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Abstract: Sediment supply plays an essential role in river morphology. However, the specific impact
of sediment supply on river morphology is not apparent. According to the hydrograph boundary
layer (HBL) concept, upstream riverbed changes caused by the imbalance between sediment supply
and the capacity can propagate only a limited length and have a negligible effect on the riverbed
beyond such a short length. We performed a two-dimensional morphodynamic calculation to test
the concept of HBL, which was proposed under a one-dimensional simulation, meaning that the
concept of HBL is still valid for plane changes in river morphology. We employed an unsteady flow
with equilibrium or constant sediment supply in a straight, modeled gravel-bedded channel with
an unerodible bank to simulate alternate bar morphodynamics. The results show that regardless
of the sediment supply condition, the alternate bar features formed downstream of the HBL are
considerably similar. This suggests that sediment disturbance at the upstream end has a negligible
effect on the mobile-bed dynamic processes, including alternate bar formation and development
downstream of the HBL.

Keywords: alternate bars; sediment transport; sediment supply; hydrograph boundary layer;
gravel-bed rivers; numerical simulation

1. Introduction

Catastrophic flood events result in intense sediment transport and subsequent changes
in river morphology, causing water and sediment-related disasters. For instance, riverbank
erosion, levee collapse, and the movement of sandbars lead to urban flooding [1,2], road
damage [3,4], and bridge failure [5,6]. Therefore, a better understanding of the river
morphodynamics and the factors controlling the system is essential for managing rivers
and their floodplain environment and mitigating flood risks.

The river morphologies and their dynamics are influenced by numerous physical and
environmental factors such as water discharge [7], bed slope [8], grain size [9], anthro-
pogenic stresses [10], and sediment supply [11]. Among these factors, sediment supply
plays a vital role because the imbalance between sediment supply from the upstream of
river and sediment transport capacity causes bed aggradation or degradation in the down-
stream reach and controlling sediment transport features and overall river morphologies.
For instance, Constantine et al. investigated the relationship between the sediment supply
rate and meander migration rate in the Amazon River basin [12], and a strong positive
correlation between these factors was observed. Stahly et al. studied the reservoir sediment
ejection process in the Sarine floodplain [13]. Before the ejection, the downstream alternate
bar disappeared because the block of the dam considerably reduced the sediment supply.
Sediment ejection events extensively restored the formation of the downstream alternate
bar. These studies clearly show that an inseparable relationship exists between sediment
supply and river morphodynamics.
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However, despite the common knowledge regarding the importance of sediment
supply to river morphodynamics, there are still deficiencies in understanding the scale
and intensity of the impact from the imbalance between sediment supply and the capacity
transport rate. For example, the Mississippi Delta has been suffering significant drowning,
and the decline of the sediment transport rate from the upper Mississippi River due to dam
construction is thought to be one of the causes [14]. Nittrouer and Viparelli [15], however,
investigated the sediment transport rate in the Mississippi River and highlighted that the
downstream sediment transport rate did not decline significantly despite dam construction,
which is far upstream from the river mouth. This is because upstream degradation of
the riverbed causes the sand to be supplied to the downstream instead of the sediment
supply from the upper reach. Gaeuman et al. studied the response of the Duchesne
River flow and sediment reduction caused by water development in the 1920s [16]. The
results show that it took approximately 30 years for a 14 km channel to restore stability.
The results show that the elevation change due to sediment supply conditions is closely
related to the distance from the source. Such processes can be described as translation (or
advection): i.e., dispersion of the sediment wave [17], and the importance of these two
factors determines the effectiveness of the sediment source. These studies indicate that even
though the sediment supply plays an important role in downstream river morphodynamics,
we must consider the effective temporal and spatial scales of the sediment supply to the
downstream environment.

