 Introduction

Continuous and/or episodic changes in external forces caused by various factors (e.g. climate change [Trenberth, 2011],
coseismic mountain collapse [Schuerch et al., 2006], installation and removal of dams [Fields et al., 2021], chute cut-off

[Zinger et al., 2011], post-wildfire erosion [Benda et al., 2003], and sediment augmentation [M&rtl and De Cesare, 2021]) are
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critical +nfor controlling the dynamics of rivers. The hydrograph and sediment supply, which are the most common external
factors affected by these changes, have a sigrificantmajor impact on-the channel geometry [Venditti et al., 2019], riverbed
composition [Nelson et al., 2009], and vegetation [Erskine et al., 1999]. Fhese-riverRiver responses are also dependent on the
dominant bed material [Gaeuman et al., 2005] and sediment transport mode [Gunsolus and Binns, 2017].

Gravel-bed rivers composed of poorly sorted sedimentssediment generally have clear three-dimensional bedform
structures, such as fluvial bars. The effects of the-hydregraphhydrographs and sediment supply on fluvial bars have-beenwere
investigated through field surveys, laboratory experiments, and numerical calculations, demenstratingwhich demonstrated

their significantnotable impact on bar dynamics. For example, constant water and equilibrium sediment supply conditions
result in a regular pattern of free bars in-terms-of-thelrwith consistent shape characteristics (i.e. mode, wavelength, and bar
height) [e-g—Colombini et al., 1987]. Meanwhieln contrast, a non-equilibrium sediment supply provides—acreates spatially

varying bar shape and a-cerrespending-surface texture patternpatterns, regardless of the upstream water discharge conditions
[Lisle and Hilton, 1999; Nelson et al., 2015; Morgan and Nelson, 2021]. A reduction in-the sediment supply suppresses the
mobility of the riverbed material, resulting in the formation of coarse patches [Dietrich et al., 1989], coarsening of the corridor
[Lisle et al., 1993], and dissipation of the bar structure [Venditti et al., 2012]. However, an increase in the sediment supply
generally causes greater sediment mobility-ef-the-sediment and associated bed evolution, leading to the formation of shorter
ephemeral bars with high migration rates [Podolak and Wilcock, 2013; Bankert and Nelson, 2018; Nelson and Morgan, 2018].
Furthermore, the response of fluvial bars under an unsteady flow differs from that under a steady flow [Tubino, 1991; Huang
etal., 2023]. In addition, some specific hydrograph characteristics cause unique riverbed forms [e-g-Waters and Curran, 2015]
and grain size compositions [e-g—Hassan and Church, 2001] in the rising and falling limbs of a single hydrograph, thus
contributing to the nen-tnearnonlinear hysteresis efin sediment transport [Gunsolus and Binns, 2017]. This hysteresis varies
according to-the hydrograph shape [Bombar et al., 2011], duration [Hassan et al., 2006], and magnitude [Lee et al., 2004].
These studies indicatedindicate that both sediment supply and the-hydregraphhydrographs are critical components in

controlling sediment transport and-thus the responses of bars composed of poorly sorted sediment, strongly suggesting the
importance of understanding upstream water and sediment supply conditions on flvial-river morphodynamics.

One of the difficulties in understanding the relationship between sediment supply conditions and the corresponding
riverbed grain size responses is that these responses are dependent on the distance from the source point of sediment
supply/reduction, particularly in bedload-dominated river reaches (i.e. gravel-bed rivers composed of poorly sorted sediment).
Even in rivers where suspended transport is dominant, the distance from the source point ean-beremains an important factor
[An et al., 2018]; however, beeause-suspended material has a longer transport distance than bedload material;. This allows the
channel mayto respond farther downstream from the sediment feed point [e-g—Andrews, 1986]. In-the—case—of bedload-
dominated rivers, sediment supply/reduction gradually affects the downstream bed, and the grain size changes over a much
longer timescale. We provide a few field-scale examples of sueh-bedload-dominated cases. Fields et al. (2021) investigated
the temporal transition of the channel geometry for several years after dam removal. They found that channel geometries

substantially changed sigrificanthy-in-the-vicinity-efnear the removed damy+-e.. These changes include channel incision in the
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upstream reach and bed aggradation with channel widening in the downstream reach. However, there was little change in the
channel geometry a few hundred metersmetres downstream, suggesting an effective length scale of the sediment source en

thefor downstream morphodynamic changes. A similar example can be found in the debate regardingon the cause of the
Mississippi Delta retreat. The Mississippi Delta retreat has been understood to be the result of a reduction in sand supply due
to dam construction [Blum and Roberts, 2009]. However, Nittrouer and Viparelli (2014) suggested a more direct cause using
a one-dimensional morphodynamic model:; the effects of the reduction in sand supply havedid not reachedreach the delta area
far from the dams. These examples suggesthighlight the importance of understanding the extent to which the effects of external
forces, such as changes in sediment supply conditions, on downstream river morphodynamics can propagate #over time and
space. This is a challenging task, particularly in natural streams, because many other factors, such as bending [Buraas et al.,
2014], the-original riverbed composition [Gaeuman et al., 2005], and vegetation [White et al., 2023}], also control-the channel
geometry.

Wong and Parker (2006) etearby-quantified the length of a river reach that iswas strongly affected by non-equilibrium
sediment supply within a single hydrograph using simplified experiments. They intentionally set the upstream boundary
condition as a non-equilibrium sediment supply condition using a cycled triangular hydrograph and a-constant sediment supply.
This boundary condition led to the cyclic behaviour of bed aggradation at low discharge owing to the oversupply of sediment
to the capacity, and degradation at high discharge caused by the limited supply condition at the upstream end (Fig. 1). However,
this bed fluctuation propagated only limited length downstream, defined as the “hydrograph boundary layer” (referred to as
HBL hereafter). Using well-sorted sedimentssediment, as in their experiment, the HBL represents a typical length scale of the
effect of the sediment source/reduction on the downstream bed evolution of gravel-bed rivers within a single flood event.

In contrast to the well-sorted sediment case, in a poorly sorted sediment bed, grain-sorting waves are generally formed

owing-tobecause of a non-equilibrium sediment supply, such as mountain collapse, sediment augmentation [An et al., 2017;
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Fig. 1 Concept of hydrograph boundary layer (HBL). g, _is the flow discharge, g, ,,, ,,is the maximum flow discharge

and g, ,,;,, 1S the minimum flow discharge, g,,,, is the sediment supply from the upstream end, T}, is the duration of one

single hydrograph, and 7 _is the riverbed elevation.
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Venditti et al., 2010a, b], and repeated sediment release from thea dam bypass tunnel [Facchini et al., 2024]. An et al. (2017)
performed one-dimensional morphodynamic calculations under conditions similar to those of Wong and Parker (2006), with
the-exceptionexcept that they targeted poorly sorted sedimentssediment. They observed simiar-bed fluctuation characteristics
assimilar to those in the well-sorted sediment case;+e—the. These characteristics were HBL-like, with a limited propagation

distance of bed fluctuation due to the non-equilibrium sediment supply. However, they also showed that an advection—
diffusion-type grain-sorting wave could migrate far downstream from the upstream end, suggesting a breakdown of the HBL
concept in poorly sorted sediment. This grain-sorting wave had similar characteristics to the low-amplitude and long-
wavelength bedload sheet found in gravel-bed rivers, with a grain-scale tip containing coarse particles, behind which is-filled

with-fine particleparticles fill the interstices efbetween coarse particles [e.g. Whiting et al., 1988]. Iseya and Ikeda (1987) and

