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We thank the editors and reviewers for their positive consideration of our manuscript and for constructive feedback and 

comments on our manuscript. The Author comments are written in blue in italics. In the manuscript at the end of this rebuttal 

sheet, we have mentioned the changes following Editor comments in blue , Reviewer 1 in Green and Reviewer 2 in Orange.  

As the manuscript has a lot of changes and mark-up format is difficult to follow, we have also included a version with only 

comments from the editor and reviewers. At the end of this file, we have included the manuscript version with markup-changes.  5 

 

Editor Comments:  
 

1) Objectives and physical rationale of the various models: the various cover models treat different aspects of cover distribution 

and dynamics, they use different approaches with respect to their assumptions and modelled details, and only partially overlap 10 

in their objectives. For example, the Johnson 2014 model is mainly concerned with the feedback between cover and roughness, 

while the Turowski and Hodge paper is concerned with the description of the distribution of sediment on the bed, and the 

transformation between a point of view considering masses and one considering fluxes. As a result, Turowski and Hodge did 

not treat roughness feedbacks at all, while Johnson used a generic flux-based approach. Can the models then be meaningfully 

compared? Likewise, the Aubert et al. 2015 model includes hydraulic details that the reach-scale approaches of most of the 15 

other models do not treat explicitly. It seems important to me that the authors clearly work out the different focus of the various 

models, including the relevant assumptions and approaches. This means that a brief description of the physical and conceptual 

rationale of the models should be included in the paper. I agree with reviewer #1 that the key differences in model predictions 

should be worked out before comparing them to data. This gives the necessary background information to decide what kind of 

data are necessary to test the models. 20 

 

We have revised and restructured the introduction part as suggested by you and other reviewers. Please see section 1.: Lines 

119~165; 187~197 

 

 25 

 

2) Scales of observations, and field vs. lab work: The cover effect has been studied on a variety of spatial and temporal scales. 

Within the overview in the introduction, these scales are mixed and the conclusions drawn from the observations are not put 

in the correct context. For example, the authors cite the study of Cowie et al., 2008 (catchment scale, geological time scale , 

use of proxies for relevant variables) together with the study of Mishra et al., 2018 (scaled down lab experiments, channel 30 

scale, single meander bend), drawing a singular conclusion from two very different approaches. I think there is a need to make 

the reader aware of these differences. 

We have tried to incorporate more literature review and modify the manuscript as suggested by reviewers and editors. We 

have also mentioned the scale of study for each study in the new manuscript. (Section 1) 

 35 

 

 

3) Missing literature: For a comprehensive, state-of-the-art review that the authors intended to deliver (line 9 in the abstract), 

too much literature has been overlooked. Scanning through the reference list, more than a dozen missing publications 

immediately sprang to my mind (see below; the list is not comprehensive and the authors should conduct an additional 40 

research). The literature on the cover effect is not so extensive that it cannot be cited completely within a paper intended to 

review the field, 

so I suggest that the authors conduct a comprehensive literature research. As an alternative, they could limit their review to  a 

process perspective (short time scales, small spatial scales), or even experiments, and omit work dealing with long-term 

channel dynamics, and morphodynamic adjustment. Establishing a clear description of the scope and focus of the article would 45 

help to delineate the literature that needs to be included. 

 

We have tried to incorporate more literature review and modify the manuscript as suggested by reviewers and editors. (Section 

1) 

 50 

4) Methods: the descriptions of the methods and of the experimental set up are often incomplete. Please rewrite, bearing in 

mind that a reader should have all necessary information to reproduce your work. 

 

We have included infortmations as suggested by RC2.  

 55 

Comments by line 

 

9 The stated aims in lines 79-82 say something different. Note that the abstract is not part of the article, but a summary of it. 

As a consequence, it should be possible to read abstract and article independently. 

We have tried to change the abstract.  60 
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26 It does not make sense to mention Cowie et al. and Mishra et al. in the same breath as is done here; they worked at 

fundamentally different scales. 

Line 42: We have made the changes.  

 65 

27 Cowie et al. did not show this, they used plotted incision rates against the ratio of incised and total drainage area! 

Line 42: We removed Cowie et al. from this line 

 

30 See also Wohl and Ikeda 1997. 

Line 44: Added in new manuscript.  70 

 

32 There are plenty of other field studies working at a similar scale that are omitted here. 

Section 1: We have included several new literatures.  

 

38 The linear model was actually first proposed by Sklar and Dietrich 1998 (cited elsewhere). 75 

Line 85: We have included the reference for Sklar and Dietrich 1998.  

 

40 It would be good to explain the rationale behind the function: it is the most simple connection between the end points of no 

cover at no supply and full cover at supply equal or exceeding the transport capacity. 

Line 85: We included this 80 

 

45 These papers give a more differentiated view then reported here. 

We have deleted the papers from this line, and have explained in detail in 3rd paragraph in Introduction. 

 

57 It would be good to explain the rationale here. The exponential equation was actually derived for a mass ratio using a 85 

probabilistic argument, and equation (2) was obtained by assuming that the mass ratio is equal to the ratio of supply to capacity. 

The latter assumption was demonstrated to be incorrect by the analysis of Turowski and Hodge 2017. 

Line 89, Line 145: We have revised accordingly.  

 

77 The Turowski and Hodge model is a generalized version of the arguments presented by Turowski et al. 2007 and Turowski 90 

2009. 

Line 96: Turowski and Hodge (2017) proposed a reach- scale probability-based model that can deal with the evolution of 

cover residing on the bed and the exposed bedrock. Turowski 2018 proposed a model and linked availability of cover in 

regulating the sinuosity of the channel.  

 95 

79-82 Here, you need to lay out the objectives and aims of the paper. Note that the statements here do not agree with th e 

statements made in the abstract (line 9). 

Line 123-131 “Except for the Lagrangian description models that track individual particles (i.e., Hodge and Hoey, 2012; 

Aubert et al., 2016), the Eulerian description models are roughly classified into four; the linear model proposed by Sklar and 

Dietrich (1998, 2004), the exponential model proposed by Turowski et al. (2007), the probabilistic model proposed by 100 

Turowski and Hodge (2017) and the roughness models proposed by Inoue et al. (2014), Johnson (2014), Nelson and Seminara 

(2012) and Zhang et al. (2015). In this study, we focus on a detailed study of the similarities and differences among the Eulerian 

description models proposed by Sklar and Dietrich (2004), Turowski et al. (2007), Inoue et al. (2014), Johnson (2014) and 

Turowski and Hodge (2017). We compare the efficacy of these models from comparisons with our experimental results. In 

addition, we apply the roughness models (Inoue et al., 2014; Johnson, 2014) to the experiments conducted by Chatanantavet 105 

and Parker (2008) in order to analyse the effect of bedrock roughness on alluvial cover in a mixed bedrock - alluvial river 

with alternate bars.” 

 

137 This is only one out of a family of equations that they derive. Three analytical examples, using different a ssumptions for 

their P-function, are given in their eqs. 30-32 (the one presented here is eq. 30). Other options (for example, parameterizing 110 

the P-function using the cumulative beta distribution) cannot be expressed in a closed form, but may also be interesting to test. 

Obviously, the authors can make a sub-selection of the family of models proposed by Turowski and Hodge, but they should 

justify their choice. 

 

Line 217: Their model also provides two other analytical solutions (Equation 30,31 in Turowski and Hodge, 2017), however 115 

we are employing Equation 12 in this study as the equation does not contain any parameter with obscure physical meaning 

and all the parameters can be calculated in laboratory or analytically.   

 

140 Not quite accurate, this depends on the circumstances. 

Line 217: We removed this statement.  120 
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141 The channel adjustment is not relevant for the present paper. 

Line 217: We removed this sentence  

 125 

239 Lague, 2010, also used gravel layer thickness in a slightly different formulation.  Additional literature on the cover effect 

is listed below. I have not included literature where cover-dependent erosion models were implemented in landscape evolution 

models. You are welcome to contact me if you have trouble locating any of the articles: 

We have tried to include the suggested literature and other literature that we found suitable. 

 130 

Lague, D.: Reduction of long-term bedrock incision efficiency by shortterm alluvial cover intermittency, J. Geophys. Res.-

Earth, 115, F02011, https://doi.org/10.1029/2008JF001210, 2010. 