In this study, we focus on the role of sediment supply in the downstream morphologi-
cal changes in gravel-bed rivers during flood events. In this regard, Wong and Parker [18]
proposed an important concept called the hydrograph boundary layer (HBL). They per-
formed simple movable bed experiments and numerical simulations under cycled hydro-
graphs and a constant sediment feed rate. Under these conditions, the upstream riverbed
is forced to undergo repeated aggradation/degradation due to the imbalance between
the constant sediment feed rate and the transport capacity, which is determined by the
hydrograph. However, the bed elevation responds to the hydrograph only in a specific
reach near the sediment feed point, indicating that upstream bed fluctuation can travel
a short distance. This short river reach, which is affected by the upstream sediment im-
balance, is termed as the hydrograph boundary layer (HBL), and in the downstream of
HBL, the mobile-bed equilibrium, which indicates no bed elevation change, is achieved.
This sediment feed condition is unlikely to occur in natural streams; however, this concept
is helpful for a clear understanding of how the riverbed change caused by the imbalance
between sediment feed and the capacity rate can propagate to the downstream river reach
in a single flood event. So far, studies have been conducted based on the concept of HBL.
Parker et al. tested several variables, such as hydrograph duration, grain size distribution,
and bed slope, to determine their influence on the HBL. An et al. [19] applied the HBL
theory to a massive sediment supply into a river caused by an earthquake to determine
how the riverbed will react under such sediment supply conditions.

These studies shed some critical light on understanding the relationship between
sediment feed conditions and river responses; however, further studies and discussions are
required for a more complex situation. For example, An et al. [20] pointed out a breakdown
of the HBL concept in poorly sorted sediment cases, showing that low-amplitude bedload
sheets can travel beyond the HBL. The other limitation of this concept is that most previous
studies were performed under one-dimensional flow and sediment transport fields. In
other words, even though mobile-bed equilibrium can be achieved downstream of the
HBL, it remains unclear whether the upstream effect has no role in complex morphological
elements such as sand bars or channel meandering. The 2D river morphologies can also
be affected by sediment supply conditions [21,22], but an interpretation of the effect of
sediment supply on river morphodynamics is not always straightforward because of the
difficulty of sediment transport measurement in the field. Therefore, the concept that HBL
is also valid for 2D cases must be focused on to better understand the effect of sediment
supply on downstream morphodynamics.
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In this study, a series of two-dimensional morphodynamic calculations regarding the
alternate bar development with the HBL effect were conducted. According to the concept
of HBL, the sediment transport rate outside the HBL region will reach equilibrium because
there is almost no change in the bed elevation. It can be inferred from the properties of
the HBL that if two cases have the same cycled hydrograph but different sediment supply
conditions, more specifically, constant and equilibrium feed rate, the river morphology
outside the HBL may not change as well as the bed elevation. However, this study aimed
to determine how HBL acts in two-dimensional cases and how river morphology responds
to the imbalance of sediment supply during a flood event.

2. Methods
2.1. Numerical Model

We used the Nays2DH model [23], a two-dimensional morphodynamic model en-
closed in the iRIC software [24]. This model has been applied to various morphodynamic
phenomena in rivers [25], and the model can simulate the alternate bar morphodynamics
focused on in this study [26,27].

The flow model is an unsteady two-dimensional shallow water flow model. The
governing equations of this model are written for a generalized coordinate system; however,
for simplicity, here, we describe the governing equations in the Cartesian coordinate system:

oh ouh  dvh
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where x and y are the downstream and transverse coordinates, / is the water depth, z is the
riverbed elevation, ¢ is time, # and v are depth-averaged velocity components in the x and y
directions, respectively, g is the gravitational acceleration, and 7 is the Manning coefficient.

Because we focus on the morphodynamics of the gravel-bed river, we only consider
bedload transport as a mode of sediment transport. The Meyer-Peter and Miiller formula
was used here, and the sediment was considered to have a uniform grain size. The sediment
transport model used was as follows:

3
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where 7+ is the Shields number, T+, is the critical Shields number, s is the submerged specific
gravity of the sediment, d is the grain size of the bed material, ;s and gy, are the bedload
transport rates in the x and y directions, respectively, uy, is the flow velocity near the
riverbed in the n direction, V is the composite velocity near the riverbed, and s and y are
the static friction coefficient and dynamic friction coefficient, respectively.

The following Exner equation updates the bed elevation:
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where A is the void ratio of the bed.
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2.2. Computational Conditions

As a case study, we simplified the condition of the Otofuke River, which is a typical
gravel-bed river [28]. This river was affected by a large flood in 2011, which caused
significant development of sand bars and subsequent channel meandering; therefore, this
is a relevant example for the 2D river morphodynamics in gravel-bed rivers. The channel
for the calculation is straight with a width of 70 m and length of 21 km, and the slope of
the initial riverbed was set to 0.005. A Manning roughness coefficient of 0.028 s/m'/3 and
a uniform particle size of 40 mm were used. This is the simplified channel configuration of
the main channel of the Otofuke River.