Whiting et al. (1988) reported two distinct reaches of bedload sheets: 1) a “matrix-filled gravel layer”, where fine particles are
filed-infill the interstices between coarse particles, and 2) an “open-work gravel layer”, which is starved for fine particles. The
migrating mechanism of bedload sheets is as follows: 1) in the reach with an open-work gravel layer, coarse particles from
upstream are deposited until reaching a critical slope that allows sediment to move downstream; 2) after reaching the critical
slope and stabilising the riverbed surface, the interstices efbetween coarse particles are completely filled with fine particles,
producing a matrix-filled gravel layer; 3) the fill of fine particles creates a smooth surface, and coarse particles are transported;

and 4) coarse particles are separated from the-fine particles because of the difference in step length, and only coarse particles

are transported more downstream from the reach with the open-work gravel layer. As-deseribed-in-3)-abeve bedload-sheetsFine

particles smooth the surface and-reduce-the-internal-friction-angle-fe-g—[Wilcock, 1998; Wilcock et al., 2001], thus increasing
the total sediment transport rate associated with the-bedload sheet migration [Whiting et al., 1988; Nelson et al., 2009]. In

summary, the migration of bedload sheets causes ephemeral non-equilibrium sediment transport far downstream from the
sediment source/reduction point, indicating a possible effect of upstream sediment conditions on the far-downstream bed and
grain size dynamics [An et al., 2017]. Dai et al. (2021) indicated that, as the concept of the HBL suggests, the-alternate bars
downstream of the HBL are not affected by upstream non-equilibrium conditions in-the-case-efunder uniform-sized-sediment:

grain size. However, in the case of poorly sorted sediment, thefluvial bars that develop far downstream from the upstream

sediment supply/reduction point are expected to be affected by bedload sheets. Because fluvial bars composed of
heterogeneous sediments are more unstable-underexternal-forees than those composed of homogeneous sediments [Lanzoni
and Tubino, 1999], even low-amplitude grain-sorting waves may have a non-negligible effect on the-downstream bar dynamics.

Only a few studies have addressed the interactions between sediment waves and bars. Ferexample-Lisle et al. (1997)
conducted a field-scale experiment (with a flume length of 160 m) on the dynamics of sediment pulses over migrating alternate
bars using well-sorted sediment. The sediment pulse was a combination of small- advection and diffusion wave:-the, and its
effect did not prepagate-tereach the downstream end of the flume. This implies that the sediment wave generated under well-
sorted sediment has a limited effect on the downstream bed morphodynamics. This is consistent with the HBL concept-of-the
HBL; however, a poorly sorted sediment case may show different downstream sediment behaviours and morphodynamics.

Humphries et al. (2012) experimentally investigated the-sediment pulse dynamics in a channel with a riffle-pool sequence
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intentionally created to mimic a natural bedform (channel length of 28 m). The effect of the sediment pulse
prepagatedpropagating from the pulse feed point to the downstream end of the channel-suggesting suggests that the sediment
pulse esuldcan affect a significantly longer distance in the channel. This type of experiment provides important insights into
the effective spatiotemporal scale of sediment pulses to the downstream riverbed:-however. However, the limited length-ef-the
channel_length can be a critical concern in demonstrating sediment wave migration and associated morphodynamics, even in
field-scale experiments. Recent advances in numerical morphodynamic models provide a-sufficient capability to reproduce
complex morphodynamic components, such as fluvial bar dynamics [e-g—Shimizu et al., 2020] with no limitation of the spatial
scale, such as the channel length; therefore, these models have been a-powerful tesltools for understanding large-scale sediment
transport and morphodynamics, including the breakdown of the HBL and its implications foerin bedload sheet formation [e-g-
An etal., 2017].

In this study, a numerical morphodynamic model, iRIC-Nay2DH, was employed to investigate-the behaviour of rivers
with alternate bars and bedload sheets composed of poorly sorted sediment subjected to cyclic triangular hydrographs and a
constant sediment supply. Mere-specificathySpecifically, we focused on 1) the effect of bedload sheets on alternate bars and
2) the behaviour of bedload sheets inside the bars. Our study differs from the previous study by An et al. (2017) in that 1) our
study is extended to two-dimensional calculations and considers three-dimensional riverbed morphology, i-e-that is alternate
bars, and 2) our hydrograph targets enea short-seale-(i-e—flashterm flood) (i.e. single flood) repetition, whereas An et al. (2017)
explored the repetition of long-term changes in the flow regime. We simplified the channel geometry and upstream conditions
(i.e. a straight channel with a wide rectangular cross- section, symmetric triangular hydrograph, and constant sediment supply)
to provide a simple representation of the morphodynamic responses that can occur when the sediment supply volume and

sediment transport capacity do not match under unsteady flow conditions within a single hydrograph.

2 Numerical model
2.1 Model formulation

In this study, we employed the Nays2DH model [Shimizu et al., 2014] implemented in the iRIC software [Nelson et al.,
2016] as a computational morphodynamic model to simulate fluvial bars with poorly sorted sediment, such as in typical gravel-
bed rivers, under non-equilibrium sediment supply conditions caused by unsteady- flow discharge with a constant sediment
supply. This model has been applied to various morphodynamic phenomena in rivers; and-it can sufficiently capture the basic

physics of riverbed evolution under mixed-sized sediment conditions [e-g—lwasaki et al., 2011; Harada et al., 2019; Harada

and Egashira, 2023]. Nete-that-weWe implemented semeseveral functions for the sediment mixture module in the original
iRIC-Nays2DH (i.e. calculation of the geometric mean diameter, spatiotemporal variation in Manning’s roughness coefficient
due to surface grain size changes, the-bedload transport relation proposed by Wilcock and Crowe (2003), and boundary
conditions for sediment recirculation).

The flow model iswas an unsteady two-dimensional shallow-water model. The governing equations for this model are
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written for a generalised coordinate system. For simplicity, we describe these in the Cartesian coordinate system herein-as

follows:

dh OJuh Odvh _
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where x and y are the downstream and transverse coordinates, respectively, t is the time, h is the water depth, u and v are the
depth-averaged flow velocity components in the x and y directions, respectively, V is the composite velocity (= vu? + v?),
7 is the riverbed elevation, g is the gravitational acceleration, and n,, is Manning’s coefficient. This coefficient is updated as

the riverbed texture changes according to the Manning—Strickler roughness formula, as follows:

