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Abstract

:

This study attempts to back-calculate Manning’s roughness coefficients by repeating a two-dimensional flow simulation to fit the spatially and temporally dense river water-level data observed in Japan’s Yamatsuki River, a typical mountainous river with an average riverbed gradient of 1/50 and an average river width of 17.9 m. Furthermore, we aim to clarify the influence of the in-channel physical parameters on the coefficient of roughness obtained through the above method. In the Yamatsuki River, 16 water-level gauges were installed at intervals of about 40~80 m in the longitudinal direction in the study reach. Manning’s roughness coefficients were back-calculated by repeating two-dimensional flow simulations to match the observed water levels of a flood in 2021 (the estimated maximum flow rate is 11.5 m3/s). The back-calculated roughness coefficients approached a constant value in the range of 0.05 to 0.1 s/m1/3 as the relative water depth increased, indicating that the roughness coefficient can be considered a constant value when performing plane two-dimensional flow calculations for flooding. The roughness coefficient during flooding was found to be correlated with the slope and step height (H)-step length (L)- channel slope (S) ratios (H/L/S). An equation for predicting the roughness coefficient during flooding based on the physical parameters of the channel is also proposed.
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1. Introduction


Mountainous rivers are sources of flooding, sediment, and land-use disturbances [1,2] and are essential segments providing critical aquatic habitats [3,4]. There is a need to establish an integrated river management approach for mountainous rivers that implements flood protection while considering water and sediment continuity, biological habitats, and landscape. However, mountainous rivers flow quickly during floods and undergo large bed fluctuations, making field observations difficult. Consequently, primary field data and information on the geometry of the channel are lacking, and resistance characteristics such as the roughness coefficients of mountain river channels, which are essential for runoff analyses and riverbed fluctuation calculations in mountainous watersheds, are poorly understood.



A standard method for calculating the channel resistance of mountainous rivers is to establish several cross sections in the longitudinal direction of the river; determine the cross-sectional average velocity, water level, and flow rate in the study section at a specific rainfall event timing; and back-calculate Manning’s roughness coefficient n and Darcy-Weisbach’s friction coefficient f [5,6,7,8,9,10]. Asano et al. [5] organized the relationship between relative water depth and channel resistance using Manning’s roughness coefficient based on the previous literature. They reported that channel resistance, expressed as Manning’s roughness coefficient, converges to a constant value when the relative water depth exceeds 1. To back-calculate channel resistance, Comiti et al. [6] measured the flow and channel profiles in 10 reaches (slope 0.08 to 0.21 and length 16.1 to 76.4 m) of the Rio Cordon River with a catchment area of about 5 km2. The measurement section was set for each channel configuration to be obtained. Gabrielle et al. [7] calculated mean velocities using tracers for a total of 15 reaches (9 in the step-pool channel, 5 in the cascade channel, and 1 in the plane–bed channel) to determine channel resistance to outflow events from 0.28 m3/s to 0.68 m3/s. Reid et al. [8] established 13 basins in five tributaries with basin areas ranging from 12 km2 to 77 km2 and calculated the friction coefficient f by observing flow velocity and water depth during outflow events in 61 cross sections. Yochum et al. [10] estimated Manning’s roughness coefficient n and Darcy–Weisbach roughness in mountain rivers and reported that n ranged from 0.048 to 0.30 m1/3/s at high water and 0.057 to 0.96 m1/3/s at low flow. Marcus et al. [11] conducted a field study at Ptarmigan Glacier in the Juneau Icefield of Alaska with a mean precipitation of 2300 mm and slopes ranging from 0.02 to 0.16. Although the transect spacing was unknown, the authors reported that the flow rate during the observations ranged from 0.16 to 1.39 m3/s and the estimated roughness n ranged from 0.064 to 0.183 m1/3/s. Previous studies have also attempted to identify correlations between the calculated roughness or friction coefficients and hydraulic parameters, such as channel morphology, slope, and physical parameters, such as the grain size of the bed material and flow rate. The channel resistance of mountainous rivers under natural conditions not only varies spatially with channel morphology and gravel size [7,12] but also varies significantly with flow changes [5,10]. Montgomery et al. [12] showed that, for similar gradients, step-pool channels have higher roughness coefficients than plane–bed channels [13]. Yarahmadi et al. [14] analyzed laboratory data using soft computing models and indicated that the most important parameters affecting n were the energy grade line, the flow Froude number, the bed form dimensionless parameter.