The observed hydrograph is modeled as a simple triangle-shaped hydrograph; that
is, the water discharge linearly increases from 100 to 600 m?/s within 20 h and decreases
from 600 to 100 m3/s linearly within the next 20 h, which makes the whole cycle of 40 h, as
shown in Figure 1.

——— Equilibrium supply
Constant supply 0.8

600 - T
) 0.7
500 - 06
400 0.5
1 0.4
300 1

200—/
100
0 r T v v v

Time (h)

— Hydrograph

Discharge (m?/s)
Sediment supply (m?/s)

Figure 1. Hydrograph and sediment supply conditions used for the base calculation (Case 1).
The three hydrographs are shown here as an example, but in the calculation, 50 hydrographs
were obtained.

We set two sediment supply conditions, namely equilibrium and constant sediment
feed conditions. The equilibrium condition provides the equilibrium sediment transport
rate calculated using the flow parameters from the upstream end. This feed rate is the
sediment transport capacity of this modeled river, and the supply rate depends on the hy-
drograph, as shown in Figure 1. Because the feed rate is equivalent to the transport capacity,
the bed elevation at the upstream end does not change over time under this condition.

The constant-feed condition is intended to obtain the hydrograph boundary layer
at the upstream end [18]. The constant-feed rate obtained from the upstream end is a
type of averaged sediment transport rate over the hydrograph, so that the bed elevation
at the upstream end varies over the hydrograph, but the average bed elevation over the
hydrograph does not change. This feed condition makes the bed slope remain constant
throughout the calculation, and the total sediment supply rate under this condition becomes
the same as the equilibrium condition. Note that we slightly modified the original model
of the Nays2DH code to provide a constant sediment feed rate from the upstream end.

The difference between the two conditions is only the persistent bed fluctuation over
the hydrograph; the former case provides no bed variation, whereas the latter condition
provides the fluctuation of bed elevation caused by the imbalance between the sediment
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transport capacity and the sediment feed rate. According to Wong and Parker [18], the bed
fluctuation of the latter run propagates downstream but has an influential role within the
limited river reach from the upstream end, that is, HBL; thus, there should be no difference
in the morphodynamic features downstream of the HBL in both conditions. This is valid
for 1D cases; however, in this study, we investigated whether this concept is still valid for
the 2D morphodynamic phenomena developed beyond HBL, such as the formation and
development of alternate bars that take place far downstream from a sediment source into
the river.

In addition to this hydrograph condition, as a parameter study, we performed two
additional computations by changing the features of the hydrograph but retaining the
triangular shape. The computational conditions above are defined as Case 1, and in Case 2,
a longer hydrograph duration (i.e., 80 h) with the same peak discharge as Case 1 was used.
In Case 3, a higher peak discharge (i.e., 1200 m?/s) with the same hydrograph duration
as Case 1 was adopted, as summarized in Table 1. The large ensemble climate and runoff
calculations have been used to predict this kind of hydrograph variation in past and future
climates [29-31], so the condition of this numerical experiment is realistic.

Table 1. Hydrograph duration and variation in the numerical experiment.

Hydrograph Duration Discharge Variation
Case 1 40h 100-600 m3 /s
Case 2 80 h 100-600 m3/s
Case 3 40h 100-1200 m3/s

We obtained 50 hydrographs for all calculations. This numerical experiment was
intended to understand how the hydrograph duration and peak discharge influence the
HBL characteristics and the downstream sand bar characteristics beyond the HBL.

