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ABSTRACT

Discharge unsteadiness plays a key role in the dynamics of alternate bars, however, how migrating
alternate bars determine their shape under unsteady discharge conditions, especially in the long-
term, is still unclear. In this study, we numerically investigate long-term behaviors of migrating
alternate bars subject to repeated hydrographs. For this, the same discharge variation but different
hydrograph cycles were tested. The results show that even under unsteady flow conditions,
specific combinations of hydrograph cycles and discharge variations result in an equilibrium state
of migrating alternate bars (i.e., non-time dependent wavelength and migration period). This may
be a unique feature of the alternate bar morphodynamics, since dynamic equilibrium state arising

from steady discharge counterparts is time-dependent feature.
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1. Introduction

The discharge unsteadiness is essential in river system and plays a critical role in the sand
bar formation and dynamics that has not been achieved under steady discharge condition. Tubino
performed a linear stability analysis of free river bars under unsteady discharge conditions to
understand unsteady behaviors of alternate bar dynamics regarding weavelength and waveheight
shown in the experimental flume. This first theoretical attempt indicated the importance of flow
unsteadiness to bar dynamics and further motivated the understanding of alternate bar dynamics
under unsteady discharge conditions. Visconti et al. conducted movable bed and bank experiments
under unsteady discharge conditions, showing that a specific combination of hydrograph features
and migration characteristics of bars enhance or suppress the development of pseudo-meandering
channels. Iwasaki et al. performed a numerical simulation of the bar and bank erosion in the

vegetated floodplain during a large flood in a natural river (Otofuke River, Japan), suggesting



similar importance of the discharge unsteadiness to the amplification of meandering channels.
This study focuses on the long-term behaviors of alternate bars under the influence of repeated
hydrographs. The questions we pursue in this study are 1) Do alternate bars attain the equilibrium
state under unsteady flow discharge conditions? 2) What are the equilibrium characteristics of
alternate bars under this condition? To understand these points, we perform several numerical
simulations of alternate bar formations under repeated hydrographs and corresponding steady
discharge conditions using a two-dimensional morphodynamic model, iRIC-Nays2DH. The
simulated alternate bar morphodynamics, i.e., the wavelength, bar height, and migration period,
are investigated to understand the effect of hydrographs on long-term alternate bar characteristics,

and the relation between hydrograph and morphodynamic timescales.

2. Method

2.1. Numerical model

We used the Nays2DH model, a two-dimensional morphodynamic model embedded in the
iRIC software. This model was applied to various sediment transport-related simulation studies,
and is suitable for simulating alternate bar morphodynamics focused on in this study. These model
validations suggest that the Nays2DH model may be an acceptable tool to pursue the long-term
morphodynamics of alternate bars under repeated hydrographs focused on in this study.
Meanwhile, the flow model used is an unsteady two-dimensional shallow water flow model. As
we focus on the morphodynamics of alternate bars in gravel-bed rivers, we only consider bedload
transport as a mode of sediment transport. The Meyer-Peter and Miiller formula was used here,

and the sediment was assumed to have a uniform grain size.

2.2 Computational conditions

To understand the morphodynamics of alternate bars under repeated hydrographs, we used
the condition of the Otofuke River as an example. This river is a typical gravel-bed river and the
alternate bars are one of the dominant river morphologies. The modeled channel has a 21 km
length and 70 m constant channel width with a uniform slope of 0.005. A Manning roughness
coefficient of 0.028 s/m'? and a uniform particle size of 40 mm were used. The mesh size used in
this study is 70 m X 10 m, which means 7 grid sizes in width and 3000 sizes in length. The time
step used in this study is 0.2 second. The initial bed is uniformly flat for transverse direction
without any perturbation, but, random perturbation is added to the transverse profile of upstream
discharge to obtain a trigger for alternate bar formation and development in entire calculation
time.

We derived the hydrograph shape based on the large flood event observed in 2011, such that

the migrating alternate bars could form and develop. This is a relatively large flood event of which



the flood recurrence year is around 20 years and caused significant bar migration and subsequent
amplification of the channel. The details can be found in previous works (e.g.,). Figures 1(a) and
(b) show the observed hydrograph and simplified repeated hydrographs used in the calculation.
The observed hydrograph was modeled as a simple triangle-shaped hydrograph; the water
discharge linearly increased from 100 to 600 m*/s within 20 h and subsequently decreased from

600 to 100 m>/s linearly in 20 h, forming a 40 h cycle.
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Figure 1 (a) Observed hydrograph of the 2011 flood in the Otofuke River, and (b)
Hydrograph condition used for the calculation.