NN

k

4

n, = L
7.6692

ks = 2.5d,, (5)
where k; is the roughness height, and d,, is the geometric mean diameter.
We useused an active layer formulation [Hirano, 1971] to simulate the evolution of the riverbed and the-surface grain size

distribution in a poorly sorted sediment riverbed. The morphodynamic features considered in this study were characterised by

the cyclic behaviour of bed aggradation/degradation caused by a non-equilibrium sediment supply at the upstream end and the

migration of free alternate bars in the straight channel. Both components may have led to the formation of a distinct grain-

sorting layer in the riverbed. In addition, the surface texture and bar structure exhibit hysteresis under unsteady flow [Hassan

and Church, 2001; Mao, 2012; Wang et al., 2019]. To capture this stratigraphic record, Nays2DH stores the grain size

distribution at the surface and inside the bed using a three-layer approach: an active layer, several deposition layers, and a

transition layer between [Ashida et al., 1990]. The substrate is divided into a transition layer and several deposition layers. A

transition layer is an intermediate layer between an active layer and deposition layers, meaning that it transitions from a
deposition layer to an active layer or vice versa. Assuming that the-bed porosity and-active-layerthicknessareis constant, the
riverbed elevation and surface grain size distribution are updated as follows: [Exner, 1925; Parker, 1991]:

on 1 (0qz" 0qp”
E‘_(1—A)(ax dy ) ®)
P (W (e Y\

3t La—ml®a Cox oy )V
where gz* and qg¥ are the bedload transport rate per unit width in the x and y directions, respectively, the subscript i indicates

physical quantities of the ith grain size class, F,; is the volumetric fraction of the ith grain size class in the active layer 3 F,; =
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1), f;;_is the volumetric fraction of the ith grain size class at the interface between the active layer and substrate (3 f;; = 1), 4

is the porosity of the riverbed, and L, is the active layer thickness, which affects the sensitivity of the riverbed evolution in the

numerical calculation. In general, the active layer thickness is evaluated as a linear function of the representative diameter,

e-g-for example, the geometric mean diameter, d;. In this study, we assume that the active layer thickness is constant and set
Lzit to twice d,_in the initial bed condition as follows:
Ly = 2d,. (8

With-respeet-to-EFor f;;, the grain size fraction in the active layer iswas adopted when the riverbed aggradesaggraded, and
the grain size fraction in the substrate—istransition layer was adopted when the riverbed degrades—as—deseribed-in—detat
belowdeqgraded.

In this study, we focused on the morphodynamics of poorly sorted gravel-bed rivers and considered bedload transport

asto be the only mode of sediment transport. For this purpose, we employed the bedload transport relatienformula proposed

by Wilcock and Crowe (2003), which is applicable to a wide range of grain size distributions.

_ W, Fpul
Rg

where-the superscript s is the local streamwise direction coordinate, R is the submerged specific gravity of the sediment, u, is

N

qBi , (9)

the shear velocity, and W; is the dimensionless bedload transport rate calculated from the following equation:
0.002¢/° ¢; <135

4.5

W, = 0.894 . (10
14(1— p ) ¢; = 1.35
i

where the dimensionless parameter ¢; is defined as the ratio of the bed shear stress, t,,, to the reference shear stress for the ith

grain size class, ,;.

¢=-L 1)

T

The bed shear stress, t,, is evaluated as follows:
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where p is the water density, and i, is the energy gradient. The reference shear stress, 7,;, is given as follows:

d;\’
T = (d_l> 7,4 Rpgdy, (13)

g

where 7,.," is the dimensionless reference shear stress for the geometric mean size calculated as a function of the fraction of
sand in the active layer, F;, as follows:
T,y" = 0.021 + 0.015 exp(—20F,). (14)

The exponent b characterises the hiding effect among different grain sizes and is computed as follows:
0.67
b= . (15)

1+ exp (1.5 - %)
g

The bedload transport rate for the transverse direction is calculated as follows:

17(:bn _ Tori a_TI
Vcb HsHyp Ty on

qsi" = qg;° , (16)

where n is the transverse coordinate, 7,; is the dimensionless shear stress of the ith grain size class, and t,,; is the

dimensionless reference shear stress of the ith grain size class. u, and y, sare the static and dynamic friction coefficients,

respectively, and both parameters are taken as 0.7, corresponding to angle of repose of 35 degrees [Iwasaki et al., 2016]. v,"

is the flow velocity near the riverbed in the n direction, and V,,, is the composite velocity near the riverbed;-and-. These are

obtained using Engelund’s equilibrium-type secondary flow model as follows [Engelund, 1974]:

h
vcbn = UchN* ;v (17)

where v, % is the flow velocity near the riverbed in the s direction, N, _is the coefficient associated with the secondary flow

velocity profile in the vertical direction and is taken as seven in this study, and r _is the local streamwise curvature of the depth-

averaged flow fielduanesr-are-the-staticand-dynamicfriction-ceoefficientsrespectively. The bedload transport vector in

Cartesian coordinates can be calculated from the bedload vector in local streamwise coordinates (qg;*, 45:2q,;") based on the

depth-averaged flow vector; as follows [e-g—Iwasaki et al., 2016]:
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where 6, is the angle of the depth-averaged flow along the x axis.

2.2 Model validation

In this section, we validate the iRIC-Nays2DH model for its application to the morphodynamics of fluvial bars in poorly
sorted sediment by reproducing the flume experiments of Nelson et al. (2010). Their experiments aimed to explore the bed
surface topography and texture over a gravel--bed of quasi-steady alternate bars. This flume was located atin the St. Anthony
Falls Laboratory at the University of Minnesota-iz, Minneapolis, USA. The flume width was 2.75 m, the channel length was
55 m, and the slope was 0.013. Flow discharge was held constant at 0.4 4+ 0.02 m®/s for approximately 20 h. The sediment
used in the experiment was poorly sorted gravel-ef, 2-45 mm in diameter; with a geometric mean diameter of 11.2 mm. The
sediment was recirculated. A block was installed to cover one-third of the flume entrance to trigger the formation and
development of the alternate bars.

During the experiment, the water surface elevation, local flow velocity, and sediment runoff at the downstream end were
recorded, and photographs were captured to analyse the surface texture;-as-explained-below.. After the experiment, they
investigated the high-resolution riverbed elevation and automated_the surface grain size distribution, created a hand-drawn
map of the surface patch, and calculated the boundary shear stress. To validate our numerical model, we use-onby-theused high-
resolution riverbed elevation, automated surface grain size distribution, and a hand-drawn map of the surface patch.

We set the same channel geometry and sediment grain size distribution as those used in the experiment. The initial channel
morphology was flatbed. The channel was discretised into 10220 cells in the longitudinal direction and 2550 cells in the
transverse direction-—Beeause (4x=0.25 (m), 4y=0.055 (m)). Since the reference study did not mention the-sediment density,
we assumed a density of 2650 kg/m®. The bed porosity ef the-bed-was 0.4—The, computational time was 20 h, and-the-flow
discharge was fixed at 0.4 m3/s, and timestep was set to achieve-an-equilibrium-state-of the-bed-and-texture-0.005 seconds. We

also constricted the flow at the upstream end by setting one-third of the cells on the right--bank side as obstacle cells to mimic

thea concrete block placed at-the-upstream nduring the experiment. To reproduce the-sediment recirculation, the amount and
distribution of the sediment runoff from the downstream end were givenassigned equally to the cells at the upstream end,
except for the obstacle cells, in the next time step. In thethis experiment, there may have been a time lag in conveying the
sediment from the downstream end to the upstream end; however, we did not consider this time lag.