3. Results
3.1. Two-Dimensional Study of the Hydrograph Boundary Layer: Alternate Bar Formation

Figure 2 shows the bed elevation change along the right bank after 25 hydrographs
are provided in Case 1 with a constant sediment feed condition. Figure 2a,b illustrate
the 1D morphodynamic features in the entire calculation at reach at the lowest and peak
discharges (i.e., 100 and 600 m3/s, respectively). The structured bed variation observed in
the downstream reach (5-21 km) corresponds to alternate bars. At the upstream end, the
lowest discharge causes the highest elevation change (i.e., aggradation), whereas the peak
discharge provides the lowest elevation change (i.e., degradation). This elevation change
is caused by the imbalance between the sediment feed rate and the sediment transport
capacity; when the water discharge is low (high), the sediment feed rate is larger (smaller)
than the sediment transport capacity, resulting in aggradation (degradation). This elevation
difference at the upstream end within a single hydrograph is not small, approximately
2 m, which is almost the same as the bar height developed at the downstream reach.
However, this bed elevation change enables the propagation to only short distances such
as 1.5 km from the source, that is, the upstream end, as shown in Figure 2. This feature
is precisely what Wong and Parker obtained in their 1D morphodynamic calculation (i.e.,
HBL); thus, this result clearly shows that the HBL also formed in our 2D simulation. This
figure also demonstrates that an alternate bar was developed outside this HBL zone. There
is a reach between these two zones where no elevation fluctuation exists or bars are formed.
Hereafter, we refer to these three zones as the HBL zone (0-1.3 km), buffer zone (1.3-5 km),
and bar zone (5 km, downstream end).
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Figure 2. Bed elevation change along the right bank 6000 m upstream after 25 hydrographs in the
case of constant sediment feed condition. (a) At lowest discharge. (b) At peak discharge.

Figures 3 and 4 compare the 1D bed profiles of Case 1 between the equilibrium and
constant sediment feed conditions. Because the sediment feed rate is equivalent to the
capacity rate, there is no bed elevation change at the upstream end in the equilibrium
feed condition. Except for this difference, the other morphodynamic features, namely
downstream bar characteristics and emerging points of the bars, are quite similar in
both runs, regardless of the sediment feed condition. The only difference is the phase
difference of the trains of alternate bars between the two runs. To highlight the similarity
of the alternate bar characteristics more clearly, Figure 5 shows the elevation variation
comparison at the right bank in both runs by removing the phase difference. Regardless of
the discharge (i.e., the low or high discharge states), the bar height and wavelength in both
runs were almost the same.

HBL | Buffer zone | Bar zone
20
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0.0 1
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Elevation variation(m)

-1.04 Constant supply

-1.5 1
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0 1000 2000 3000 4000 5000 6000
Downstream distance(m)

Figure 3. 1D bed profiles of Case 1 along the right bank 6000 m upstream after 25 hydrographs.
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Figure 4. Elevation variation comparison at the right bank in both runs after 25 hydrographs.
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Figure 5. Elevation variation comparison at the right bank in both runs after removing the phase
difference: (a) At lowest discharge. (b) At peak discharge.
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Figure 6 shows the 2D top view of the bar area for a better illustration of the similarity
and difference in spatial features of the alternate bar shape. Because the width-length ratio
of this computational reach is too small, the downstream distance from approximately
10 km to 12 km was taken as a sample. As also observed in this figure, the alternate bar
characteristics (not only the wave height and wavelength but also the 2D shape) are almost
identical at the same time points. Meanwhile, the migrating processes were also similar in
both cases; the bar moved almost the same distance downstream within 20 h.

T=1000 hours discharge =100 m3/s Flow —
Equilibrium supply

T=1010 hours discharge =350 m?/s

Equilibrium supply

T= 1020 hours discharge = 600 m?/s

Equilibrium supply

ElevationChange(m)
-1.0 -0.33 0 33 1.0

Figure 6. 2D top view of alternate bars simulated in Case 1.

The discussion above is based on specific time points and the distance of the channel.
For a more qualitative evaluation of the results, the bar characteristics over the entire
calculation time must be overviewed. We apply the fast Fourier transform analysis to the
time series of 1D bed elevation changes (e.g., Figure 2). Figure 7 shows the FFT analysis
result, indicating that the 2D contour map of the spectrum power in the time-wavelength
domain in Case 1. As expected from the quantitative comparison above, this diagram seems
very similar in both runs, suggesting that the bar characteristics (e.g., dominant wavelength)
and their temporal changes are quantitatively similar. However, after approximately 1500 h,
the dominant bar wavelength obtained in the constant sediment feed condition extends
to approximately 600 m. Figure 8 shows the elevation change along the right bank after
1800 h. This comparison shows that the bar characteristics are almost similar in the upper
bar area (i.e., the downstream distance is 3-13 km). This is also seen in the spectrum
diagram (Figure 7), which shows a second peak in the spectrum at a wavelength of 550 m
under constant-feed conditions. However, at the further downstream reach, the elevation
variation and wavelength increase, thus increasing the amplitude and period in the FFT
analysis, which makes the dominant wavelength 600 m in the constant-feed case. In
contrast, the bar characteristics in the equilibrium feed case seem somewhat spatially
consistent, leading to only a single, strong peak in the spectrum diagram.
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Figure 7. FFT analysis of dominant wavelength in case 1: (a) Equilibrium sediment supply. (b) Constant sediment supply.
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Figure 8. Elevation variation comparison at the right bank in both runs after 1800 h removed
phase difference.