The six hydrographs are shown here as an example. In the calculation, 50 hydrographs were
obtained. The aforementioned computational condition is the same as our previous studies that
focus on the effect of sediment supply on the alternate bar formation. In the previous study, we
have showed that imbalance of sediment supply from the upstream end under such hydrograph
hardly affect the downstream alternate bars formation under this computational condition at least
for timescale of single flood event. In this study, the sediment feed rate used was calculated from
the upstream end flow parameters, just as same as one of the sediment conditions in our previous
study. This feed rate is the sediment transport capacity of this modeled river, and the supply rate
depends on the hydrograph, as shown in Figure 1(b). As the feed rate is equivalent to the transport

capacity, the bed elevation at the upstream end does not change over time under this condition.

3. Results

3.1 Features of morphodynamic equilibrium state of alternate bars under repeated
hydrographs

Figure 2 shows the elevation variation at the right bank of the computational river with
respect to time. In this figure, the migration of alternate bars can be inferred from the pattern of
elevation variation, that is, erosional and depositional patterns of this figure move from bottom-
left to top-right. This pattern shows that the morphology (i.e., alternate bars) keeps migrating
downstream, and the slope of this pattern shows the migration velocity of bars, as this figure

represents the bed elevation contour of the time-space domain. It can be shown that although the



migration velocity varies owing to the unsteady water discharge, the average migration velocity
of the alternate bars, which is akin to long-term behavior, appears constant. Additionally, the
spacing between each depositional or erosional point, which corresponds to the wavelength of
alternate bars, is consistent with respect to space and time. Figure 5 shows the temporal change
of alternate bars during the last hydrograph of this computation. Here five typical time points in
one hydrograph cycle are selected to present the characteristics of the alternate bars during a
hydrograph. The points are 0 (beginning of the hydrograph cycle), 1/4T (one-quarter of the
hydrograph cycle), 1/2T, 3/4T, and T (end of the hydrograph cycle), where T denotes the
hydrograph cycle. As shown by the red arrow line, the migration velocity changes with respect to
discharge, while the wavelength remains constant at 580 m with respect to time. Moreover, when
t =0 and t = T, the positions and shapes of alternate bars are identical; thus, the elevation of the
river bed returns to its original value after one hydrograph cycle because alternate bars migrate

exactly one wavelength downstream within one hydrograph.
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Figure 2 (Color) Elevation variation at the right bank along time and downstream distance.

(The red dashes represent the elevation variation with time or distance in Figure 6 below)
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Figure 3 (Color) Alternate bars migration within one hydrograph cycle of the last hydrograph
in the computation, where T is the hydrograph cycle (40 h).

To investigate the migration characteristics in greater detail, as shown in Figure 2, we
selected a point at the distance axis and demonstrated the elevation variation with the time as
shown in Figure 4(a). The space between two adjacent minimum values represents the time taken
by an alternate bar needs to pass through this point. To simplify this description, we define this
time as the “migration period”. Similarly, if we select a point on the time axis, we can obtain
elevation variation at the right bank for this time point in Figure 4 (b). The space between two

adjacent minimum values represents the wavelength of an alternate bar.
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Figure 4 (a) Elevation variation with time for one point at the right bank of the river. (b)

Elevation variation along the river in a downstream direction and at a single point in time.

Figure 4 shows a simple introduction of the elevation variation with respect to time and space.

Figure 4 (a) shows the migration period of alternate bars, which is equal to the hydrograph cycle



of 40 h; Figure 4 (b) reflects the wavelength of alternate bars, which is a constant (580 m).
However, elevation variation at a single position or a single point in time, as shown in Figure
4, is not sufficient in obtaining the overall characteristics of simulated alternate bar dynamics. For
this, we performed Fast Fourier Transform (FFT) on the bed elevation data along the right bank
to obtain the temporal change of the dominant wavelength. In addition, we applied wavelet
analysis for the temporal change of the bed elevation at a certain fixed point to detect the migration
period of the alternate bars. Figure 5 shows the result of FFT and wavelet analysis. The results
show that during the entire calculation time, the wavelength and migration period of alternate bars
remain at 580 m and 40 h, respectively, suggesting consistent migration and shape characteristics
of alternate bars in time and space. In addition, the migration period was equal to the hydrograph
cycle. This result shows that even under an unsteady water discharge condition, the bar shape and

migration pattern reach an equilibrium state in the context of long-term morphological change.
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Figure 5 (a) (Color) FFT analysis of the dominant wavelength. (b) Wavelet analysis of the

migration period.