Fig. 2 shows the change-intwo-dimensional water depth and-bed-elevatien-profile from our calculation and the initial-bed
todetrended riverbed profile at the end—of-thesimulation—using—the—bed-—geometry—observed—in—equilibrium state (i.e.

approximately 20 h) obtained from our calculation and the experiment by Nelson et al. (2010). The detrended riverbed

elevation was subtracted from the channel slope (0.013). Two large bars arewere observed: the upstream bar iswas on the left
side of the channel between 20 and 35 m from the upstream end, and the downstream bar iswas on the right side of the channel
between 40 and 55 m from the upstream end. Both bars partially emergeemerged above the water surface (with-a—depthat
depths of less than 0.02 m). Deep pools fermformed on the opposite banks of both bars. Fhe-Although the model appeared to

over-predict the bar height, the numerical resutts—eanresult generally rephicatereplicated the bar shape and wavelengths;

9
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Fig. 2 (a) The two-dimensional water depth profile from our calculation at the end of the calculation. (b) Our numerical

result of the two-dimensional riverbed profile at the end of the calculation, subtracting the channel slope (0.013). (c) The

two-dimensional riverbed profile, subtracting the channel slope (0.013), from the experiment by Nelson et al. (2010),

which is adapted from Nelson et al. (2010).
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Fig. 3 (a) The automated map of the local grain size ds, for which 50% of the grain size distribution is finer from the
experiment by Nelson et al. (2010). (b) Hand-drawn surface patch map from the experiment by Nelson et al. (2010). (a)
and (b) are adapted from Nelson et al. (2010). (c) The map of d-, from our calculation at the end of the calculation.

265  altheugh-the-medeappearsto-avergredictthe-bar-height.

Fig. 3 (a) and (b) show the distribution of the surface median grain size and the hand-drawn surface patch map from the
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Table. 1 Summary for calculation case.

Case | Channel geometry | Width (m) | Sediment data | Discharge (m3/s) (max,min) | Sediment supply (m2/s)
1-b Bar 70 E=1 1200, 100 0.00335
1-n Non-bar 7 E=1 120, 10 0.00335
2-b Bar 70 =0.5 1200, 100 0.0027
2-n Non-bar 7 &E=0.5 120, 10 0.0027
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Fig. 4 Grain size distribution of ¢ = 1.0 (Cases 1-b and 1-n) and & = 0.5 (Cases 2-b and 2-n).

experiment, respectively. tn—this—experiment;Both coarse-grained bars and fine-grained pools were developed in this
experiment. Several studies have suggested that this surface--sorting pattern is typical for alternate bars developed in a straight
channel [e-g-Lisle and Hilton, 1999; Recking et al., 2016]. Nelson et al. (2010) concluded that this is-becausewas due to “along

a path moving up the bar, the material moving as cross-stream sediment transport became finer, preferentially shuttling fine

sediment into the pools”. Fig. 3 (c) shows thea map of the surface median grain size based on the numerical results. The
computational results arewere generally consistent with the experimental results, +e—shewing-particularly the coarse-grained
bars and fine-grained pools. One discrepancy between the simulation and the experiment is the formation of an extremely fine-
grained;--emerged bar. This may be because the emerged bar iswas calculated to have zero sediment transport capacity-an€;
thus, fine particles that would normally flow down to the pools are-insteadwere deposited there. This is a limitation of the
shallow-water equation and equilibrium sediment transport model used in this study. Apart-from-thisfeatureFrom the above,
the numerical model hasexhibited sufficient accuracy for simulating the grain size characteristics over the alternate bars
observed in the experiment.
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3 Results
3.1 Calculation conditions

Herein, we investigateinvestigated the effect of grain--sorting waves caused by a non-equilibrium sediment supply on the
free-migrating alternate bars in thea poorly sorted sediment bed using the HRIE-Nays2BH-morphodynamic model;_iRIC-
Nays2DH as validated above. To clearly show the presence of grain-sorting waves and quantify their effect on the-bar dynamics,
we folewfollowed the HBL concept proposed by Wong and Parker (2006) and its breakdown in the poorly sorted sediment
case noted by An et al. (2017) in the numerical experiments. In other words, the unsteady, symmetrical, triangular water
discharge hydrograph and constant sediment supply given—inat the upstream boundary under poorly sorted sediment
generategenerated a low-amplitude; grain-sorting wave that migratesmigrated downstream beyond the typical HBL length
scale ef-the-HBL-recognised in well-sorted sediment beds. As an example of a poorly sorted gravel-bed sedimentriversriver,
we censider-theconditions-ofconsidered the Otofuke River conditions, as in Dai et al. (2021) and Huang et al. (2023), which
provides maximum and minimum discharges of 1200 and 100 m?s, respectively, with a duration, T}, of 80 h. The channel

geometry is 21 km in length, 70 m in width, and has a slope of 0.00541. -The initial channel morphology is flatbed. This

channel is discretised into 600 x_20 cells (4x=35 (m), 4y=3.5 (m)). The timestep was 0.2 seconds. The bed porosity was 0.4.

As a perturbation to trigger bar formation, a 5 % discharge fluctuation was randomly distributed in the transverse direction at

the upstream end.
Four calculations arewere performed under this general computational setting (Table 1), focusing on the sedimentgrain

size distribution range and the presence of alternate bars. We determinedetermined the sedimentgrain size distribution based
on field data obtained from the Otofuke River in 2016 [Kyuka et al., 2020]. Fig. 4 shows a wide sedimentgrain size distribution
range of 0.4 mm to 200 mm, which is typical of poorly sorted sediment in gravel-bed rivers (Fig. 4). We define this case-as
the base case (-e—Case 1)t6). To understand the effect of the size distribution range, we perfermperformed an additional
morphodynamic calculation that-usesusing poorly sorted sediment butwith a narrower grain size range than that efin Case 1.
For-this-purpeseTherefore, we employemployed the method proposed by An et al. (2017). First, we prepare the original data
for-sedimentgrain size distribution and specify grain sizes in the i logarithmic scale as follows:

_Ind,;
Vi = In2°

The original grain size distribution is specified as the pairs of (y; &£ P;), where E:P; is the fraction by weight of sediment finer

(19)

than size 1;. We can specify the group of grain size distributions as the pairs of ((¢; — ¥, )¢ + ¥, JFP;), Where ,, is the
arithmetic mean grain size on v, and £ is a user-specified coefficient. We can vary the range of sedimentgrain size distribution
by changing ¢&; its value is set to 0.5 (Case 2) in this study (Fig. 4). The original size distribution corresponds to ¢ = 1. Both
distributions have the same geometric mean grain size, d, (=37.66 mm), but they have different standard deviations, o, (¢ =
1: 3.60,¢ = 0.5: 1.90); importantly, both are classified as poorly sorted sedimentssediment. Note that the case with & > 1,

which is a quite poorly sorted sediment bed, is not tested here because this condition causes the presence of quite large
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the HBL-like reach.

sediments, which are not movable in the hydrograph condition defined in this study, resulting in significantly different bar

migration features.