The cause of this difference at a later time might be an increase in elevation in the
buffer zone. To investigate this, three specific points in three zones (i.e., 900 m, 2400 m,
and 9000 m downstream) were selected based on the results after removing the phase
difference. In Figure 9, comparisons are made according to the elevation variation in
these points. Both runs show this elevation increase in the buffer zone; however, this
feature is more significant in the constant-feed case. This makes the slope steeper, and
this difference may affect the bar characteristics. This bed elevation increase is observed
after bar development, so that the alternate bar formed in the downstream reach has some
roles in the upstream bed elevation change. Generally, alternate bars have a negligible
effect on the flow resistance, but they play a role in the sediment transport rate [32]. These
effects may affect the width-averaged bedload transport rate, causing some deposition (or
erosion) upstream of the alternate bars. This point must be investigated; however, this
effect is essentially not related to sediment feed conditions. The bar characteristics are very
similar in the early stage before the elevation increase in the buffer zone is not significant
(i.e., 500 h). In addition, even at a later stage, there is still a very similar bar area upstream.
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Figure 9. Elevation variation comparison of three specific points in three zones. (a) The point 900 m downstream in the HBL
zone. (b) The point 2400 m downstream in the buffer zone. (c) The point at 9000 m downstream in the bar zone (i.e., to
make the comparison clear, the time range from 1000 to 1400 h is selected).

In summary, regardless of the sediment supply condition, the alternate bar feature
formed downstream of the HBL is quantitatively very similar. This suggests that the
findings regarding HBL [18] are almost valid for dynamics of alternate bars developed
beyond HBL, that is, sediment disturbance at the upstream end has a negligible effect on
the mobile-bed dynamic equilibrium downstream of the HBL.

3.2. Sensitivity Analysis

We present two additional results, that is, Cases 2 and 3, to highlight the effect of
hydrograph shape, more specifically, the hydrograph duration and peak discharge, on the
HBL features and dynamics of alternate bars. Figure 10 shows the elevation variation at
the upper reach of the channel under a constant sediment supply in each case to highlight
the properties of the HBL. The two lines used in each case were chosen to show the highest
and lowest bed profiles within the hydrograph. This figure clearly demonstrates that the
longer and larger hydrograph extends the length of the HBL; this length is approximately
1.3,1.5, and 1.8 km in Cases 1, 2, and 3, respectively.

34

——Case 1
» Case 2
7 ——Case 3
Case 2
E Case 1
(=1
=)
k=
bl
<
> b S I s
C —l
.S
kS
3
2
M Case 3
_1 =
_2 T T T T 1
0 1000 2000 3000 4000 5000

Downstream distance(m)

Figure 10. Elevation variation at the upper reach of the channel of Cases 1, 2, and 3 when discharge
is maximum /minimum.

As shown in Figure 10, alternate bars are formed outside the HBL in Cases 2 and 3,
so we again investigated the difference in the bar properties downstream of the HBL.
Figures 11 and 12 demonstrate the temporal change in the spectrum power provided by
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(a) Equilibrium supply

the FFT analysis applied to the 1D bed profile in Cases 2 and 3. The bar properties, such
as the dominant wavelength and time-dependent features, are different for each case. For
instance, in Case 2, the dominant bar wavelength is approximately 720 m in both sediment
feed conditions; however, there are several secondary peaks in the spectrum around the
dominant one. In addition, the time-dependent features of such secondary peaks are
relatively significant, indicating that the bar properties become less stable than those in
Case 1. The FFT results for Case 3 indicate two clear peaks in the spectrum diagram. The
corresponding dominant wavelengths were approximately 450 and 550 m, respectively.
Although the dominant wavelengths are similar between the two sediment feed conditions
compared with Cases 1 and 2, the differences in the bar characteristics indicated by the FFT
analysis in Case 3 are slightly more evident than those in Cases 1 and 2.
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Figure 11. FFT analysis of the dominant wavelength in Case 2. (a) Equilibrium sediment supply. (b) Constant sediment supply.
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Figure 12. FFT analysis of dominant wavelength in Case 2. (a) Equilibrium sediment supply. (b) Constant sediment supply.