Line 29, 93 

 

 135 

Meshkova LV, Carling P. 2012. The geomorphological characteristics of the Mekong River in northern Cambodia: a mixed 

bedrock-alluvial multi-channel network. Geomorphology 

147–148: 2–17. https://doi.org/10.1016/j.geomorph.2011.06.041 

 

 140 

Dreano J, Valance A, Lague D, Cassar C.: Experimental study on transient and steadystate dynamics of bedforms in supply 

limited configuration, Earth Surf. Process. Landforms, 35, 1730-1743, https://doi.org/10.1002/esp.2085, 2010. 

Couldn’t find the paper 

 

Fernández R, Parker G, Stark CP.: Experiments on patterns of alluvial cover and bedrock erosion in a meandering channel. 145 

Earth Surface Dynamics 7, 949-968, https://doi.org/10.5194/esurf-7-949-2019 

Line 29 

 

Friedl F.: Laboratory Experiments on Sediment Replenishment in Gravel-Bed Rivers,Chapter 7, Master thesis, ETH Zurich, 

https://ethz.ch/content/dam/ethz/specialinterest/baug/vaw/vaw-dam/documents/das-institut/mitteilungen/2010-150 

2019/245.pdf,2018. 

 

 

Hancock GS, Anderson RS.: Numerical modeling of fluvial strath-terrace formation in response to oscillating climate, 

Geological Society of America Bulletin, 114, 1131- 1142, https://doi.org/10.1130/0016-155 

7606(2002)114<1131:NMOFST>2.0.CO;2, 2002. 

Line 29 

 

Hobley, D. E. J., Sinclair, H. D., Mudd, S. M., and Cowie, P. A.: Field calibrationof sediment flux dependent river incision, J. 

Geophys. Res., 116, F04017, https://doi.org/10.1029/2010JF001935, 2011. 160 

Line 29 and 80 

 

Howard AD. 1998. Long profile development of bedrock channels: interaction of weathering, 

mass wasting, bed erosion, and sediment transport. In Rivers Over Rock: FluvialProcesses in Bedrock Channels, Tinkler KJ, 

Wohl EE (eds), Geophysical MonographSeries 107. American Geophysical Union: Washington, DC; 297–319. 165 

 

Moore RC.: Origin of inclosed meanders on streams of the Colorado Plateau, Journal of Geology 34, 29-57, 

https://www.jstor.org/stable/30063667, 1926. 

Line 24  

 170 

Nelson, P. A. and Seminara, G.: Modeling the evolution of bedrock channel shape with erosion from saltating bed load, 

Geophys. Res. Lett., 38, L17406, https://doi.org/10.1029/2011GL048628, 2011. 

Line 29  

 

Shepherd, R. G.: Incised river meanders: Evolution in simulated bedrock, Science, 178, 409–411, 175 

https://doi.org/10.1126/science.178.4059.409, 1972. 

Line 24  

 

Shepherd, R. G., Schumm, S. A.: Experimental study of river incision, Geol. Soc. Am.Bull., 85, 257-268, 1974. 

Line 44 180 

 

Sklar, L. S. and Dietrich, W. E.: Sediment and rock strength controls on river incision into bedrock, Geology 29, 1087–1090, 

https://doi.org/10.1130/0091-7613(2001)029<1087:SARSCO>2.0.CO;2, 2001. 

Line 26, 34, several other places 

 185 

https://doi.org/10.1016/j.geomorph.2011.06.041
https://doi.org/10.5194/esurf-7-949-2019
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Turowski, J. M.: Alluvial cover controlling the width, slope and sinuosity of bedrock channels, Earth Surf. Dynam., 6, 29–48, 

https://doi.org/10.5194/esurf-6-29-2018,2018. 

Line 97 

 

Turowski, J. M. and Bloem, J.-P.: The influence of sediment thickness on energy delivery to the bed by bedload impacts, 190 

Geodin. Acta, 28, 199–208,https://doi.org/10.1080/09853111.2015.1047195, 2016. 

Line 27  

 

Turowski, J. M. and Rickenmann, D.: Tools and cover effects in bedload transport observations in the Pitzbach, Austria, Earth 

Surf. Proc. Land., 34, 26–37, https://doi.org/10.1002/esp.1686, 2009. 195 

Line 24  

 

Turowski, J. M., Hovius, N., Hsieh, M.-L., Lague, D., and Chen, M.-C.: Distribution of erosion across bedrock channels, Earth 

Surf. Proc. Land., 33, 353–363, https://doi.org/10.1002/esp.1559, 2008. 

Line 49 and other places 200 

Turowski, J. M., Hovius, N., Wilson, A., and Horng, M.-J.: Hydraulic geometryriver sediment and the definition of bedrock 

channels, Geomorphology, 99, 26–38, https://doi.org/10.1016/j.geomorph.2007.10.001, 2008. 

Line 24 

 

Turowski, J. M., Badoux, A., Leuzinger, J., and Hegglin, R.: Large floods, alluvial overprint, and bedrock erosion, Earth Surf. 205 

Proc. Land., 38, 947–958, https://doi.org/10.1002/esp.3341, 2013. 

Line 35 

 

Whitbread, K., Jansen, J., Bishop, P., and Attal, M.: Substrate, sediment, and slope controls on bedrock channel geometry in 

postglacial streams, J. Geophys. Res., 120, 779–798, https://doi.org/10.1002/2014JF003295, 2015. 210 

Line 49 

 

Wohl E, and Ikeda H.: Experimental simulation of channel incision into a cohesive substrate at varying gradients, Geology, 

25, 295-298, https://doi.org/10.1130/0091- 7613(1997)025<0295:ESOCII>2.3.CO;2, 1997. 

Line 23 and several other places  215 

 

 

Reviewer 1  
 

General comments: 220 

These could all be boiled down to one point, which is that the writing needs to be heavily restructured and expanded so 

that readers can understand and rigorously evaluate the work. 

 

1) This is billed as a review paper, and indeed it has the potential to be a very nice evaluation of several existing models. 

However, the portion of the paper that actually reviews previous work is extremely short. The entirety of the review is 225 

contained in less than 150 lines of text (section 1). For each model that the authors propose to evaluate, there should be 

a more complete description of how the model actually works, what any major assumptions are, what the key parameters 

are, and perhaps most importantly for this paper, what are the key predictions that each model makes that distinguish it 

from the others being evaluated. As an example, lines 116 to 125 present a very abbreviated description of Johnson’s 

(2014) roughness model. I have read Johnson’s paper two or three times over the years, and I still found this summary 230 

of their work hard to follow. The same goes for the work of Turowski and Hodge (2017). The quick summary of their 

work does not tell the readers almost anything about how their model was derived, except by some unspecified 

probabilistic approach. The papers being reviewed here are without exception very thorough pieces of work; each model 

description should be accompanied by at least a paragraph helping readers understand the model in greater detail, with 

specific reference to what diagnostic outcomes are expected from each one. Of course there is no need to re-do the 235 

derivations, but a little bit of extra explanation would go a long way to helping readers understand. 

Section 1: We have tried to improve the discussion as suggested by you and other reviewers.  
 

2) Along those same lines, there are really two different types of models being investigated here. There are the Inoue 

and Johnson models, which address the interplay between roughness and critical shear stress. Then there are the other 240 

models, which if I’m not mistaken look at sediment cover as a function of the ratio of sediment flux to transport capacity 

without dynamically modifying the critical shear stress. This fundamental distinction between model types is not clear 

in the introduction and review. 

Please see section 1.1: We have tried to improve the introduction part.   
 245 

3) The methodology by which all relevant quantities are calculated is not clear. For example: how was k_sb calculated? 

Line 112 gives an expression for it, but it seems to me that if that expression was used, there would be a perfect correlation 
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between sigma_br and k_sb because you just multiply by a couple of parameters. Then in section 2.3, Manning’s equation 

somehow comes into the calculation. Why is Manning’s n calculated? How is it used? If it is used to determine a bedrock 

roughness parameter, how are the weird dimensions of Manning’s n reconciled such that both quantities in Figure 2 are 250 

in meters? It may be that I am just not understanding, but I am familiar with this literature. If I don’t understand then 

other readers may also have trouble. 

 

In our experiments, the hydraulic roughness height (ks) was calculated using Manning – Strickler relation 

and Maning’s velocity formula. 255 

𝑘𝑠 = (7.66𝑛𝑚√𝑔)
6
 

𝑛𝑚 =
1

𝑈
𝐷2 3⁄ 𝑆𝑒

1 2⁄  

where 𝑛𝑚 is the Manning’s roughness coefficient and 𝑈 is the average velocity (𝑈 = 𝑄 𝑤𝐷⁄  where 𝑈 is 

the water discharge, 𝑤 is the channel width, 𝐷 is the water depth), 𝑆𝑒 is the energy gradient. 