3.2 The conditions and criteria for the formation of morphodynamic equilibrium state

We imposed a repeated, identical, simple triangle-shape hydrograph for this alternate bar
calculation, such that properties of the hydrograph, i.e., cycle and discharge range, might control
this morphodynamic equilibrium state. Alternate bars showed unconventional characteristics such
as constant wavelength and migration periods after reaching morphodynamic equilibrium.

To confirm whether this phenomenon widely occurs in various unsteady flow conditions or
is unique under this condition, we compare simulation results of other unsteady flow conditions
by changing the minimum and maximum discharges to 400-1000 m*/s. For each case, different
hydrograph cycles of 10, 20, 40 and 80 hours are tested. The reason choosing 400-1000 m*/s to
study is that the lowest discharge of 400 m*/s resulted in a fully transported condition of alternate
bars, while the bars remained submerged and actively moved downstream. The highest discharge
of 1000 m*/s can be determined by the upper transition limit between alternate bar formation and
a no-bar condition based on the linear stability analysis.

Figures 6 and 7 show the FFT and wavelet analyses of the discharge varying between 400
and 1000 m*/s, with different hydrograph cycles. These figures show that hydrograph cycles of
10 and 20 h resulted in a constant wavelength and migration period with respect to time,
suggesting that in both cases, alternate bars reached morphodynamic equilibrium. The constant
wavelengths for the 10 and 20 h cases were 480 m and 680 m, respectively. Meanwhile, the
alternate bars with hydrograph cycles of between 40 and 80 h did not reach morphodynamics

equilibrium, implying that the dominant wavelength and migration period vary with time.
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Figure 7 (Color) Wavelet analysis of the migration periods of the unsteady flow cases of

400-1000 m*/s with hydrograph cycles of (a)~(d)10, 20, 40, and 80 h.

The results of the sensitivity analysis led to the following observations: First, under fixed
discharge variation (e.g., 400-1000m*/s case), morphodynamics equilibrium can be reached in
different hydrograph cycle (i.e., 10 and 20 h for this case); second, hydrograph cycles determine
the characteristics of alternate bars of this state, meaning that longer hydrograph cycle provides

longer alternate bars.

4. Conclusions

In this study, we numerically investigated the morphodynamics of alternate bars under

unsteady flow conditions. Particularly, the morphodynamics of migrating alternate bars subjected



to repeated simple triangle hydrographs was simulated using a two-dimensional morphodynamic
model, iRIC-Nays2DH, to understand long-term behaviors of alternate bars under unsteady
discharge conditions. We found that the morphodynamics of alternate bars under a specific
combination of discharge variation and hydrograph cycle reached an equilibrium state, that is, the
wavelength and migration period of alternate bars remained constant, and the migration period
was the same as the hydrograph cycle. This might be a unique morphodynamic feature of alternate
bars under unsteady conditions because the steady discharge counterparts demonstrated a
dynamic equilibrium state with slightly time-dependent features of the wavelength and migration
period but did not exhibit non-time-dependent features. When morphodynamic equilibrium was
reached, the hydrograph cycle was the dominant factor for alternate bar characteristics. If this
morphodynamic state was achieved, the wavelength of alternate bars increased with the
hydrograph cycle, and the migration period was always identical to the hydrograph cycle.

As the morphodynamic equilibrium of alternate bars under repeated unsteady discharge
hydrographdiffers from a dynamic equilibrium state provided by the steady discharge analysis,
the findings of this study will shed some light on the alternate bar dynamics and related channel-
scale morphodynamics such as a river meandering under long-term unsteady discharge. However,
the discussion in this paper is still limited because, for example, physical mechanisms of this
equilibrium state and applicability of other river and hydraulic conditions remain unsolved.
Further research is of immense importance in contributing to a comprehensive understanding of

the long-term processes involved in migrating alternate bars under unsteady discharge conditions.
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