As described above, field studies in various mountainous rivers have reported complex channel resistance in response to the complexity of channel geometry and flow fluctuations. However, the following issues remain. Since it is difficult to maintain uniform roughness conditions and channel geometry in mountainous rivers with complex channel geometries [11], to obtain a more accurate roughness coefficient, it is necessary to calculate roughness coefficients using spatially and temporally dense observed water-level data. However, observations of longitudinally dense data have rarely been conducted on mountainous rivers. Roughness coefficients for mountain rivers have been measured from low to very high flows, but little spatial variability has been reported. Takemura et al. [15] conducted 2D and 3D hydraulic analyses of a mountain river and reported that the possible roughness coefficients for 2D and 3D hydraulic calculations are different. Here, the three-dimensional calculations explicitly reflect the three-dimensional flow and non-hydrostatic distribution around boulders; the roughness coefficients representing the hydrograph converge to a constant value, while in the two-dimensional calculations, the roughness coefficients vary significantly from place to place. The authors noted that planar two-dimensional calculations cannot consider the three-dimensional flow and non-hydrostatic distribution around boulders. Additionally, the wrinkles are included in the roughness coefficients. However, although the reproducibility of the phenomenon is an issue for the roughness coefficient in 2D calculations, there is significant social demand for the roughness coefficient in planar 2D calculations, as models based on 2D calculations are widely used in practical applications from the perspective of computational resources.



This study attempts to obtain a roughness coefficient that fits the spatially and temporally dense river water-level data observed in Japan’s Yamatsuki River, a typical mountainous river, by repeating a two-dimensional flow simulation. Furthermore, we aim to clarify the influence of the physical parameters of the river channel on the coefficient of roughness obtained via the above exploratory method.




2. Materials and Methods


2.1. Summary of Methods


In the Yamatsuki River, a typical mountainous river in Miyazaki Prefecture, Japan, a 667 m section was established for analysis. In this section, 16 water-level gauges were installed at intervals of about 40~80 m in the longitudinal direction. The computed section was divided into sections, and Manning’s roughness coefficients were back-calculated by repeating unsteady two-dimensional flow simulations to conform to the results of water-level observations during flooding. The temporal variation of the roughness coefficient was also examined alongside the relative water depth, which is an important parameter. Several physical parameters of the river were extracted for the spatial variation of the roughness coefficient, and the relationship between the roughness coefficient and each parameter under high flow conditions was confirmed via a single correlation analysis. Multiple regression analysis was then conducted using Manning’s roughness coefficient as the objective variable and the physical parameters with high relationships as explanatory variables, and a prediction equation for the roughness coefficient was proposed.



Details of the survey methodology, survey items, and analysis methods are presented in the following subsections.




2.2. Study Field


The study site is a section of the Yamatsuki River, a tributary of the Gokase River that flows through Miyazaki Prefecture. Figure 1 shows the location of the Yamatsuki River. The Yamatsuki River is a typical mountainous river with a drainage area of 8.2 km2, a channel length of 4 km, an average riverbed gradient of 1/50, and an average river width of 17.9 m flowing through a valley. A 2.1 km span of the Yamatsuki River was damaged by Typhoon No. 14 in 2005 (Figure 2a). This flood caused significant damage, including the collapse of the revetment and the discharge of soil and sand from the rice paddies (Figure 2b).



After the flood of Typhoon No.14, river restoration was undertaken for flood protection and restoration of the river environment in response to residents’ opinions. At the time, there were many unknowns regarding mountainous rivers and no clear standards. Therefore, incorporating the opinions of river researchers, the river restoration was restored based on several innovations in addition to river flood calculations. The primary goal of the restoration was to restore the step-pool morphology (which is dominant in the riverbed morphology of mountainous rivers) to its natural state. To achieve this restoration, the river was not straightened but meandered, and the longitudinal gradient was maintained. Where the riverbanks were destroyed and the river’s width eroded, the river was kept widened, with the revetment using stones washed away by the flood. In addition, boulders larger than 1 m in diameter were left on the riverbed in anticipation of the formation of the step pool (Figure 2c). The restoration was completed in 2008. A follow-up survey conducted three years after the restoration reported the development of the riverbed’s topography and the recovery of plant and fish species [16].