There are some differences in the characteristics of alternate bars formed outside the
HBL, particularly time-dependent features, between equilibrium and constant sediment
feed conditions. In Cases 2 and 3, HBL is more significant than Case 1, so this effect
might be seen as a slight difference in the time-dependent features of the alternate bars.
However, the spectrum diagram generally seems very similar regardless of the sediment
feed conditions. The results may indicate that as long as the alternate bars develop far
outside the HBL, the bed elevation change caused by the feed condition does not propagate
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beyond the HBL; the difference in bar properties between the two sediment feed conditions
eventually becomes negligible.

4. Discussion
4.1. Implications

The present results indicate that the length of the HBL is an effective spatial scale of the
additional sediment input into the river during a single flood event, so that the sediment
supply condition in the upstream boundary has little effect on the river morphologies far
downstream from the source. Numerous studies have suggested that massive sediment
supply into rivers caused by, for instance, dam removal or landslides, causes reorganization
of the river morphologies, grain size distribution, and environments [33,34]. This is
inevitably valid for a specific river reach from the sediment source; however, at a more
downstream reach, such as beyond the HBL, the effect of sediment disturbance will be
very small or no longer measurable. In particular, in gravel-bed rivers, where sediment
dispersion is dominant rather than in translation, the sediment pulse has a limited effect
on downstream channel morphologies such as bar-pool structures [35,36]. This is what the
concept of the HBL suggested, and in addition to the 1D mobile-bed equilibrium outside the
HBL, the upstream sediment feed condition has a limited role in the 2D morphodynamics
such as alternate bar dynamics focused herein at such a river reach. Because the effective
length is limited, predicting the HBL length scale might be helpful for effective sediment
replenishment works [37].

However, we must mention that the effective length scale of the sediment disturbance
scaled by the HBL is short term, similar to the hydrograph scale, and is not applicable for
long-term effects, such as a continuous decline in the sediment supply rate due to dam
construction [38]. In this case, the upstream sediment condition eventually propagates far
downstream by long-term flow-sediment transport processes. In addition, the transport
feature of the sediment disturbance highly depends on its properties, such as the mass,
size, and grain size of the sediment augmentation [39] and hydraulic conditions [40],
so some of the sediment disturbance likely propagates beyond the HBL and affects the
river morphology.

The increase in the hydrograph duration and peak discharge we tested in the sensitiv-
ity analysis (i.e., by a factor of 2 from the observed significant flood event in this river), is
an extreme change in the hydrological perspective, but the difference in the HBL length
caused by this extreme hydrograph difference is not significant. This might suggest that,
practically speaking, the HBL length can be assumed as a constant in a single river (or
some specific reach focused). Because this length is a type of adaptation length scale of the
river subject to the imbalance between the sediment feed and the capacity within a single
flood event, it will be useful to predict the length of the HBL through a simpler way. Wong
and Parker [18] theoretically predicted this length using the linearized governing equation,

as follows: 2
T
5 hAbf %
(1—=2)So

where g is the constant bedload transport rate, which achieves the mobile-bed equilibrium
state over the hydrograph, Sy is the bed slope of such an equilibrium state, and T}, is the
hydrograph duration. The conditions of our calculation obtained the right-hand side of
Equation (7) as 454, 642, and 700 m for Cases 1, 2, and 3, respectively. Multiplying the factor
2.5 to these numbers is a good predictor for the 6 we obtained (Figure 10). By verifying this
equation this way, we might be able to use this predictor for non-linear systems as well.
Again, the features of the HBL should be related to the intensity of the hydrograph and
sediment condition [20] as well as the hydraulic conditions [40]. Therefore, this point needs
to be investigated for different types of river reaches such as sand-bed or lowland rivers.
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4.2. Limitations

One of the limitations of our study was the assumption of a single grain size of
the sediment. In gravel-bed rivers, the effect of graded sediment on sediment transport
and morphodynamics is significant [20,41,42], which might have altered our findings.
For example, An et al. [20] showed that low-amplitude bedload sheets can propagate
long distances beyond the HBL in the case of poorly sorted graded sediment. The bar
dynamics in the graded sediment case are more unstable than those in the case of uniform
sediment [43]; therefore, it is likely that the low-amplitude bedload sheets or some small
fluctuations caused by sediment feed conditions can drastically change the dynamics of
the graded sediment sand bars.