 260 

The calculation method of ksb in line 112  (equation 6) is only used in the model proposed in Johnson 

model. We added the explanation, “This method for estimating 𝑘𝑠𝑏 applies only to Johnson's model. The 

method of calculating the observed value of 𝑘𝑠𝑏 is explained in the section 2.3.” 

 

The Manning-Strickler equation is widely used, but the dimensions cannot be matched. It is more accurate 265 

to use the logarithmic law, but we used Manning-Strickler equation for simplicity. 
 
4) Similarly, the experimental methodology in general needs to be more thoroughly explained. Section 2.4 is a good 

example of this. Measuring the critical stress is important to ultimately testing Inoue’s and Johnson’s models, but line 

185 for example is not clear at all about how the ultimate values used in figure 8 were measured/calculated. 270 

 

We have revised to “To measure the dimensionless critical shear stress of grains on completely bedrock 

portion, i.e. 𝜏∗𝑐𝑏, 30 gravels of 5mm diameter each, were placed on the flume floor at intervals of 10 cm 

or more to make sure that there was no shielding effect between the gravels (there was shielding effect 

due to unevenness of the bedrock). Next, water flow was supplied at a flow discharge that no gravel moved, 275 

and was slowly increased to a flow discharge at which all the gravels moved. The water level and the 

number of gravels displaced were measured and recorded for each flow discharge. These measurements 

were performed for all the 5 bedrock surfaces.  

We calculated the dimensionless shear stress 𝜏∗(= 𝐷𝑆𝑒 𝑅𝑑⁄ ) , here 𝑅  is the specific gravity of the 

submerged sediment (1.65). We defined the critical shear stress was  𝜏∗𝑐𝑏 is the weight average of 𝜏∗ 280 

using the number of displaced gravels. “ 
 

5) Also on section 2: please consider stating very clearly in this section what the structure of your experimental design 

was. Meaning, what changed between each “run” in a given group (say, the set of “run1” experiments). From Table 1 I 

gather that each group of runs is for a different roughness condition, and then the sediment feed rate was varied within 285 

each roughness condition, but information this fundamental to the paper should not have to be hunted down in a table. 

Line 239: We included the changes.  
 

6) It is in many cases not clearly why certain decisions were made (i.e., little explanation or justification is given). For 

example, why can’t the other models be tested against Chatanantavet and Parker’s results (Figure 11)? If there is some 290 

obvious reason, then that’s fine and it can just be stated. As it is, it is hard to tell what the rationale was for many choices 

made in the experimental setup and analysis. 

For investigating the influence of bed roughness on the alluvial cover in a bedrock channel with alternate 

bars. we also compared the experimental results of Chatanantavet and Parker (2008) with the model 

results of the physically based models including interaction between roughness and alluvial cover (i.e., 295 

Inoue et al., 2014; Johnson, 2014). 
 

7) For the results: there is a lot of information that is only defined very late in the paper that should be in the 

introduction/background. For example, the word “hysteresis” does not even appear in the earlier sections, but becomes 

a focus of much discussion later in the paper. Similarly, the definition of smooth and rough beds that appears in line 300 300 

should be moved to very early in the paper. 

We have added  
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Line 104-110: “Inoue et al. (2014) also conceptualised ‘Clast Rough’ and ‘Clast Smooth’ bedrock 

surfaces. A bedrock surface is clast-rough when bedrock hydraulic roughness is greater than the alluvial 

bed hydraulic roughness (supplied sediment), otherwise, a surface is clast-smooth i.e. when the bedrock 305 

roughness is lower than the alluvial roughness. Inoue et al. (2014) and Johnson (2014) clarified that the 

areal fraction of alluvial cover exhibits a hysteresis with respect to the sediment supply and transport 

ratio in a clast smooth bedrock channel.” 
 

8) Discussion/conclusions: The conclusions report what the study found, but they do not do an effective job of zooming 310 

out and telling readers how this improves our understanding of bedrock-alluvial river processes. What does it mean that 

both the Inoue and Johnson model can reproduce the experimental results? What is the implication of that fact that the 

Turowski and Hodge model can replicate the results, but needs some parameter adjustments? There’s an opportunity 

here: the success (or not) of various models should tell us something about how we should be modeling these processes 

in the future. It would be worth trying to distill for readers what we have learned from this exercise. 315 

Section 4.4: We have changed the discussion and introduction part as suggested 
 

9) It’s the editor’s place, not mine, to decide to what extent this is a problem, but I feel that I need to point it out: the 

English language writing and usage in this paper is flawed. I appreciate that writing in a second language is difficult, 

and that our community benefits greatly from having viewpoints from all over the world. There is no reason why the 320 

English has to be perfect. However, in this paper the writing is in many places difficult to follow. This unfortunately 

makes it very hard to understand what the authors are trying to say, so the impact of what could be a very interesting 

paper is hidden behind confusing language. Primarily these issues relate to verb tense, word choice, and sentence 

structure. My suggestion is that the authors use an English editing service, or find a native speaker who will carefully go 

over the paper. 325 

We tried to improve the English usage in new manuscript.  
 

Line comments (not including English usage comments, please see #9 above): 

 

18: This rationale for the study is interesting; it would also be good to mention the more “traditional” geomorphic 330 

importance of bed cover, which is that it ultimately is a control on river and landscape evolution over geologic time.  

Mentioned in new manuscript. Line 23 
 

30: I believe the reference is Johnson and Whipple 2010. 

Line 54: Yes, we have changed it.  335 

 

40: We should not still be in the Introduction when some of the candidate models being tested in the paper are introduced. 

As noted above, please try to devote an expanded subsection to each relevant model so that the reader can tell what is 

actually being tested. 

Section 1.3 to 1.6 : Changed as suggested.  340 

 

50-55: The discussion of Hodge and Hoey feels out of place. It is obviously a relevant paper, but try to state specifically 

why you are discussing it here. 

Line 73: We have added the explanation “The latest studies of alluvial cover in bedrock rivers have 

entered the next stage, which includes not only the effect of sediment supply-capacity ratio but also the 345 

effect of bed roughness and topography.” 
 

72: The same goes for the Aubert paper; relevant work, but it is not a candidate model you evaluate, so going as far as 

to reproduce on of their equations is a bit of a distraction for the reader. 

We wanted to introduce previous theoretical and numerical models that take into account sediment cover 350 

in bedrock channel. However, as you point out, some models were evaluated and some models were not 

evaluated, which was difficult to understand. In new text, we widely introduce previous models then 

describe the governing equations of the five models dealt with in this study. 
 

Section heading 1.1: consider revising this header to better clarify what you mean 355 

Changed as per suggestion.  
 

109: As discussed before, please separate the descriptions of the different models. At the very least with a new paragraph, 

but ideally in their own subsections where you can more thoroughly discuss how the models work and the predictions 

that each model makes.  360 
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Changed accordingly.  
 

156/160: If the mortar is non-erodible, how can the bed be protected from “further erosion?” 

Line 234: The channel bed consisted of hard mortar. 
 365 

Table 1: I don’t remember seeing the Froude number defined anywhere. This could be done in a caption for table 1. 

Defined as suggested. (in Table 1) 
 

171: See general comment #3; I am curious to know what the purpose is of calculating Manning’s n, and how the units 

are reconciled for any application of the values. 370 

Please see the response to the comment 3. 
           

185: The wording here is confusing; rephrase for clarity Figure 5 and others: Please use the variable symbols complete 

with subscript, i.e. ksb instead of ksb 

Line 270: Changed 375 

 

Figure 6: say that the black line is the 1:1 line 

Done 
 

Section 3.3: this is a compelling result, but it would be good to add a couple of sentences about what the implications of 380 

this result are for the model comparison. 

 

As explained in Section 1.5, ηa/L affects the temporal change of the alluvial cover ratio but does not affect 

the alluvial cover ratio in the dynamic equilibrium state. Thus, ηa/L is not used in the model comparison 

in this study. However, ηa/L is widely used in previous numerical and theoretical models (Zhang et al., 385 

2015; Inoue et al., 2014, 2016, 2017; Parker et al., 2013; Tanaka and Izumi, 2013; Nelson and Seminara, 

2012) and it is not validated experimentally yet. So we investigated it.    
 

Section 4: Am I wrong in thinking that Johnson’s model needs to be calibrated before it can be compared against the 

data as presented on Figure 8? If so, section 4.2 should come before the description of Figure 8. 390 

We have changed it.  

Please see section 4.1 
 

Figures 9 and 10: Why is the Turowski and Hodge model compared separately from the others? It’s not necessarily bad, 

but it would be good to explicitly state why this was done. 395 

We have prepared separate figures for models without roughness (linear and exponential), roughness 

models and probabilistic models.  