For the study, we selected a 1190–1867 m section where the restorations were made, a 1 km section downstream of the river where the riverbed was not fixed by concrete, and a 677 m section where the influence of tributaries was minimal. In addition, the flow rate was expected to be somewhat constant.




2.3. Field Observations


The field survey consisted of continuously observing the water level using water-level gauges installed at 16 locations along the river in the study section and photogrammetric surveying using a UAV (Unmanned Aerial Vehicle).



Pressure water-level gauges (HOBO U20L, Onset, USA 470 MacArthur Blvd., Bourne, MA, USA) were installed for the water-level observations. The observation period was from 6 August to 22 August 2021. The water-level gauges were installed by fastening the gauges to pegs with a cable tie and driving the pegs into the roots of huge rocks and gaps in the seawall. The water-level gauges were labeled wl01–wl16 with sequential numbers starting with the gauges installed downstream. A pressure gauge measuring atmospheric pressure was also installed near the river for compensation. Figure 3 shows the locations of the pressure gauges in plane view.



Topographic surveying was conducted with a UAV (Phantom 4 Pro V2.0, DJI) in April 2021 when topographic surveying was optimal because the river flow was low during the year. Aerial photographs were taken with Ground Control Points (GCPs) covering the entire study section. The aerial images were then used to obtain a 0.5 m resolution digital elevation model and orthographic projection map of the river channel via structure from motion (SfM) analysis using Metashape Professional ver. 1.7.1 (Agisoft).




2.4. Analysis Method


Many unsteady 2D flow calculations were performed while gradually changing the Manning’s roughness coefficient (given uniformly within a computed section), and the optimal Manning’s roughness coefficient that fit the water-level data obtained from the field survey was back-calculated. Ten computed sections were established so that each computed section contained three longitudinally contiguous water-level gauges, for each of which an inverse roughness estimation was performed using 2D flow calculations. Figure 3 shows the calculation sections. Based on the preliminary analysis, the back-calculated roughness coefficients for sections 9–11, 10–12, and 11–13 were excluded from the back-calculation analysis because there was no water depth response to roughness changes. The sections were located in a meandering section, so water depth was primarily determined by the large-scale river channel morphology not affected by local riverbed roughness.



The following sections describe the data sets, computational methods, and methods used for calculating the roughness coefficients and physical parameters required for unsteady 2D flow calculations.



2.4.1. Preparation of Data Set for Unsteady Two-Dimensional Flow Calculations


For the unsteady two-dimensional flow calculations, we used free software called iRIC Nays 2DH [17], which can capture nonlinear, unsteady hydrodynamics and subsequent bed and bank morphodynamics. The data required for unsteady 2D flow calculations were the water level at the upstream and downstream ends, the flow discharge, and the ground elevation. The pressure difference between the installed water-level gauge and a pressure gauge measuring atmospheric pressure was determined, and the longitudinal water depth was calculated from the pressure difference. Based on the river channel cross section and observed water levels, the flow discharge was estimated using the trapezoidal weir overflow Formula (1) for the cross section (at wl04 in Figure 4), where the exposed bedrock forms a drop-off structure and the dominant cross section is assumed to exist. The following equation was used to estimate the flow discharge based on data from erosion control facilities provided by the Ministry of Land, Infrastructure, Transport, and Tourism [18]:


  Q =   2   15   C  2 g    3   B   1   + 2   B   2       h     3   2     ,  



(1)




where Q is the estimated flow discharge (m3/s), C is the flow coefficient (0.6–0.66), g is the acceleration of gravity (9.8 m/s2), B1 is the width of the through-flow bottom (m), B2 is the overflow surface width (m), and h is the overflow depth (m). Figure 4 shows the estimated flow discharge. A maximum flow discharge of 11.5 m3/s was observed during the observation period. Since the maximum flow discharge calculated by David et al. [7], who previously analyzed relatively large rivers, was 0.68 m3/s, the roughness coefficients used in this study were considered sufficient to represent the flood. As the ground elevation data for the 2D flow calculations, we used a 0.5 m resolution digital elevation model obtained through photogrammetry.