This limitation is also critical in cases where suspended sediment transport should
be considered [44]. The length scale of the suspended sediment transport is much longer
than that of the bedload, so that the effect of sediment supply into the river can reach
more downstream. Landslides or debris flow events bring finer sediment than those in the
riverbed [45]; therefore, this type of sediment supply has a different role in the bedload-
dominated condition. Our focus is on gravel-bed rivers, so this is beyond the scope of this
study, but the inclusion of suspended sediment transport is an essential piece of sediment
transport worth investigating in future research.

The other limitation that should be noted here is the simple channel configuration
or fixed bank assumption. In this study, we used a straight channel with a non-erodible
bank. In general, the channel width and curvature can vary in space and time and play
an important role in river morphodynamics [46]. Nelson et al. investigated the response
of riffle-pool morphology in a width-varying channel to the sediment supply condition,
showing that the sediment supply has little effect on the riffle-pool features and that the
width variation has a primary role in controlling the overall morphologies. The combination
of planimetric channel geometry and sediment supply conditions is also necessary for
future research.

This result is worth validating with experiments or field observations. Nelson and
Morgan performed flume experiments on gravel bar dynamics under unsteady water
discharge and constant sediment feed conditions. This condition satisfies the alternate bar
dynamics in the presence of HBL. Because the duration of the hydrograph is much shorter
than the morphodynamic time scale, the HBL is not evident in their experiment, but such
an attempt will be a good dataset in the future. Furthermore, it is necessary to test this 2D
calculation for other types of river morphology, such as bedforms [22,47] and meandering
rivers [12], which have been extensively investigated in the context of the effect of sediment
supply conditions.

5. Conclusions

We investigated the effect of sediment supply on the morphodynamics of free alternate
bars in gravel-bed rivers in terms of the HBL concept proposed by Wong and Parker, using a
2D morphodynamic numerical model, iRIC-Nays2DH. Two-dimensional morphodynamic
calculations regarding sand bar development were performed under cycled, single triangle-
shaped hydrographs with different sediment supply conditions, more specifically, constant
and equilibrium feed conditions. The 1D morphodynamic perspective suggests that both
feed conditions provide the same mobile-bed equilibrium downstream of the HBL. In
contrast, it remains unclear whether the morphodynamic features at such a reach are
identical even if the condition is extended to 2D cases, including complex bedforms such
as alternate bars.

In the present condition, the simulated alternate bars develop outside the HBL, and
characteristics of the alternate bars such as wavelength, bar height and migration speed
are almost identical in both sediment feed conditions. This result suggests that the HBL
concept is still valid for 2D cases, where the upstream sediment disturbance is difficult
to propagate beyond the HBL, and eventually, has a negligible effect on the downstream
morphological characteristics. We also changed the hydrograph characteristics, that is, the
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hydrograph duration and peak discharge were increased by a factor of 2, to understand
the sensitivity of this result to the extreme change in the hydrograph from a practical
perspective. The larger and longer hydrographs extend the length of the HBL, but the
upstream sediment boundary condition does not affect the general characteristics of the
downstream alternate bars. In summary, the findings regarding HBL [18] are almost valid
for the dynamics of alternate bars developed beyond the HBL, that is, sediment disturbance
at the upstream end has a negligible effect on the mobile-bed dynamic processes, including
alternate bar formation and development downstream of the HBL.

The HBL is likely an effective temporal or spatial scale of the sediment disturbance
(e.g., sediment pulse, sediment wave, gravel augmentation, etc.) in a single flood event, so
this cannot be applied to larger-scale issues driven by long-term sediment increase/decline
effects (e.g., dam construction). Moreover, this characteristic is highly dependent on the
magnitude of the disturbance (size, shape, and texture) and hydraulic conditions. With
more complex channel or bed configurations, some experimental or field observational
validation will be necessary in future work.
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