Please see figures 10,11 and 12  
 

Notation table: please provide units for all quantities 400 

Provided  
 

 

 

Reviewer 2:  405 

One general point is that the introduction and section on models could be more clearly structured. For example, the 

introduction covers a range of very relevant papers, but is mainly a summary of each of them, and they seem to be 

presented in a fairly arbitrary order. For example, Johnson et al (2010) and Finnegan et al (2007) are reported as having 

similar findings, but they are presented in different sections of the introduction. It would be useful to outline more clearly 

what some of the key debates have been, and show how the different papers have contributed to these debates. Further 410 

specific comments are below. 

We have made changes as suggested.  
 

An interesting aspect of this paper is the calculation of roughness lengths by minimizing the differences between the 

models and the experimental results. I would like to see further consideration of how these roughness lengths compare 415 

to the measured hydraulic roughness lengths. The need to alter roughness lengths for the models suggests that the models 

are not accurately reproducing all aspects of the processes in the channel. What are the models missing? It may also 

suggest that the way in which roughness lengths are calculated by Johnson’s model is incorrect. Can you say any more 

about this, and maybe make recommendations for how the models could be improved and roughness lengths should be 
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calculated? A recent paper by Ferguson et al (2019) addresses how to calculate roughness lengths in bedrock-alluvial 420 

channels with multiple roughness length scales, and might be of interest. 

Sec.4.4 we have added limitations and future developments.  
 

Throughout, it would be helpful to name the experimental runs in a way that describes the bed roughness, such as 

Gravel50, or Net4. When they are all called Run it is harder to remember which is which. 425 

We renamed cases as per your suggestion. Thank you! 
 

Comments by line: 

 

1: No need to include state of the art in title. I would reword the title as the influence of bed roughness and sediment 430 

supply on the alluvial cover in bedrock channels. 

We changed the title as suggested 
 

7: Abstract needs to be clear that this paper is focussing on bedrock channels. 

Line 7: We have mentioned it.  435 

 

11: Add more details about the experiments that you carried out. 

Line 12: We have made some changes.  
 

 440 

18: Interesting idea that economic growth has increased the occurrence of bedrock 

channels; do you have any evidence for this? 

Line 19: Sumner et al.  (2019) reported that the straightening of the Yubari River, which was carried out 

to improve the drainage of farmland, caused the bedrock to be exposed and the knickpoint to migrate 

upstream. In addition, construction of a dam in the upstream section of Toyohira river in Hokkaido – 445 

Japan, decreased the sediment availability to the downstream section contributing to the formation of a 

knickpoint (Yamaguchi et al. 2017 in Japanease).  
 

22: Sediment cover can start to form when sediment supply is less than the transport capacity. 

Line 32: We changed the sentence 450 

 

28: However, see also Cook et al. (2013) in which no erosion occurred when there was no sediment supply. 

Line 36: We added this study in the manuscript.  
 

30: See also some of Turowski’s work about the amount of cover determining the elevation of erosion, e.g. Turowski et 455 

al. (2008). 

We added this work in the manuscript.  
 

37: This relationship depends on the relative roughness of the bed and the sediment though. 

Line 59: Changed to relative roughness 460 

 

86: Specify that it is the critical shear stress for sediment movement. Is this for grains in sediment patches, or on bedrock? 

Line 58: Mentioned. It is for grains on bedrock 
 

97: Is L is the macro-roughness height of just the bedrock? 465 

Line 154: Yes. We mentioned it in the new manuscript  
 

107: By deposition, do you mean Pc? 

Line 164: Yes. We mentioned. 
 470 

109: New model, so start a new paragraph. 

Section 1.3: Changed accordingly.  
 

126: Not entirely clear which two models you are referring to. Start the section by briefly presenting the two models 

before getting into the details of each. 475 

Line 187: Changed accordingly.  
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128: Can you only apply the Inoue model if you have measurements of both the alluvial and bedrock hydraulic 

roughness? What if you don’t have them? If you had hydraulic roughness measurements then presumably you could 

substitute those into the Johnson model? Are there other differences between the models as well? 480 

Line 190-197:  No, Inoue model needs only a obserbed bedrock hydraulic roughnes. Alluvial hydraulic 

roughnes is 2d, equal to Johnson (2014). Johnson’s model can use the obeseved hydraulic  rougness. In 

this case, however, the prediction accuracy is lower than the Inoue model. As noted in the text, the two 

models have slightly different methods for calculating the transport capacity.  
 485 

135: Might be useful to explain how Turowski and Hodge’s model is a probability-based model. 

Sec. 1.6: We tried to explain.  
 

150: Explain more clearly what you mean by no-sandbar conditions. Are you getting no bars at all, or just not a certain 

type of bar? Later on you refer to alternate bars in Chatanantavet and Parker’s experiments. 490 

Line: 253:  The formation of bars strongly depends on the width – depth ratio (e.g., Kuroki and Kishi, 

1984; Colombini et al., 1987). Generally. neither alternate bars nor double-row bars are formed under 

the condition with B/H < 15.  

Colombini, M., Seminara, G., & Tubino, M. (1987). Finite‐amplitude alternate bars, J. Fluid Mech., 

181, 213– 232. doi: 10.1017/S0022112087002064 495 

Kuroki, M., & Kishi, T. (1984). Regime criteria on bars and braids in alluvial straight channels, Proc. 

Japan Soc. Civil Eng., 342, 87-96. doi: 10.2208/jscej1969.1984.342_87 (in Japanese) 
 

159: What is the net made from? 

Line 232: Plastic 500 

 

180: State that these measurements were performed for all 5 surfaces. It might also be useful to explain why you use 5 

mm gravel here, but sand in the rest of the experiments. 

Line 268: Thank you for kind suggestion. We have added that the measurements were performed for all 

5 bedrock surfaces. We wrote sand by mistake. Sorry. We used 5mm gravek for carrying out all the 505 

experiments.  

 

187: What is the grain size of the sand? There is a lot of variation in the supply rates between the different experiments; 

how did you decide what range of supply rates to use for each bed? 

 510 

We have used the same gravel everywhere. 5mm gravel was used for conducting the experiments.  

Line 277:  For each roughness condition, initially, we supplied sediment at the rate of 3.73x10-5m2/s and 

observed the evolution of Pc. If Pc≈1, we reduced the sediment supply by approximately 1.5 times in the 

subsequent run, and then the reduced the sediment supply to 2 times and 4 times (example: Gravel30, 

Gravel50 and Net4). In roughness conditions where sediment supply of 3.73x10-5m2/s resulted in Pc≈0, 515 

the sediment supply was increased by 1.25 or 1.5 times and 2 times in the subsequent runs (example: 

Gravel5 and Net2). However, for ease of understanding, we will present each experimental run in 

ascending order by sediment supplied.  
 

 520 

188: How was equilibrium state defined? 

 

Line 269: Once the areal fraction became stable in qualitative observations despite sediment being 

supplied, we considered that the experiment has reached its equilibrium state.  Also, the observed water 

level was also a factor in the judgment. In Figure 7 it can be seen that with time, the roughness variation 525 

in each case is decreasing. 
 

193: How often was the alluvial cover calculated? 

only at the end of the experiment 
 530 

196: Add a column onto Table 1 to include the hydraulic roughness of each experiment. 

Added in Table 1.  
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230: In the Fig 3 caption, explain that the bedrock bed is white and sediment is dark. 

Made changes as suggested  535 

 

242: How do you measure the average thickness of the alluvial layer? The methods mention measuring the topography 

of the bedrock bed, but not measuring the topography once sediment cover has been added. 

 

Line 286: Bedrock topography with alluvial cover was also measured with a laser sand gauge. Since 540 

bedrock topography without alluvial cover have been measured in section 2.3, we can calculate the 

alluvial thickness from the diffarence of two data. 
 

243: I had to look up what this equals sign meant; I don’t think that it’s commonly used in Europe. 

Changed to “≈”  545 

 

245: Still not clear where the thickness values have come from. Is the average thickness evaluated across the entire bed 

(so that it includes areas where the thickness is zero), or just the areas with sediment cover? I’m also not sure how to 

interpret Fig 6. If the average thickness includes areas with zero cover, then _a/L could increase because the cover is 

growing spatially, but with the depth of all sediment cover remaining the same. The other extreme would be that the 550 

spatial extent of the cover doesn’t change, but the depth of any existing cover increases. What is the relative contribution 

of lateral vs. vertical growth of the sediment cover to the increasing average depth? 