2.4.2. Two-Dimensional Flow Calculation Method


	(1)

	
Overview of the software (Nays2DH)







Nays2DH is a planar two-dimensional solver developed for river flow calculations. The flow field calculation model uses a general curvilinear coordinate system, which allows complex boundaries and riverbed topography to be directly considered. The friction on the bottom is evaluated using Manning’s roughness coefficient. The basic equations in Cartesian coordinate form (x, y) before mapping to the general curve coordinate system are shown below. The basic equations are taken from the solver manual [17]:


    d h   d t   +   d   h u     d x   +   d   h v     d y   = 0  



(2)
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      F   y     ρ   =   1   2     C   D     a   s     h   v   v    u   2   +   v   2    ,  



(10)




where h is water depth; t is time; u and v are depth-averaged velocities in the x and y directions, respectively; g is the acceleration of gravity; H is the water level; τx and τy are the riverbed shear forces in the x and y directions, respectively; ρ is the density of water; Dx and Dy are diffusion terms in the x and y directions, respectively; Fx and Fy are the resistance forces of the plant in the x and y directions, respectively; Cf is the riverbed shear coefficient; vt is the eddy kinematic viscosity coefficient; CD is the drag coefficient of the plant, as is the intercepted area of the plant in unit volume; and hv is the smallest plant height and water depth. Using the above equations as a basis, the calculation mesh can be set to any shape by converting it into general coordinates.



	(2)

	
Calculation conditions







In the present study, the resistance forces of the plant were specified as zero, which is reflected in the roughness coefficient. “+Advanced” was selected as the solver type for the calculation conditions. The calculation time step was determined by considering the Courant number derived from the following equation:


  C = v   Δ t   Δ l   ,  



(11)




where C is the Courant number, v is the flow velocity, Δt is the computation time step, and Δl is the grid size. The Courant condition requires that the Courant number be smaller than 1 for a stable analysis. The computation time step was set to 0.01 s to satisfy the Courant condition. Isocurrent calculations gave the initial water surface profile, and the number of CPUs used for parallel calculations was set to 8, with default values for other settings.



Ten calculation sections were established with three longitudinally contiguous water-level gauges. The water-level gauge wl07 was washed out through the flood. Therefore, the river was divided into calculation sections at the 15 water-level gauge locations from which the water-level data were obtained (Figure 3). The section names are given by the numbers of the water-level gauges located at the downstream and upstream ends of the section. For example, if wl01 is located at the downstream end and wl03 at the upstream end, the section is named section “S1–3”. The 0.5 m ground elevation obtained from the field survey was used to create the computational grid, and the mesh size was also set to 0.5 m. The center line of the river channel and the right and left bank lines were created according to aerial photographs taken by the Geospatial Information Authority of Japan (GSI). The “Generic Lattice Generation Tool” was employed as the lattice generation algorithm, which solved the Laplace equation to generate a smooth lattice. The lattice was created so that the lattice points would overlap with the water-level gauge locations in the middle of the section. This arrangement allowed us to compare the observed and calculated water levels at the water-level gauge locations.



	(3)

	
Boundary conditions







Ten time series data with varying flow levels were extracted for 2D flow calculations and roughness estimation to obtain roughness coefficients for each runoff phase. For each time series data, 2D indeterminate flow calculations were performed using the upstream end discharge data and downstream end water-level data for 10 min as boundary conditions for the time series data. To stabilize the calculations, an additional 10 min steady flow calculation was performed at the beginning of the calculation using the initial flow and water level values, followed by the 10-minute unsteady flow calculation. Table 1 shows the hydraulic boundary conditions for the periods used in the calculations.