Inr-addition-to-the—above-cases—we-also—performThe constant sediment supply rate in the simulation was determined

through a trial-and-error approach, because there is no straightforward, explicit method. The channel slope, hydrograph shape,

and grain size distribution all determine the constant sediment supply rate required to achieve macroscale dynamic equilibrium

over a single hydrograph (i.e. the only variations during the hydrograph are upstream bed fluctuation and migration of the

grain-sorting wave, while the macroscale bed slope is maintained). With this constraint, we determined the sediment supply

rates from the upstream end to be 0.0027 and 0.00335 m?/s for Cases 1 and 2, respectively. The grain size distribution of the

supplied sediment was the same as that of the initial riverbed. In addition, we performed the corresponding one-dimensional

calculations to demonstrate the fundamental features of grain-sorting wave migration without alternate bars. To simulate this,
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Fig. 6 The two-dimensional riverbed variation from the initial riverbed elevation at 0T}, (upper panel) and 0.57;, (lower
panel): (a) case 1-b; (b) case 2-b.
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Fig. 7 Longitudinal riverbed variation from the initial riverbed elevation, An, and geometric mean grain size, d,, along the
right bank (Y=0 m) within the last hydrograph: (a) Case 1-b; (b) Case 2-b. Each colour (red, blue, and green) corresponds

to a specific time (0T}, 0.25T;,, and 0.5T},). Note that bedload sheets cannot be visualized in the upper figure (4n) because
this figure is focused on bar configuration.

we useused a narrower channel butwith the same unit discharge empleyedand sediment supply rate as in the two-dimensionat
caleulationbase cases to restrictthesuppress bar regime-teformation and maintain a flat-bedflatbed. Note that for this narrower
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Fig. 8 Two dimensional distributions of riverbed change (upper panel) and surface geometric mean diameter (lower panel)
at each time ((0T,, 0.25T, 0.5T},, 0.75T},) in Case 1-b.

channel case, we still useused the two-dimensional morphodynamic model; iRIC-Nays2DH:; for consistency with the alternate
bar cases. The calculation conditions of these runs in terms of the grain size distribution and presence of alternate bars are
summarised in Table 1. i :
base-channel{barcase-Case-O-b)-and-The narrow channel (non-bar case: SaseCases O-n) areis discretised into 600-<-20-cells
and-200 x 2 cellsrespeetively—The-porosity-of the-bed-is-0-4 (Ax=105 (m), Ay=3.5 (m)). This grid size is larger than that in
the base channel (bar case: Case O-b) to reduce the computational time but is sufficiently small to resolve bedload sheet
migration.
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Fig. 9 Two dimensional distributions of riverbed change (upper panel) and surface geometric mean diameter (lower panel)
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3.2 Calculation results

We first address the results of the non-bar cases (i.e. Cases 1-n and 2-n)-first to show the fundamental characteristics of
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Fig. 10 Wavelet analysis of the dominant wavelength along the right bank (Y=0 m) at 07}, and 0. 5T}, within the last
hydrograph: (a) Case 1-b, (b) Case 2-b.

the formation and migration of the grain-sorting wave. Fig. 5 shows the detrended riverbed elevation (difference
fromsubtracting the exact equilibrium riverbed slope) and the-geometric mean grain size along the right bank (i.e. Y=0 m)
within the last-single hydrograph for which the macroscopic equilibrium state was satisfied. Note that there is a riverbed change
near the downstream end owing to the downstream end conditions (i.e. the-uniform flow assumption). For the equilibrium
riverbed slope, we empley-theemployed an average riverbed slope in the range of 3,000-18,000 m at the end of the calculation
(400604,000 h), excluding-the river reaches close to the upstream and downstream ends, which have large-scale riverbed
fluctuations. Fhe-resultsef-Case 1-n shewshows that the large bed elevation change caused by the non-equilibrium sediment
supply iswas limited to within 1 km from the upstream end, similar to the HBL observed in the well-sorted sediment case
(Wong and Parker, 2006). In addition to the large-scale riverbed fluctuation within this limited reach, a sediment wave of grain
-size order migratesmigrated downstream through the entire channel with diffusion. An et al. (2017) suggested that this
sediment wave is a grain-sorting wave “bedload sheet”, which is formed by the imbalance between the sediment supply and
sediment transport capacity. Fig. 5 shows that the geometric mean grain size iswas relatively small at the centre of-the bedload

sheet. In other words, the effects of the non-equilibrium sediment supply at the upstream end are conveyed over long distances
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downstream through thebedload sheet migration-ef-bedload-sheets, indicating a breakdown of the HBL concept in rivers with
poorly sorted sediment riverbeds [An et al., 2017]. Fig. 5 (b) shows that the HBL-like upstream river reach in Case 2-n is
longer than that in Case 1-n because-efthe-due to a larger sediment supply. This is consistent with the results-of-the-theoretical
analysis byof Wong and Parker (2006). In contrast—r to Case 21-n, the-bedload sheet ean-migratein Case 2-n migrated a long
355 distance downstream, as--Case-1-A-but theits presence of the-bedload-sheetwas less distinct. That is-semewhat-unelearte:,
the amplitude of this wave and the associated grain size difference arewere much smaller than that-efthose in Case 1-n because

of the narrow range of the sedimentgrain size distribution (Fig. 4). This implies that the grain-sorting wave in Case 1 may have
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Fig. 13 Temporal variation of flow discharge, Q,, and the magnitude of cross-sectional average sediment transport flux,

qg™,in last hydrograph: (a) Case 1-n; (b) Case 1-b; (c) Case 2-n; and (d) Case 2-b. The red and the blue lines correspond
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to the rising limb and the falling limb, respectively.

a larger impact on the downstream morphodynamics than that in Case 2. We will-investigate this in-the two-dimensional

calculations with alternate bars below.
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Fig. 14 Temporal variation of flow discharge, Q,,, and the cross-sectional average riverbed variation from initial riverbed

elevation, A, in last hydrograph: (a) Case 1-n; (b) Case 1-b; (c) Case 2-n; (d) Case 2-b. The red and the blue lines

correspond to the rising limb and the falling limb, respectively.

360

We then show how this feature differs in the-two-dimensional cases underin the presence of migrating alternate bars; in

other words, we investigate how long-migrating grain-sorting waves impact the-downstream alternate bar dynamics. Fig. 6
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Fig. 15 Temporal variation of flow discharge, Q,,, and the cross-sectional average geometric mean diameter, d, in last
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hydrograph: (a) Case 1-n; (b) Case 1-b; (c) Case 2-n; and (d) Case 2-b. The red and the blue lines correspond to the rising

limb and the falling limb, respectively.

shows, Movies S3 and S4 show that, in both cases, alternate bars arewere formed from x—=X=3 km and-rmigrateat the falling

limb of the second hydrograph (80-160 h from the start) and migrated downstream. Fig. 7 shows the longitudinal riverbed
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variation from the initial riverbed elevation and the geometric mean grain size along the right bank (Y=0 m) within the last
single-hydrograph under the macroscopic equilibrium state. It is clear that the-bedload sheet migrates downstream, as in the
non-bar cases-butthe-behaviourofthe; however, bedload sheet behaviour within alternate bars is unclear because the structure

of the bars is approximately two orders of magnitude larger than that of the-bedload sheets.