Pc is the value calculated from the photo (Figures 3 and 4). ηa is the spatial average value of the alluvial 

layer thickness calculated from the difference between the two topographic data. Of course, the part 

without alluvial cover is treated as zero. L is the spatial average value of the standard deviation of the 555 

unevenness of the bedrock without alluvial cover. 

As you pointed out, there are some special cases, such as when the thickness only increases. We also 

initially doubted the accuracy of macro-roughness model, and simply used the spatial average values in 

the window with 5 m length and 0.5 m wide which were used for estimating pc. As a result, although the 

macro roughness model can roughly predict pc, there were variations as shown in Fig. 6. 560 

 

 

253: Is the relative roughness referred to here calculated from the hydraulic roughness length? 

 > yes.  

It would be interesting to see how it varies as the bed transitions from bedrock to alluvial. The changes over time in Fig. 565 

7 are interesting, but it’s hard to compare the equilibrium conditions with different Pc values. I think that more could be 

done with these data, e.g. plotting ks/d against Pc for the different runs. 

 

Please see Section 3.5 and Figure 8.  

 570 

Figure 8 shows the variation in Pc with respect to relative roughness. In cases with lower initial 

relative roughness, example: Gravel 50 and Net2, the relative roughness is increasing with an increase 

in Pc. Whereas, in cases with higher initial relative roughness, Gravel30, Gravel5 and Net4, an 

increase in Pc reduces the relative roughness. Besides, irrespective of the initial relative roughness, the 

bed tries to become completely alluvial as Pc ≈ 1. Furthermore, irrespective of the initial relative 575 

roughness, an increase in Pc forces each roughness condition to achieve a similar stabilised roughness. 

Also, several studies in the past have suggested that when bed consists of a uniform grain size and also 

comprises of bedload consisting of uniform and same size grains as the cover, the hydraulic roughness 

height (ks) for such a bed is 1 to 4 times the grain diameter (d) (Inoue et al., 2014; Kamphuis, 1974; 

Parker, 1991) which is also the case in our experiments in Figure 8.  580 
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Figure 1: Variations in Pc with relative roughness.  

 

 

270: State that these grain sizes are different to those of the previous results. 585 

The grain size (d) in case of Inoue et al., (2013) is 5mm. and Inoue et al., 2014 used gravels sized: 12mm 

and 28mm.   Mentioned in caption of Figure9.  

 

 

281: In the legend it would be useful to label the equation 5 and 10 lines with the papers that they come from. 590 

Changed as per the suggestion  
 

289: Be clear what you are minimising the RMSD between; I assume that it’s the amount of sediment cover? 

Line 383: Yes, it is minimizing the RMSD of cover between experiment and model results.  
 595 

291: Is this parameter calibrated in the same way? 

Line 386: Yes, by trial and error to reproduce the experimental results.  
 

328 and 329: Again, specify what you are minimising the RMSD of. 

Line 453: Specified  600 

 

345: What is τ_ *c referring to here? I’m confused because I would expect the bedrock critical shear stress to be less 

than the alluvial or combined critical shear stresses. 

▪ Line 467: This was typographical error. We meant t*ca, referring to alluvial beds 

 605 

345: I don’t follow the sentence starting ‘As a result..’. 

Modified the sentence:  
 

Line 454: Hence, in cases when  𝜏∗𝑐𝑎 < 𝜏∗ < 𝜏∗𝑐𝑏, the transport capacity over bedrock portion 𝑞𝑏𝑐𝑏 = 0 

and thereby the bedrock roughness hardly affects the alluvial cover fraction 610 

 

389: I think that this is the first explicit mention of the hydraulic roughness of the alluvial beds. See earlier comments 

about including more of these data. 

We have made changes as per your suggestion.  

  615 
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The Influence of Bed Roughness and Sediment Supply on Alluvial 

Cover in Bedrock Channels  

Jagriti Mishra1, Takuya Inoue1 

1 Civil Engineering Research Institute for Cold Region, Sapporo-Hokkaido, Japan 620 

Correspondence to: Jagriti Mishra (jagritimp@gmail.com) 

Abstract. Several studies have implied towards the importance of bedrock-bed roughness on alluvial cover; besides, several 

mathematical models have also been introduced to mimic the effect bed roughness may project on alluvial cover in bedrock 

channels. Here, we provide an extensive review of research exploring the relationship between alluvial cover, sediment supply 

and bed topography of bedrock channels, thereby, describing various mathematical models used to analyse deposition of 625 

alluvium. In the interest of analysing the efficiency of various available mathematical models, we performed a series of 

laboratory-scale experiments with varying bed roughness and compared the results with various models.  Our experiments 

show that alluvial cover is not merely governed by increasing sediment supply, and, bed topography is an important controlling 

factor of alluvial cover. We tested five theoretical models with the  experimental results and the results suggest a fit of certain 

models for a particular bed topography and inefficiency in predicting higher roughness topography. Three models efficiently 630 

predict the experimental observations, albeit their limitations.  

1 Introduction 

Economic growth worldwide has fuelled the demand for the construction of straightened river channels, sabo dams, the 

collection of gravel samples for various research, etc., leading to a decline in sediment availability and alluvial bed cover.  

Sumner et al.  (2019) reported that the straightening of the Yubari River, which was carried out to improve the drainage of 635 

farmland, caused the bedrock to be exposed and the knickpoint to migrate upstream. In addition, construction of a dam in the 

upstream section of Toyohira river in Hokkaido – Japan, decreased the sediment availability to the downstream section 

contributing to the formation of a knickpoint (Yamaguchi et al. 2017 in Japanease). Sediment availability plays a very 

important role in controlling the landscape evolution and determining the morphology of the river over geologic time (Moore 

1926; Shepherd 1972). Various field-scale (Gilbert, 1877; Shepherd, 1972; Turowski et al., 2008b; Turowski and Rickenmann, 640 

2009; Johnson et al., 2010; Jansen et al., 2011; Cook et al., 2013; Inoue et al., 2014; Beer and Turowski, 2015; Beer et al., 

2017), laboratory-scale (Sklar and Dietrich, 1998, 2001; Chatanantavet and Parker, 2008; Finnegan et al., 2007; Johnson and 

Whipple, 2010, 2007; Hodge and Hoey, 2016a, 2016b; Hodge et al., 2016; Turowski and Bloem, 2016; Inoue et al., 2017b, 

Mishra et al., 2018; Fernandez et al., 2019; Inoue and Nelson, 2020), and theoretical and numerical studies (Hancock and 

Anderson, 2002; Sklar and Dietrich, 2004, 2006; Lague, 2010; Hobley et al., 2011; Nelson and Seminara, 2011, 2012; Johnson, 645 

2014; Nelson et al., 2014; Zhang et al., 2015; Inoue et al. 2016, 2017a; Turowski and Hodge 2017; Turowski, 2018) have 

suggested that sediment availability has two contradicting effects on the river bed, known as Tools and Cover effect. It acts as 

a tool and erodes the bedrock bed, known as tools effect. As sediment availability increases, the sediment starts settling down 

on the river bed providing a cover for the bed underneath from further erosion, known as the cover effect.   

Sklar and Dietrich (2001) and Scheingross et al., (2014) performed rotary-abrasion mill experiments showing the importance 650 

of cover in controlling incision rates in bedrock channels. Reach scale studies of Erlenbach performed by Turowski et al. 

(2013) showed how extreme flood events can contribute to incision by ripping off the channel’s alluvial cover. Cook et al. 

(2013) suggested that bedrock incision rates were dominantly controlled by the availability of bedload. Their field surveys of 

bedrock gorge cut by Daán River in Taiwan showed that the channel bed merely eroded for years, despite floods and available 

suspended sediment. Channel incision occurred only when bedload tools became available. Yanites et al. (2011) studied the 655 

Commented [jm1]: RC 2: No need to include state of the art in 

title. I would reword the title as the influence of bed roughness and 

sediment supply on alluvial cover in bedrock channels.  
AC: Modified the article name as per suggestion. 

Commented [jm2]: RC2: Abstract needs to be clear that this 

paper is focusing on bedrock channels. 

AC: We have mentioned it.  

 

RC2: Add more details about the experiments that you carried out. 
AC: We have made some changes. 

Commented [r3]: RC2: Interesting idea that economic growth 

has increased the occurrence of bedrock channels; do you have any 

evidence for this? 
AC: Sumner et al.  (2019) reported that the straightening of the 

Yubari River, which was carried out to improve the drainage of 

farmland, caused the bedrock to be exposed and the knickpoint to 
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section of Toyohira river in Hokkaido – Japan, decreased the 
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which no erosion occurred when there was no sediment supply. 