	(4)

	
Back-calculation of Manning’s roughness coefficient







In this study, Manning’s roughness coefficient was back-calculated using the local indeterminate flow back-calculation method. In this method, the river channel is divided into several sections, and the roughness coefficients of each section are changed by trial and error to calculate the indeterminate flow. The Nays2DH solver in iRIC was used for the unsteady two-dimensional flow calculations. The Manning’s roughness coefficients ranged from 0.1 to 1 in increments of 0.1, and calculations were performed by further varying the coefficients at intervals of 0.01 between values that were close to each other. The calculated and observed water levels were compared; the result with the smallest difference between the calculated and observed water levels was used as the Manning’s roughness coefficient for that section. In this study, we calculated 10 times × 10 sections x 20 times the number of trials = 2000 patterns. The iRIC project data were recorded in the CGNS file format, which is used in computational fluid dynamics, making it challenging to edit the data directly. The PyAutoGUI library in Python was used to create project files with different conditions in RPA. The roughness coefficient for the calculation pattern with the most minor difference between the calculated water depth obtained from the simulation in the section and the observed water depth was determined as the back-calculated roughness coefficient.



	(5)

	
Accuracy verification







To confirm the accuracy of the unsteady two-dimensional flow calculation simulation, a comparison was made between the water depth obtained from the flow observations and the calculated water depth obtained from the simulation. Table 2 shows the mean squared error between each section’s calculated and observed water levels for the back-calculated roughness coefficient. Here, the mean squared error is small, indicating that the calculated water level accurately reproduced the observed water level when the back-calculated roughness coefficient was used (see also Table 2).




2.4.3. In-Channel Physical Parameters Related to the Roughness Coefficient


Previous studies have reported that riverbed roughness varies with water depth [19]. Indeed, roughness is expected to vary with water depth, even in unsteady two-dimensional calculations. To calculate Manning’s roughness coefficient during a flood, we compared the roughness coefficient and relative water depth at each of the times indicated in the boundary conditions, with reference to previous studies. The relative water depth was calculated by dividing the water depth by D84, which was obtained from the grain size accumulation curve. From among the ten values set as boundary conditions, water depth under maximum flow was used. The D84 grain size of the riverbed material was calculated by creating a grain size distribution curve using the image-based line grid method.



In predicting the back-calculated roughness coefficient during flooding based on the abovementioned physical channel parameters, the following relevant channel physical parameters were selected: river ratio of width to depth, slope, D84 grain size of riverbed materials, relative water depth, ratio of plants, ratio of habitat per section, and H/L/S (H: step height; L: step length; S: channel slope). H/L/S, as proposed by Abrahams et al. [20], is widely used to test the occurrence of the maximum flow resistance condition in mountainous streams. These parameters were calculated using QGIS 3.1.6 with a 0.5 m grid DEM and ortho imagery.



The width-to-depth ratio was selected as a dimensionless value divided by the water depth to assess the extent to which the river width, a parameter that can be controlled during design, affects the roughness coefficient. The width–depth ratio was calculated by dividing the river’s average width by the river’s depth. The average river width per section was divided into five equal sections, and the average value was used as the average river width. The water depth was selected as the water depth value when the relative water depth reached its maximum value. Gradient and relative water depth values were selected because they were related to the roughness coefficients of mountainous rivers in previous studies [5]. The slope was calculated by dividing the channel length at the upper and lower ends of each set section by the difference in elevation between the upper and lower ends, i.e., channel length/elevation difference = slope. The relative water depth was calculated for each of the ten time periods described above, and the value with the most significant back-calculated roughness coefficient was selected. The D84 grain size of the riverbed material, ratio of habitat per section, and maximum flow resistance index H/L/S were selected as parameters to investigate the effectiveness of the step-pool as the main roughness factor for mountainous rivers, which was already known from existing studies. The ratio of habitat, as an occupation of each habitat in each section, was calculated by classifying the river channel into four habitats: step, pool, rapid, and riffle. In the field, we classified step-pools, characteristic river bed forms in mountain river channels. During the step-pool sequence, we classified areas with little wave action as riffle and areas with fast flow and whitecaps as rapid. For each habitat roughly classified during the field survey, polygons were created using ortho-images in GIS 3.2 software. The ratio of each habitat was calculated by dividing the polygon area of each habitat by the area of each section.



H/L/S is calculated as H: step height, L: Step length from the step to the end of the pool, and S: section longitudinal gradient. A longitudinal gradient was created from the obtained ground elevation, and the average value of H/L/S was calculated for each set section. The ratio of plants, as an area occupation of plants in each section, was selected based on the expectation that the effect of the plant would be included in the roughness coefficient since the plant density term was omitted in the unsteady two-dimensional flow calculation in this study. The distribution of vegetation in the Yamatsuki River is closely related to the development of troughs (Sato, unpublished data) and should be interpreted as implicitly including the effects of flow inhibition by troughs. Polygons surrounding the plant areas were created using ortho-images in GIS software. The ratio of plants was calculated by dividing the polygon area of plants by the area of each section.