Figs. 8 and 9 display the planimetric riverbed variation and geometric mean grain size within the last single-hydrograph
(morespeetficalyt==0T},, 0.25T;,, 0.5T},, and 0.75T},) in the upstream (3-5 km) and middle reaches (10-12 km). Regardless
of the-time, thereare-coarse bars and fine pools—whieh are typical surface textures for alternate bars in straight channels [e-g-
Lisle and Hilton, 1999; Nelson et al., 2010; Recking et al., 2016]. Coarse patches are formed at the minimum flow discharge
(0T},), and-then these patches are flushed as the flow discharge increases [Hassan and Church, 2001; Mao, 2012]; thus, the
maximum flow stage (0.5T;,) has the smallest geometric mean grain size in a single hydrograph. Comparisons of the two
reaches (i.e. the upstream and middle reaches) illustrate that the middle reach has regular bar shapes, whereas the upstream
reach has slightly irregular shapes. A mere-evidentclear difference in the morphodynamic features between the upstream and
downstreammiddle reaches iswas observed in the surface texture of the rising limb (0.25T;) and falling limb (0.75T). In
general, the surface texture becomes coarser at the rising limb owing to coarse patches formed at the minimum flow discharge
[e-6—Mao, 2012], which is seen in in the middle reach, where the bar shape is regular. However, the upstream reach exhibits
aexhibited finer surface texture-attextures in the rising limb because the migrating bedload sheet reachesreached the upstream
bars, causingresulting in a large supply of fine particles. To quantitatively confirm this bar shape difference-more-guantitatively,
we conductconducted a wavelet analysis to detect the-spatial ehangechanges in the dominant bar length. Wavelet analysis was
introduced by Grossmann and Morlet (1984) to treat geophysical seismic signals; and i-can accurately analyse unstable signals.
Only a few studies have employed this method with-respect-tofor river morphology;-but-. Huang et al. (2023) used wavelet
analysis to investigate the local migration period in alternate bars, and-this-methedwhich is fully applicable to the calculation
of the wavelength in alternate bars. Fig. 10 shows the results of the wavelet analysis of the dominant wavelength along the
right bank (Y=0 m) at 0T} and 0.5T}, in the last single-hydrograph. The results show a strong peak in-the-middle—and
downstream reachesof 3 km, such that the dominant bar length is consistent in space in this reach. The wavelength of Case 1-
b, which hashad more poorly sorted sediment, iswas approximately 600-650 m, which-is-shorter than that of Case 2-b
(approximately 750 m). This relationship between-the sediment features and wavelength agrees with the linear stability analysis
performed by Lanzoni and Tubino (1999). However—in-the-upstream—reachln case 1-b, although a strong peak eceurs;
weappeared 7 km upstream, a secondary peak can also recognise-secendary—peaksbe observed around the dominant peak,
indicating that the bar shape is-merewas slightly irregular-than-that-of-the-middle—reach-. Importantly, this indication of an

irregular bar is not evident in Case 2-b, which is a relatively better—-sorted sediment than in Case 1-b. This indicates that a
grain-sorting wave with some degree of finer/coarserfine or coarse features may apact-theaffect alternate bar dynamics.
To quantify the behaviour of the-bedload sheets within the bars, we examireexamined the longitudinal distribution of the

sediment flux for each grain size. Figs. 11 and 12 show the longitudinal distributions of the cross-sectional average bedload
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respectively. Fig-The small fluctuations observed at X=3.5-21 km are due to the bars. Fig. 11 shows a strong temporal variation

in the sediment transport rate corresponding to the riverbed change rnear the upstream reachend, which iswas also observed
for well-sorted sedimentsfe-g—sediment [Wong and Parker, 2006]. In addition, the local peak of g5z, migrates downstream
as a bedload sheet in the early stage of the rising limb efthe-hydrograph-(0.1T,—0.2T3,), and then reaches the train of alternate
bars. HeweverAt 0.3T;, and 0.5T),, the local peak of g5, *¥ becomes unclear, but the spatial variation in q,*¥ within the grey

area shows a slight irreqularity compared with that in the further downstream reach. In contrast, downstream of 7 km, these

small variations arewere absent, and the sediment flux remainsremained constant in space, indicating that this reach iswas in
a dynamic equilibrium state. Nete-that-the-smal-fluctuations-seen-at-x—=-3.5-21km-are-due-te-bars: This indicates that the
bedload sheets affect the sediment transport rate vnti=only 7 km upstream in the rising limb-ef-the-dischargeafterwhich
they-eventualy-dissipate-in-the-entire reachat-0-57—Beecause-. Given that this length is-consistentaligns with the reach that
shows bar irregularity;-as-shewn-in- (Fig. 10 (a);)), it may-suggestcan be suggested that bedload sheets can impactaffect bar
characteristics, including the—wavelength, in this reach. However, unlike the non-bar case, the—bedload sheet
disappearsdisappeared as it migratesmigrated within the bar area because the bar structure iswas larger than that of the-bedload
sheets. Although Fig. 11 shows the-dissipation-of bedload-sheets-atan unclear local peak of g, *” at 0.3T), _and 0.5T}, an
irregular bar shape still exists (Fig. 10 (a)). This suggests that the impact of bedload sheets on the bar shape, such as the
wavelength, lasts longer than the lifetime of the-bedload sheets-themselves. In Case 2-b, the length affected by the-bedload
sheets also-extendsextended to approximately 4 km; (Fig. 12), where the surface texture iswas irregular-{Fig—12),-meaning,
indicating that the affected length in Case 2-b iswas shorter than that in Case 1-b-(Fig—10-(b)}.. This may-beis because the
structure of the-bedload sheets in Case 2-b has-a-narrow-grain-size-distribution-rangeis smaller, and the associated effect on the
bar dynamics is smallerweaker than that in Case 1-b.

Previous studies have suggested that bedload sheets disturb sediment transport [Whiting et al., 1988; Venditti et al., 2008;
Nelson et al., 2009; Recking et al., 2009]. FigFigs. 13-shews-, 14, and 15 present the temporal variation-n-the-flow discharge

andvariation and each corresponding variable during the last hydrograph under the equilibrium state: the cross-sectional

average sediment transport flux, gz* (= Y, qg,* 3 in-the-last-single-hydregraph-under-the-equilibrium-state—In-Case-1-n;

); the cross-sectional average riverbed variation from initial riverbed elevation, An; and the cross-sectional average geometric

mean diameter, @, respectively. These figures display the hysteresis between-the-water-discharge-and-sediment transportrate:

On na othe nang a) aWa\VdaTla ¥/ ounte oclana a) A na a\ V.Vl aYa) ataVa na adimen nshort pe
S aht—< S S Ou S A~ > pea s > a SiS s

i patterns at 420 m (within the HBL), 3,570 m (within the affected length of bedload
sheets in the bar cases), and 11,340 m (outside the affected length of bedload sheets in the bar reach,-where-a-spatiathy-constant
bedload-transpert-ratecases). Within the HBL, the peak of qz*Y preceded the flow peak, indicating a strong clockwise (CW)

hysteresis. A similar CW_hysteresis in An is achieved—{i.e—downstream—of 6300-m—inFig—11).—Case—2-n—which-has

23



430

435

440

445

450

455

460

smallobserved, which means that the riverbed slope within the HBL is steeper in the rising limb than the falling limb. In

contrast, there was no obvious hysteresis in @ except for bedload sheets. This implies that the riverbed slope is a key factor

controlling the CW hysteresis in gz*¥. According to Wong and Parker (2006), HBL magnitude is governed by channel slope,

sediment supply volume, and single hydrograph duration. Consequently, hysteresis magnitudes in g;* and An are solely

dependent on these three parameters and are not influenced by the standard deviation of grain size distribution. However,

outside the HBL (i.e. X=3,570 m), obvious hysteresis in gz *Y was still observed in Case 1 (i.e. a more poorly sorted case). In

this case, An_magnitude is very small, but @ shows strong hysteresis (Figs. 14 and 15). This suggests that the sediment

transport hysteresis observed outside the HBL is caused by bedload sheet migration. Case 2-n, which has a narrower grain size
distribution range (¢ = 0.5), alse-exhibits a smatsmaller disturbance induced by bedload sheets at 2:603,570 m (Fig. 13)—Fhe

bedlead-sheets-in-Case-2-n) compared with-these-in-to Case 1-n, suggesting that thebedload sheet magnitude-ef-the-bedload
sheets-alse contributes to the-affected-ength-because-of the-hysteresis magnitude. Furthermore, a comparison between the non-

equitibrivm-sedimentsupply-from-the-upstream-end-bar cases (Cases 1-n and 2-n) and bar cases (Casel-b and 2-b) at 3,570 m

indicates that as bedload sheets gradually dampen within alternate bars, hysteresis magnitude correspondingly decreases.