AC: added this in the manuscript. 
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changes in the Peikang River in central Taiwan triggered by the thick sediment cover introduced by landslides and typhoons 

during the 1999 Chi-Chi earthquake. Their results show slowed or no incision in high transport capacity and low transport 

capacity channels. Mishra et al. (2018) showed that incision rate increased when the sediment supply rate of the laboratory-

scale channel became considerably smaller than the sediment carrying capacity of the channel.  Laboratory scale experiments 

performed by Shepherd and Schumm (1974), Wohl and Ikeda (1997) and Inoue and Nelson (2020) showed formation of several 660 

longitudinal grooves at low sediment supply to capacity ratio. As the sediment supply increases, one of the grooves attracts 

more sediment supply and progresses into a comparatively straight, wide and shallow inner channel which further progresses 

into a narrower, more sinuous, deeper inner channel (Wohl and Ikeda, 1997; Inoue et al., 2016). Channels with higher sediment 

supply to capacity ratio are expected to be wider as alluvial cover shifts erosion from bed to banks of the channel (Beer et al. 

2016; Turowski et al., 2008a and Whitbread et al., 2015). These findings show the ratio of sediment supply to capacity controls 665 

alluvial cover ratio, bedrock incision rate and morphodynamics in bedrock rivers. 

Finnegan et al. (2007) conducted laboratory-scale experiments and studied the interdependence among incision, bed roughness 

and alluvial cover. Their results indicated that alluvial deposition on the bed shifted bed erosion to higher regions of the channel 

or bank of the channel. Similar findings were noted in flume studies conducted by Wohl and Ikeda (1997) and Johnson and 

Whipple (2010). They have shown the importance of alluvial cover in regulating the roughness of bedrock bed by providing a 670 

cover for the local lows and thereby inhibiting the erosion and focusing erosion on local highs. Inoue et al. (2014) conducted 

experiments by excavating channel into natural bedrocks in Ishikari River, Asahikawa, Hokkaido – Japan. They conducted 

experiments with different combinations of flow discharge, sediment supply rate, grain size and roughness. Their experiments 

advocated that the dimensionless critical shear stress for sediment movement on bedrock is related to the roughness of the 

channel. Their experiments also suggested that with an increase in alluvial cover, the relative roughness (i.e., the ratio of 675 

bedrock hydraulic roughness to moving sediment size) decreases, also, erosion in areas with an exposed bed is proportionate 

to sediment flux. Fuller et al. (2016) performed laboratory scale experiments and established the importance of bed-roughness 

in determining the incision and lateral erosion rates. Chatanantavet and Parker (2008) conducted laboratory-scale experiments 

in straight concrete bedrock channels with varying bedrock roughness and evaluated bedrock exposure with respect to sediment 

availability. In their experiments, alluvial cover increased linearly with increasing sediment supply in case of higher bed 680 

roughness, whereas in case of lower bed roughness and higher slopes, the bed shifted abruptly from being completely exposed 

to being completely covered. This process of the bedrock bed suddenly becoming completely alluvial from being completely 

exposed is known as rapid alluviation. Rapid alluviation was also observed in the laboratory scale experiment conducted by 

Hodge and Hoey (2016a; 2016b) in a 3D printed flume of natural stream Trout Beck, North Pennies-U.K. Their first set of 

experiments focused on quantifying hydraulic change with varying discharge, suggesting that hydraulic properties fluctuate 685 

more during higher discharge. Their second set of experiments (Hodge and Hoey, 2016b) concentrated on quantifying the 

sediment dynamics for varying discharge and sediment supply. They supplied 4 kg and 8 kg of sediment pulse to the channel 

and observed a similar alluvial pattern in both cases suggesting that the deposition of sediment on the bed may not only depend 

on the amount of sediment supplied, but may be strongly influenced by the bed topography and roughness. The latest studies 

of alluvial cover in bedrock rivers have entered the next stage, which includes not only the effect of sediment supply-capacity 690 

ratio but also the effect of bed roughness. 

A majority of traditional bed-erosion models are classified as the stream power and shear stress family of models (cf. Shobe 

et al., 2017; Turowski, 2018) (e.g., Howard, 1994; Whipple and Tucker, 1999), in which bed erosion is a function of discharge 

and bed-slope. These models however cannot describe the role of sediment in controlling the bed dynamics. Several models 

remedy this shortcoming by considering the tools and cover effect of sediment supply (Sklar and Dietrich, 1998, 2004; 695 

Turowski et al., 2007; Chatanantavet and Parker, 2009; Hobley et al., 2011; Inoue et al., 2017b). In section 1.1, we introduce 

previous theoretical and numerical models that take into account sediment cover in bedrock channel. In sections 1.2 to 1.6, we 

describe in detail the governing equations of the five models dealt with in this study. 
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1.1 Previous Models for Sediment Cover 

One of the simplest and first models to incorporate effects of sediment availability and transport capacity of the channel was 700 

introduced by Sklar and Dietrich (1998; 2004). According to saltation-abrasion model proposed by Sklar and Dietrich (1998; 

2004), the alluvial cover 𝑃𝑐 increases linearly with the ratio of sediment supply to sediment transport capacity 𝑞𝑏𝑠 𝑞𝑏𝑐⁄ , i.e. in 

absence of sediment supply, the alluvial cover is absent. However, when sediment supply becomes equal to or exceeds the 

transport capacity of the channel, the channel bed is fully covered. In order to express the non-linear relationship between 𝑃𝑐 

and 𝑞𝑏𝑠 𝑞𝑏𝑐⁄ , Turowski et al. (2007) proposed a model that considered the cover effect as an exponential function of the ratio 705 

of sediment flux to sediment transport capacity. The model uses a probabilistic argument i.e., when sediment supply is less 

than the capacity of the channel, grains have an equal probability of settling down over any part of the bed. Also, the deposited 

grains can be static or mobile. These models however lack the statement of sediment mass conservation. A group of models 

utilise entrainment/deposition flux or Exner equation for sediment mass conservation (Turowski, 2009; Lague, 2010; Inoue et 

al., 2014;2016;2017;  Nelson and Seminara, 2012; Hodge and Hoey, 2012; Johnson, 2014; Zhang, 2015; Turowski and Hodge, 710 

2017).   

Turowski and Hodge (2017) generalized the arguments presented by Turowski et al. (2007) and Turowski (2009), and proposed 

a reach- scale probability-based model that can deal with the evolution of cover residing on the bed and the exposed bedrock. 

Turowski (2018) proposed a model and linked availability of cover in regulating the sinuosity of the channel.  

Lague (2010) employed Exner equation to calculate alluvial thickness with respect to average grain size d. Their model 715 

however lacks the tools effect for bed erosion. Recently, Johnson (2014) and Inoue et al. (2014) proposed reach-scale 

physically-based models that could encompass the effects of bed roughness in addition to alluvial thickness. Inoue et al. (2014) 

also conceptualised ‘Clast Rough’ and ‘Clast Smooth’ bedrock surfaces. A bedrock surface is clast-rough when bedrock 

hydraulic roughness is greater than the alluvial bed hydraulic roughness (supplied sediment), otherwise, a surface is clast-

smooth i.e. when the bedrock roughness is lower than the alluvial roughness. Inoue et al. (2014) and Johnson (2014) clarified 720 

that the areal fraction of alluvial cover exhibits a hysteresis with respect to the sediment supply and transport ratio in a clast 

smooth bedrock channel. They described that along with rapid alluviation, perturbations in sediment supply can also lead to 

rapid entrainment. Whether the bed undergoes rapid alluviation or rapid entrainment is determined by the bed condition when 

perturbations in sediment supply occur. If the perturbations occur on an exposed bed, it undergoes rapid alluviation, conversely, 

when perturbations happen on an alluviated bed, it undergoes rapid entrainment.  Zhang et al. (2015) proposed macro-725 

roughness saltation-abrasion model (MRSA) in which cover is a function of alluvial thickness and macro-roughness height. 

Nelson and Seminara (2012) proposed a linear stability analysis model for the formation of alternate bars on bedrock bed. 