2.4.4. Regression Analysis to Examine In-Channel Physical Parameters Most Strongly Affecting the Roughness Coefficient


A single regression analysis between the physical parameters described above and Manning’s roughness coefficient was applied to investigate the factors influencing the back-calculated inverse roughness coefficient. The corresponding data set is shown in Table 3. In addition, multiple regression analysis was conducted to develop an equation to predict Manning’s roughness coefficient in mountainous rivers, selecting the physical parameters with significant correlation coefficients.






3. Results and Discussion


3.1. The Back-Calculated Manning’s Roughness Coefficients and Their Relationship with the Relative Water Depth


We were able to observe spatially and temporally dense water-level data for a mountainous river and back-calculated Manning’s roughness coefficients at various discharge stages using several results from two-dimensional flow calculations. Since it is known from previous studies that the coefficient of roughness varies with changes in flow rate, we first estimated the final coefficient of roughness during a flood event and then assessed whether the coefficients differed from section to section.



The relationship between the obtained back-calculated roughness coefficients and relative water depths are shown in Figure 5. The Manning’s roughness coefficients ranged from 0.11 to 1.28 m1/3/s in the early stages of computation in each computed section, i.e., when the riverbed gravels were not submerged in the early stages of the flood. In particular, sections 2–4 and 12–14 had coefficients of roughness greater than 0.96, with values exceeding the range of 0.057 to 0.96 m1/3/s reported by Yochum et al. [10] for roughness under a low flow. As the relative water depth increased, Manning’s roughness coefficients generally reached their maximum when the relative water depth fell within the range of 0.5 to 0.1 m1/3/s. Asano et al. [5] reported a minimum roughness coefficient of 0.16 m1/3/s for the step pool, Montgomery et al. [12] reported a roughness coefficient of 0.1~0.2 m1/3/s for the step pool, and Yochum et al. [10] reported a coefficient of 0.048~0.3 m1/3/s for high water. Therefore, we maintain that a Manning’s roughness coefficient with a high relative water depth is generally reasonable.



Step height significantly correlates with the D₅₀ and D₈₄ values of the constituent gravel diameter [21]. Since the relative water depth in this study is assumed to be h/D₈₄, the step is expected to be submerged below the water surface where the relative water depth exceeds 1 [21,22]. Asano et al. [5] reported that Manning’s roughness coefficient calculated from steady flow calculations converges to a constant value with an increase in relative water depth. This study calculated the roughness coefficient backward from unsteady two-dimensional flow calculations for each section. The results confirmed that Manning’s roughness coefficient decreases with an increase in relative water depth and converges to a constant value. However, Manning’s roughness coefficient was found to vary from section to section. The longitudinal distributions of the back-calculated roughness coefficient, calculated water level, and observed water level at peak flow (i.e., when the relative water depth is maximum) are shown in Figure 6. It is suggested that the convergence of Manning’s roughness coefficient may change depending on the river channel’s spatial factors and physical parameters.




3.2. Effects of In-Channel Physical Parameters on the Roughness Coefficient


Single regression analysis was performed to clarify the relationship between the physical parameters and roughness coefficient. In the single regression analysis, Manning’s roughness coefficients at the maximum relative water depth were used to represent channel resistance during the flood. The results are shown in Figure 7. Furthermore, multiple regression analysis was performed between the parameters with the strongest correlation and Manning’s roughness while considering multicollinearity.