4 Discussion

The focus of this study iswas to-clearly understand the effect of sediment supply conditions in poorly sorted sediment on
downstream river morphodynamics and the corresponding grain size distribution. FhusHerein, we employ-theemployed HBL
concept-of-the-HBL as an effective spatial scale for the non-equilibrium sediment supply from the upstream end. Although this
study usesused simplified upstream conditions (a symmetric triangular-shaped hydrograph and constant sediment supply) to
create the HBL, this computational setting can partly represent the morphodynamic features that may occur under conditions
of an-unsteady flow and non-equilibrium sediment supply.

Under_the upstream conditions of symmetric triangular-shaped hydrographs and a constant sediment supply, bedload
sheets, which are a type of grain-sorting wave, are-formed within the HBL and migratemigrated far downstream from the
upstream end (FigsFig. 5-ane-7). These bedload sheets are not due to instability of the riverbed [Seminara et al., 1996] but are
formed because of an imbalance between the sediment supply and sediment transport capacity [An et al., 2017]. This is
consistent with the characteristics of bedload sheets, which have grain-scale coarse tips and a zone behind the coarse particles
filled with fine particles-within-the-coarse-particles, as observed in the field [Whiting et al., 1988] and-in experiments [Kuhnle
and Southard, 1988; Venditti et al., 2008; Nelson et al., 2009; Recking et al., 2009]. Fhe-bedloadBedload sheets simulated in

our numerical experiments are also thisa type of morphodynamic feature. Furthermore, thebedload sheet characteristics ef

bedload-sheets-depend on the sediment transport and grain size distribution of the riverbed [An et al., 2017], and their

magnitude contributes to thetheir effect on the downstream bar morphology (Figs. 10, 11, and 12). However, this study is
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appheableapplies only to gravel- bed rivers with poorly sorted sediment; thus, different phenomena-will occur in rivers with
well-sorted sediment or those dominated by suspended sediment.

Fhe-Bedload sheets migration ef-bedload-sheets-changes thesediment mobility-ef-the-sediment, which affects only the
alternate bar morphology located upstream:-hewever-the. However, bedload sheets disappear as they migrate through the bar
reach (Figs. 11, 12, 13, 14, and 4315). This indicates that the iverreach length affected by the-bedload sheet iswas limited,
and bedload sheet migration hashad little effect on most parts of the alternate bars in our simulation. Several studies have

reported similar merphedynamiemorphological characteristics. For instance, Lisle et al. (1997) reported that sediment pulses
had little effect on the dynamics of alternate bars. It should be noted that they used well-sorted sedimentssediment; however,
our results agree with their findings. Nelson et al. (2015) concluded that a riffle-pool structure played a role in dissipating
sediment pulses. Although the riffle-pool and alternate bars are different bedforms, their experimental results support our
results in that the three-dimensional bedform structure disperses migrating sediment waves caused by non-equilibrium
sediment supply conditions. Iwasaki et al. (2017), who numerically clarified the dynamics of bedload particle tracers in
alternate bars, claimed that migrating alternate bars significantly affected the-tracer movement, resulting in superdiffusion of
the tracer, which led to much faster sediment dispersal than normal dispersion. These studies and the current numerical results
show that sediment mixing and dispersal due to migrating alternate bars are the main causes of bedload sheet dissipation within
short distances and the inhibition of further downstream migration. On the other hand, Humphries et al. (2012) experimentally
observed the sediment pulse dynamics on fixed alternate bars that were immobilised using sandbags to prevent exposure to
sediment pulses. Their results indicated that sediment pulses mainly migrated to thea channel pool characterised by the-fixed
alternate bars, as if bypassing the fixed bars. Although the pulse celerity varied locally ewing-tobecause of the local flow
features forced by the alternate bars, the sediment pulse coutd-migratemigrated further downstream. The morphological
features of large-scale bedforms, such as alternate bars and their dynamics (i.e. mobile or immaobile), play a critical role in the
migration of bedload sheets.

Our study focuses on how long the impact of an ephemeral, non-equilibrium sediment supply (i.e. a cycled triangular

hydrograph with constant sediment supply) propagates within alternate bars. This represents the short-term scale (i.e. single

flood) effect of sediment supply on downstream river morphology. In contrast to our study, in which the impact of the non-

equilibrium sediment supply on bar dynamics was limited, many experimental studies have argued that there are strong impacts
fromof the sediment inflow [Podolak and Wilcock, 2013; Bankert and Nelson, 2018; Nelson and Morgan, 2018] or cutoffcut-
off [Lisle et al., 1993; Venditti et al., 2012]. A much larger and longer effect-ef-sediment supply/reduction effect will eventually

change the alternate bar dynamics. Attheughln many previous studies, the effects of the sediment supply are—tikehswere
observed to be-propagated-owing-to-the-extend throughout the entire flume because of its limited flume-length;-the-eritical

difference-between-our-study-and-. Moreover, these previous-studies-is-the-time-scale—Many-parts-of previous-studies have
primarily focused on the impact of permanent changes in sediment supply conditions:-hewever,. Thus, the critical difference

between our study targetsand previous studies was the impact-of-the-ephemeral-non-equiibrivm-sediment-supphy-in-a-sing
hydrograph-timescale. Long-seateterm changes are beyond our scope, but our results may be-usefulfor-distinguishing-help
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distinguish between the short- and lenger-sealelong-term effects of changes in sediment seureessupply conditions on river

morphodynamics.
The triangular hydrograph and bedload sheet passage ef-bedload-sheets-causecaused hysteresis in the-sediment transport

(Fig. 13). Weak-ceunterclockwise N—the-flow-peak-leadsthe-sedimenttranspert-peal)-hystere ehserved-in-reache

A anime 1n hot d a o) ha h arp aYaYdla aYa B TaWa) omp on a) m o-ha dua to
A/ g cl > cotatro oo > od > o > o v aroU—1o croh o
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Bedload sheets migrate downstream only during the rising limb-ef-the
hydregraph, leading to a strong ephemeral clockwise hysteresis (CW: the sediment transport peak leadsprecedes the flow peak)
hysteresis:). Humphries et al. (2012) reported that CCW hysteresis was observed with sediment pulses because-efowing to the
lag caused by the transport distance between the source and measurement points. However, after sediment pulse injection,
there was a large amount of available sediment in the channel, resulting in CW hysteresis. OurThe hysteresis due-toobserved

in our study, which was caused by the ephemeral increase in sediment transport induced by bedload sheets, supports their

findings-suggesting-an-indirecteffectof the-finding that sediment pulse-enpulses indirectly affect hysteresis. Furthermore-the

neted—Our numerical results suggest that the grain-sorting wave itsel-contributes to the sediment transport hysteresis;and

igtre-eight-hysteresis-occurs-during-the-passage-ef-gratn-serting-waves; however, the presence of alternate bars suppresses
this hysteresis. This indicates that not only the flow regime, but also the interactioninteractions among different morphological
features, such as grain-sorting waves and alternate bars, play key roles in the-sediment transport characteristics, such as
hysteresis.