Inoue et al. (2016) expanded Inoue et al. (2014) to allow variations in the depth and width of alluvial thickness in the channel 

cross-section. They further modified the numerical model (Inoue et al., 2017a) and implemented the model to observe changes 

in a meander bend.  730 

Hodge and Hoey (2012) introduced reach-scale Cellular Automaton Model that assigned an entrainment probability to each 

grain. The assigned probability of each grain was decided by the number of neighbouring cells containing a grain. If five or 

more of total eight neighbouring cells contained grain, the grain was considered to be a part of the cover, otherwise, it was 

considered an isolated grain. They suggested that rapid alluviation occurred only in cases when isolated grains were more than 

the cover on the bed. Also, they advised a sigmoidal relationship between 𝑞𝑏𝑠 𝑞𝑏𝑐⁄  and 1 − 𝑃𝑐. Aubert et al. (2016) proposed 735 

a Discrete-Element Model where they determined 𝑃𝑐 from the velocity distribution of the grains. If the velocity of a grain is 

1/10th or lower than the maximum velocity, the grain settles as cover on the bedrock surface. The model, however, cannot deal 

with non-uniform velocity fields and hence cannot predict results for varying alluvial cover.  

Except for the Lagrangian description models that track individual particles (i.e., Hodge and Hoey, 2012; Aubert et al., 2016), 

the Eulerian description models are roughly classified into four categories; the linear model proposed by Sklar and Dietrich 740 

(1998, 2004), the exponential model proposed by Turowski et al. (2007), the probabilistic model proposed by Turowski and 
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Hodge (2017) and the roughness models proposed by Inoue et al. (2014), Johnson (2014), Nelson and Seminara (2012) and 

Zhang et al. (2015). In this study, we focus on a detailed study of the similarities and differences among the Eulerian description 

models proposed by Sklar and Dietrich (2004), Turowski et al. (2007), Inoue et al. (2014), Johnson (2014) and Turowski and 

Hodge (2017). We compare the efficacy of these models from comparisons with our experimental results. In addition, we 745 

apply the roughness models (Inoue et al., 2014; Johnson, 2014) to the experiments conducted by Chatanantavet and Parker 

(2008) in order to analyse the effect of bedrock roughness on alluvial cover in a mixed bedrock - alluvial river with alternate 

bars. 

 

1.2 Linear Model 750 

The value of 𝑃𝑐 i.e. the alluvial cover ratio is 1 when the sediment supply is larger than the transport capacity, the alluvial cover 

does not decrease as the sediment gets deposited on the bed, consequently, the bedrock is not exposed. If there is no sediment 

supply, the sediment deposit will disappear and eventually, the bedrock bed will be completely exposed and 𝑃𝑐 will be equal 

to 0. Sklar and Dietrich (2004) lineally connected these two situations, and proposed a linear model to include the Cover effect 

in their saltation – abrasion model; 755 

𝑃𝑐 = {
𝑞𝑏𝑠 𝑞𝑏𝑐⁄ 𝑓𝑜𝑟  0 ≤ 𝑞𝑏𝑠 𝑞𝑏𝑐⁄ ≤ 1

1 𝑓𝑜𝑟  𝑞𝑏𝑠 𝑞𝑏𝑐⁄ > 1
         (1) 

where, 𝑃𝑐 is the mean areal fraction of alluvial cover, 𝑞𝑏𝑠 and 𝑞𝑏𝑐 are the volume sediment supply rate per unit width and 

transport capacity, respectively.  

 

1.3 Exponential Model 760 

Turowiski (2007) assumed that the sediment mass ratio is equal to the ratio of sediment supply to capacity, and derived the 

following exponential model using a probabilistic argument; 

𝑃𝑐 = 1 − exp (−𝜑
𝑞𝑏𝑠

𝑞𝑏𝑐
)           (2) 

where, 𝜑 is a dimensionless cover factor parameter and determines sediment deposition on covered areas for 𝜑 < 1 and 

deposition on uncovered areas for 𝜑 > 1  (Turowski et al., 2007; Turowski, 2009). Note that their assumption was 765 

demonstrated to be incorrect by the recent analysis of Turowski and Hodge (2017).  

 

1.4 Macro Roughness Model 

The experimental results of Inoue et al. (2014) motivated their mathematical model formulating the interaction between alluvial 

cover, dimensionless critical shear stress, transport capacity and the ratio of bedrock hydraulic roughness to alluvial hydraulic 770 

roughness. They calculated total hydraulic roughness height (𝑘𝑠) as a function of alluvial cover: 

𝑘𝑠 = {
(1 − 𝑃𝑐)𝑘𝑠𝑏 + (𝑃𝑐)𝑘𝑠𝑎 𝑓𝑜𝑟  0 ≤ 𝑃𝑐 ≤ 1

𝑘𝑠𝑎 𝑓𝑜𝑟  𝑃𝑐 > 1
        (3) 

where 𝑘𝑠 is the total hydraulic roughness height of bedrock channel, 𝑃𝑐 is the cover fraction calculated as proposed by Parker 

et al. (2013) depends on ratio 𝜂𝑎 𝐿⁄  where ɳa is the alluvial cover thickness and 𝐿 is the bedrock macro-roughness height (i.e. 

topographic unevenness of the bed). 𝑘𝑠𝑏  and 𝑘𝑠𝑎(= 1 – 4 d, here set to 2) represent the hydraulic roughness height of bedrock 775 

and alluvial bed respectively. The total transport capacity per unit width 𝑞𝑏𝑐 in Inoue et al.’s model is calculated as follows: 

𝑞𝑏𝑐 = α(𝜏∗ − 𝜏∗𝑐)1.5
√𝑅𝑔𝑑3          (4) 

𝜏∗𝑐 = 0.027(𝑘𝑠 𝑑⁄ )0.75           (5) 
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where 𝛼 is a bedload transport coefficient taken as 2.66 in this study, 𝜏∗  and 𝜏∗𝑐  are the dimensionless shear stress and 

dimensionless critical shear stress, 𝑅 is the specific gravity of the sediment in water (1.65), 𝑔 is the gravitational acceleration 780 

and 𝑑 is the particle size. In this model, 𝑃𝑐 is back-calculated from Equations (3), (4) and (5) under the assumption that the 

sediment supply rate 𝑞𝑏𝑠 and the sediment transport capacity 𝑞𝑏𝑐 are balanced in dynamic equilibrium state. 

The sensitivity analysis of bedrock roughness and sediment supply rate conducted by Inoue et al. (2014) showed that for a 

given sediment supply, the deposition (Pc) is higher when bedrock roughness is larger. They also showed that clast-smooth 

surface shows a sudden transition from completely exposed bedrock to completely alluvial, i.e., clast-smooth surfaces show 785 

rapid alluviation.  

 

1.5 Surface Roughness Model 

Johnson (2014) proposed a roughness model using the median diameter grain size. They also calculated the hydraulic 

roughness using the aerial alluvial cover fraction. 790 

𝑘𝑠𝑎 = 𝑟𝑑𝑑[1 + (𝑘#𝐷 − 1)𝑃𝑐]          (6) 

where 𝑟𝑑 = 2 is a coefficient and 𝑘#𝐷 is called a non-dimensional alluvial roughness representing variations in topography. 

For a fully alluviated bed, ksa=2d. The bedrock hydraulic roughness**  𝑘𝑠𝑏 = 𝑟𝑑𝑟𝑏𝑟𝜎𝑏𝑟 where 𝑟𝑏𝑟  is a scaling parameter for 

bedrock roughness to grain roughness and 𝜎𝑏𝑟 is the bedrock surface roughness. Their model calculates bedrock shear stress 

using Wilcock and Crowe (2003) hiding/exposure function (𝑏𝑟), modified to depend on a standard deviation of bedrock 795 

elevations and a bedrock roughness scaling parameter. Johnson (2014) calculated the total transport capacity using bedload 

equations proposed by Meyer-Peter and Müller (1948) and Wilcock and Crowe (2003). Here we introduce Meyer-Peter and 

Müller (MPM) based Johnson’s model: 

𝑞𝑏𝑐 = (1 − 𝑃𝑐)𝑞𝑏𝑐𝑏 + (𝑃𝑐)𝑞𝑏𝑐𝑎          (7) 

𝑞𝑏𝑐𝑎 = α(𝜏∗ − 𝜏∗𝑐)1.5
√𝑅𝑔𝑑3          (8) 800 

𝑞𝑏𝑐𝑏 = α(𝜏∗ − 𝜏∗𝑐𝑏)1.5
√𝑅𝑔𝑑3          (9) 

𝜏∗𝑐𝑏 =
𝜏∗𝑐𝑟𝑏𝑟𝜎𝑏𝑟

𝑑
(

𝑑

𝑟𝑏𝑟𝜎𝑏𝑟
)

𝑏𝑟

           (10) 

𝑏𝑟 =
0.67

1+𝑒𝑥𝑝(1.5−𝑑 𝑟𝑏𝑟𝜎𝑏𝑟⁄ )
           (11) 

where 𝑞𝑏𝑐𝑎 is the transport capacity per unit width for sediment moving on purely alluvial bed and 𝑞𝑏𝑐𝑏  is the transport capacity 

per unit width for sediment moving on purely bedrock bed. 𝜏∗𝑐𝑏  is the dimensionless critical shear stress for grains on bedrock 805 

portions of the bed. 