The previous section confirmed that Manning’s roughness coefficient during a flood with high water levels is spatially varied. Figure 7 shows that the slope was negatively correlated with Manning’s roughness coefficient, and H/L/S was selected as the positively correlated parameter. On the other hand, the ratio of width to depth, D84 grain size of the streambed material, relative water depth, plant rate, and habitat ratio per section did not correlate well. The D84 grain size of the riverbed material and the ratio of habitat per section were selected to explain the effects of the step pool in dispersing the energy of the flow, and H/L/S, which was selected for the same reason, had a high correlation. Thus, H/L/S was selected as the number to express the step pool for the roughness coefficient. H/L/S is likely the most appropriate number to express the step pool for the roughness coefficient. Manning’s roughness coefficient, calculated using a planar two-dimensional calculation, expresses the effects of friction roughness and shape roughness. The river roughness is considered to contain the roughness caused by friction due to plants and the grain of the riverbed material and the roughness due to shapes such as boulders, troughs, gradients, and H/L/S. In the sections where the gradient is low, the D84 grain size of the riverbed is small, and the water depth is significant. However, the H/L/S is considered to have increased due to the development of a step pool caused by flood flow, suggesting that the step pool developed regardless of the D84 grain size and that Manning’s roughness coefficient is increasing. This result indicates that the roughness due to the shape is larger than the roughness due to the grain size. This result is also consistent with a previous study that found that roughness caused by shape contribute more to flow drag than roughness caused by friction, although such factors depend on the flow regime during flooding [6].



The plants in the channel of the Yamatsuki River are mainly vine reeds covering the sandbars. Many of the crane reeds fell in the downstream direction during the field survey after the river’s outflow. In this analysis, the simulated water depth in the section with the plants was confirmed to be around 1 m (Figure 8). Reeds collapsed at a rate of 0.4 m/s or greater, and the coarse roughness coefficient dropped to around 0.05 [23]. The vital force of the water during flooding likely caused the reeds to collapse, which reduced the roughness coefficient of the plant section and did not have a substantial effect on the Manning’s roughness coefficient.



Because of the collinearity of the physical parameters, the selection of parameters was narrowed down to slope and H/L/S, which have robust correlation coefficients, and a single regression equation with the roughness coefficient was created for each parameter. Figure 9 shows that Manning’s roughness coefficient decreased with an increase in slope, and the trend of an increasing roughness coefficient with increasing H/L/S was very clear. In a previous study, Spearman’s rank correlation coefficient was used to evaluate the influence of slope, watershed area, and size of streambed material on the calculated roughness coefficient [5]. As a result, we confirmed that the slope, bed grain size, and coefficient of roughness were significantly correlated with the riverbed morphology found in gentle gradients, such as plane–bed and pool–riffle gradients, while slope, catchment area, and bed grain size had no effects on roughness in steep gradients, such as step-pool and cascade gradients. However, this study showed that the effects of gradients on roughness coefficients are strong even in channel sections where step pools are observed. In addition, an increase in H/L/S means that the step pool is more developed, and since the loss of flow energy increases as the step pool develops [24,25], an increase in H/L/S is considered to have contributed to the increase in the roughness coefficient. An increase in H/L/S also increases the coefficient of roughness.



To construct an equation to predict the roughness coefficient in mountainous rivers using physical parameters, a multiple regression analysis was conducted with Manning’s roughness coefficient n [m1/3/s] as the objective variable and slope and H/L/S as the explanatory variables featuring high correlation coefficients with the roughness coefficient while taking multi-collinearity into account. As a result, the following regression equation was derived:


  n = − 0.984777 × S l o p e + 0.012368 × H / L / S + 0.067915 .  



(12)







The coefficient of determination was 0.60, and the adjusted coefficient of determination was 0.48. Since the coefficient of determination is smaller than 0.5, the accuracy is considered poor. Nevertheless, we believe that these results demonstrate the possibility to create a more accurate prediction equation by increasing the number of samples and conducting similar analyses in the future.