FheOur computational results indicate that thebedload sheet migration-ef-bedload-sheets generated by a single flood
hydrograph event has a limited effect on the alternate bar dynamics. This is valid for thisa spatiotemporal scale, but is-surely
dependent on the flow regime, intensity of the sediment source impact, and sediment composition of the riverbed and feeding.
For instanceexample, the amount of sediment supply affects theHBL size-ef-the-HBL [Wong and Parker, 2006] and the
migration celerity of bedload sheets [Nelson et al., 2009]. Venditti et al. (2008) reported that bedload sheets are formed only
when the sediment supply is reasonably close to the sediment transport capacity and all particles are in a fully mobile state. As
the shear stress on the riverbed increases, bedload sheets either transition into dunes [e-g—Whiting et al., 1988] or disappear

[Recking et al., 2009]. In addition, the-cempositions-ef-the-riverbed and sediment supply compositions also significantly
contribute to determining the sediment mobility [e-g—Wilcock and Crowe, 2003] and bar characteristics [e-g—Lanzoni and
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Tubino, 1999]. Fine-sedimentimprovesthe-In particular, fine particles improve coarse particle mobility-ef-coarse-sediments

which is eaHedknown as the magic sand effect [e-g—Wilcock, 1998; Wilcock et al., 2001}; Parker et al., 2024; Hassan et al.,

2024]. Fine sediments smooth the riverbed surface, thereby activating the following two mechanisms: (1) skin friction

reduction, which increases the flow velocity and sediment transport volume (geometric mechanism), and (2) easier particle

entrainment on a hydraulically smooth bed compared to those on a hydraulically rough bed (viscous mechanism). In this case,

bedload sheets deliver more fine-grained sediment, contributing not only to the bar shapes;shape but also to bar mobility
[Podolak and Wilcock, 2013; Bankert and Nelson, 2018]. BecauseAs bedload sheets and fluvial bars are sensitive to external
forces, different hydrographs and sediment supplies may cause different morphodynamic phenomena [e-g—Gaeuman, 2014;
Peirce et al., 2019]. Finally, the dynamics of large-scale morphological features such as alternate bars also affect thebedload
sheet dispersal-ef-bedioad-sheets.. This study addressesaddressed only migrating alternate bars—but; however, Iwasaki et al.

(2017) indicated that the dispersal patterns of-the incoming sediment from upstream differ between migrating and non-

migrating bars. Fixed bars are more likely to store the-incoming sediment, meaning that migrating and non-migrating bars may
interact differently with bedload sheets. Furthermore, in the presence of other bed morphologies (e.g. multiple-row bars and
braiding), the-bedload sheet dynamics and interactions with the respective bedforms-wiH differ from those of alternate bars.
These complexities related to the hydrograph, sediment supply, texture, and morphological features may play key roles in
controlling the morphodynamic features targeted in the-eurrentthis study, suggesting the need for further studies to understand
large- parameter spaces-in-the-future,

5 Conclusion

In this study, we present numerical simulations of the interaction between alternate bar dynamics and thebedload sheet
migration-ef-bedlead-sheets in poorly sorted sediment to understand the morphological response of alternate bars to non-
equilibrium sediment supply conditions. Meore—specificallySpecifically, we perform two-dimensional morphodynamic
calculations using iRIC-Nays2DH in a straight channel under a-repeated eyelecycles of an unsteady water hydrograph and a
constant supply of poorly sorted sediment. In-the well-sorted sediment cases, the upstream non-equilibrium sediment supply
can only propagate-enky a limited distance from the upstream end [i.e. the hydrograph boundary layer, Wong and Parker, 2006].
However, a-poorly sorted sediment breakscases break down the HBL concept, meaning that low-amplitude bedload sheets
generated by non-equilibrium sediment supply conditions propagate far downstream [An et al., 2017]. In this context, the
upstream water and sediment boundary conditions may affect the far-downstream river dynamics through the migration of
bedload sheets. Fhe-aim-of-thisThis study isaims to quantify the effect of this-type-of-bedload sheetsheets on-the downstream
river morphology, specifically on alternate bars. This does not mimic the specific situation in natural streams; rather, we aim
to represent the morphodynamic response of gravel-bed rivers with poorly sorted sediment to the upstream forcing condition

in which the sediment supply volume and sediment transport capacity do not match under unsteady flow conditions.
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The numerical results shewshowed that clear bedload sheets migratemigrated downstream in the poorly sorted sediment

case and impactaffected the train of alternate bars that develepdeveloped in the downstream reachreaches. More specifically,
the bedload sheets supply fine sediment to the alternate bars, contributing to a change in the surface texture of the bars and
irregularity of the bar characteristics (i.e. the-wavelength). This ehange-tneffect of bedload sheets on bar eharacteristies—is
wnelearmorphology in the case efwith a narrower grain size distribution range—whieh-eausesis weaker than that in the case
with a wider distribution, owing to the migratiensmaller magnitude of bedload sheets:-hewever—ts-intensity-is-muech-weaker.

This suggests an important effect of bedload sheets on the downstream alternate bars, and further suggests that the upstream

non-equilibrium sediment supply condition hasplays a non-negligible role in downstream river morphodynamics-even-farfrom
the-sediment-feed-point.. However, this effect ef-the-bedload-sheets-on-the-bars-deesdid not propagate across the entire channel
and disappearsdisappeared completely in the alternate bars located further downstream. The alternate bars of-such-ain the
downstream reach shewexhibited regular patterns-in-terms-of their-shape facterindicatinga-Himited-or-neghigible-, suggesting
that the effect of bedload sheets was limited or negligible. This is because the structure of the bars is approximately two orders
of magnitude larger than that of the-bedload sheets; therefore, the-bedload sheets are strongly dispersed by-the-migration-of
theas they migrate into alternate bars. This suggests that the-bedload sheets, generated by an imbalance between the upstream

sediment supply and transport capacity, have a limited effect on the downstream river morphodynamics; as long as larger and
more active and-targer-morphological ehangesfeatures, such as alternate bars, are the-dominant-merphodynamic-features in the
targeted river reach.

Our study was performed under a limited eembinationset of parameters, such as-the hydrograph, sediment supply
conditions, and grain size distribution; therefore, a wider range of parameters should be further—tested-to—confirm—our
resultsinvestigated in future studies. In addition, although our findings should be interpreted as a short-term scale effect of
upstream boundary conditions on the-downstream river morphology, a-much-longer-term—persistent-effect-of upstream

beundany-conditions will-beare likely to have a more dominant from-a-teng-term-perspective-impact over time. Nevertheless,

our results canprovide-useful-insights-into-the-combination-of such-may help to distinguish between the short- and long-term
effects of the—upstream—water—changes in sediment eenditionsupply conditions on the—dewnstream—river system:

morphodynamics.
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