4. Conclusions


This study aimed to collect the spatially and temporally dense water-level data in a mountainous river to back-calculate Manning’s roughness coefficients via a two-dimensional unsteady flow calculation analysis and determine how these coefficients are affected by in-channel physical parameters. The two-dimensional calculation of unsteady flow based on longitudinally observed water levels showed that the roughness coefficient was within the range of the Manning’s roughness coefficient estimated in existing studies. The roughness coefficient calculated by the plane two-dimensional calculations of unsteady flow approached a constant value in the range of 0.05 to 0.1 s/m1/3 as the relative water depth increased. This result indicates that the roughness coefficient can be considered a constant value when performing plane two-dimensional flow calculations for flooding. The roughness coefficient during flooding was found to be correlated with the slope and H/L/S. An equation for predicting the roughness coefficient during flooding based on the physical parameters of the channel was also proposed.
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Figure 1. The location of the Yamatsuki River, Miyazaki Prefecture, Kyushu Island, Japan. 
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Figure 2. The river under study: (a) the river during the flood of 2005; (b) the river after the flood of 2005; (c) the river after restoration in 2009. 
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Figure 3. The location of water level gauges in the river and the individual sections in which the Manning’s roughness coefficients were estimated with 2D hydraulic analyses. 
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Figure 4. Hydrograph during the observation period. 
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Figure 5. Relationship between Manning’s roughness coefficient and relative water depth. 
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Figure 6. Longitudinal distribution of back-calculated Manning’s roughness coefficients, calculated water level, and observed water level at peak flow. Calculated water levels in sections 9–11 (WL10), 10–12 (WL11), and 11–13 (WL12) are for reference. 
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Figure 7. Correlation coefficients between measured parameters (red boxes: correlation coefficients exceeding 0.6 for physical parameters that showed a strong correlation with Manning’s roughness coefficient). 
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Figure 8. A cross section at the midpoint of wl08–wl09 with the highest water level. 
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Figure 9. Relationships between Manning’s roughness coefficients, slope, and H/L/S with high correlation coefficients exceeding 0.6. 
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Table 1. Boundary conditions of the ten time periods.
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	Date and Time
	Estimated Discharge at wl04 (m³/s)





	8 August 2021 13:00
	0.062



	8 August 2021 15:20
	0.416



	8 August 2021 17:00
	1.261



	8 August 2021 17:20
	1.876



	8 August 2021 18:40
	3.611



	8 August 2021 19:10
	5.617



	8 August 2021 21:00
	6.754



	8 August 2021 22:20
	8.056



	13 August 2021 7:50
	9.894



	13 August 2021 8:20
	11.519










 





Table 2. The mean squared error between observed and calculated water levels in each calculation section.
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	Section Name
	Mean Squared Error





	S1–3
	0.00017



	S2–4
	0.00031



	S3–5
	0.00003



	S4–6
	0.00008



	S5–8
	0.00023



	S6–9
	0.00048



	S8–10
	0.00183



	S12–14
	0.00012



	S13–15
	0.00021



	S14–16
	0.00003










 





Table 3. Data set used in the single and multiple regression analysis.
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	Cal.

Section

Name
	Manning’s Roughness Coefficient (s/m1/3)
	Ratio of Width to Depth (m/m)
	Slope

(m/m)
	D84

(m)
	Relative

Depth

(m/m)
	Ratio of Plant

(m2/m2)
	Step

(%)
	Riffle

(%)
	Rapid

(%)
	Pool

(%)
	H/L/S





	S1–3
	0.11
	6.46
	0.005
	0.40
	2.32
	0.00
	3.07
	36.87
	2.90
	1.50
	4.02



	S2–4
	0.06
	4.94
	0.025
	1.25
	0.87
	0.00
	3.38
	22.70
	3.83
	3.04
	1.06



	S3–5
	0.06
	6.95
	0.028
	1.45
	0.61
	0.00
	3.22
	21.87
	2.22
	6.34
	1.41



	S4–6
	0.09
	6.51
	0.018
	0.55
	1.88
	0.01
	3.79
	31.39
	0.82
	5.80
	3.11



	S5–8
	0.02
	9.00
	0.035
	0.60
	1.42
	0.22
	7.08
	16.04
	3.18
	5.77
	2.36



	S6–9
	0.05
	10.29
	0.035
	0.75
	1.31
	0.39
	5.84
	20.04
	2.35
	4.71
	2.06



	S8–10
	0.05
	18.23
	0.040
	0.55
	1.34
	0.63
	4.24
	24.62
	2.26
	2.32
	1.46



	S12–14
	0.10
	9.44
	0.023
	0.70
	1.84
	0.30
	6.96
	17.45
	2.02
	8.06
	3.13



	S13–15
	0.07
	11.47
	0.042
	0.90
	1.08
	0.20
	9.02
	18.32
	3.18
	4.65
	2.13



	S14–16
	0.07
	12.39
	0.041
	1.05
	0.76
	0.14
	9.03
	16.88
	3.95
	7.27
	2.48
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