The models proposed by Inoue et al. (2014) and Johnson (2014) may seem rather similar in that they estimate the transport 

capacity of a mixed alluvial – bedrock surface. However, both models opt for different approaches when it comes to estimating 

hydraulic roughness. The model by Inoue et al. (2014) directly uses the hydraulic roughness, but the model by Johnson (2014) 

calculates the hydraulic roughness from the roughness (topographic unevenness) of the bed surface. The model by Inoue et al. 810 

(2014) needs measurements of observed bedrock hydraulic roughness, and the model by Johnson (2014) needs topographic 

bedrock roughness. In the model by Inoue et al. (2014), the macro roughness of the bed acts only when converting the alluvial 

layer thickness to the alluvial cover ratio. The macro roughness affects the temporal change of the alluvial cover ratio but does 

not affect the alluvial cover ratio in the dynamic equilibrium state. In addition, in the model by Johnson (2014), first, the 

sediment transport capacities for the bedrock and alluvial bed are separately calculated, then total transport capacity is 815 

estimated using 𝑃𝑐. Whereas, in the model by Inoue et al. (2014), first, the total hydraulic roughness height is calculated using 

𝑃𝑐, then total transport capacity is estimated using the total hydraulic roughness.  
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[** This method for estimating 𝑘𝑠𝑏  applies only to Johnson's model. The method of calculating the observed value of 𝑘𝑠𝑏 is explained in the 

section 2.3.] 

 820 

1.6 Probabilistic Model 

Turowski and Hodge (2017) proposed a probability-based model for prediction of cover on bedrock channels, and investigated 

the distribution of sediment on the bedrock. Because they mainly focused on the transformation between a point of view 

considering sediment masses and one considering sediment fluxes, they did not treat the interaction between the alluvial cover 

and the bed roughness. However, there is a possibility to capture the effects of bedrock roughness on the alluvial cover by 825 

adjusting the probability of grain entrainment and deposition included in the model. They proposed cover consisting of 

combined exponential and linear effects of sediment supply. They defined P as the probability that a grain will settle on exposed 

bed. Similar to the other models taking qbs and qbc into consideration, the value of P can range from 0 to 1. P depends on 

exposed area (1-Pc) and mass of sediment on bed (Ms
*), and it is given as:  

* *(1 ) (1 , ,..)s sd Pc P Pc M dM− = − −  (12a) 

𝑃𝑐 = 1 − [1 + (1 − 𝜔)𝑙𝑛{1 − (1 − 𝑒−𝑀0
∗𝑞𝑏𝑠)𝑞𝑏𝑠}]

(
1

1−𝜔
)
        (12b) 830 

where 𝜔 is the exponent, 𝑀0
∗ is the dimensionless characteristic sediment mass obtained as follows: 

𝑀0
∗ =

3√3𝜏∗𝑐

2𝜋

(𝜏∗ 𝜏∗𝑐⁄ −1)1.5

(𝜏∗ 𝜏∗𝑐⁄ )0.5−0.7
           (13) 

They suggested that on shorter time scales, the sediment cover follows a linear relationship with the sediment supply. Their 

model also provides two other analytical solutions (Equation 30, 31 in Turowski and Hodge, 2017), however we are employing 

Equation 12 in this study as the equation does not contain any parameter with obscure physical meaning and all the parameters 835 

can be calculated in laboratory or analytically.   

We hereafter refer Sklar and Dietrich (2004) model as linear model, Turowski et al.’s model (2007) as exponential model, 

Inoue et al.’s model (2014) as macro roughness model, Meyer-Peter and Müller (MPM) based Johnson’s model (2014) as 

surface roughness model and Turowski and Hodge’s model (2017) as probabilistic model.  

 840 

2 Experimental Method 

2.1 Experimental Flume 

The experiments were conducted in a straight channel at the Civil Engineering Research Institute for Cold Region, Sapporo, 

Hokkaido, Japan. The experimental channel was 22m long, 0.5m wide and had a slope of 0.01. The width-depth ratio was 

chosen to achieve no-sandbar condition (i.e., small width-depth ratio, 6.1 to 8.3 in our experiments). Chatanantavet and Parker 845 

(2008) conducted several flume experiments with sandbar condition (i.e., large width-depth ratio, 11 to 30 in their experiments) 

and suggested that the alluvial cover increases linearly to the ratio of sediment supply and transport capacity of the channe l 

when the slope is less than 0.015. The formation of bars strongly depends on the width – depth ratio (e.g., Kuroki and 

Kishi, 1984; Colombini et al., 1987). Generally, neither alternate bars nor double-row bars are formed under conditions 

with width-depth ratio < 15.  850 

In this study, we investigated the influence of bedrock roughness on the alluvial cover under conditions where the slope and 

width - depth ratio were small compared to the experiments of Chatanantavet and Parker (2008). 
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2.2 Bed characteristics and conditions 

The channel bed consisted of hard mortar. In order to achieve different roughness conditions, the beds in Gravel30, Gravel50 

and Gravel5 were embedded with gravel of different sizes. In Gravel30, the embedded particle size is 30 mm, in Gravel50  855 

particle size of 50 mm is embedded and in Gravel5, 5 mm particle size is embedded.  

We performed an additional 2 cases with net-installation on the riverbed. The net was made of plastic. An installed net on the 

riverbed can trap sediment during high flow, eventually protecting the bed from further erosion from abrading sediment 

(Kazuaki et al.,2015, in Japanese). A net of mesh size 30 mm X 30 mm was installed on the bed in Net4 and Net2. The height 

of the net was 4mm and 2 mm respectively. Figure 1 shows the experimental channel bed of all 5 runs.  860 

For each bed roughness (example: Gravel50 series), a group of experiments with varying sediment supply were performed for 

different time durations.  

 

 

Figure 2: Initial channel bed for each run. 865 

 

2.3 Measurement of observed bedrock roughness 

In order to measure the initial bed roughness (before supplying sand), a water discharge of 0.03 m3/s was supplied, and the 

water level was measured longitudinally at every 1 m at the centre of the channel. The hydraulic roughness height for bedrock 

(ksb) was calculated using Manning – Strickler relation and Manning’s velocity formula. 870 

𝑘𝑠𝑏 = (7.66𝑛𝑚√𝑔)
6
            (14a) 

𝑛𝑚 =
1

𝑈
𝐷2 3⁄ 𝑆𝑒

1 2⁄            (14b) 

where 𝑛𝑚 is the Manning’s roughness coefficient and 𝑈 is the average velocity (𝑈 = 𝑄 𝑤𝐷⁄  where 𝑈 is the water discharge, 

𝑤 is the channel width, 𝐷 is the water depth), 𝑆𝑒 is the energy gradient. 

In order to compare the hydraulic roughness height and the riverbed-surface unevenness height, the riverbed height before 875 

water flow was measured with a laser sand gauge. The measurements were taken longitudinally at every 5 mm. The 

measurements were taken at three points: 0.15 m away from the right wall, the centre of the channel, and 0.15 m away from 

the left wall. The standard deviation representing the topographic roughness 𝜎𝑏𝑟 was obtained by subtracting the mean slope 

from the riverbed elevation (Johnson and Whipple; 2010).  

2.4 Measurement of dimensionless critical shear stress on bedrock 880 

To measure the dimensionless critical shear stress of grains on completely bedrock portion, i.e. 𝜏∗𝑐𝑏 , 30 gravels of 5mm 

diameter each, were placed on the flume floor at intervals of 10 cm or more to make sure that there was no shielding effect 

between the gravels (there was shielding effect due to unevenness of the bedrock). Next, water flow was supplied at a flow 

discharge that no gravel moved, and was slowly increased to a flow discharge at which all the gravels moved. The water level 

and the number of gravels displaced were measured and recorded for each flow discharge. These measurements were 885 

performed for all the 5 bedrock surfaces.  
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We calculated the dimensionless shear stress 𝜏∗(= 𝐷𝑆𝑒 𝑅𝑑⁄ ), here 𝑅 is the specific gravity of the submerged sediment (1.65). 

We defined the critical shear stress was  𝜏∗𝑐𝑏  is the weight average of 𝜏∗ using the number of displaced gravels.  

2.5 Validation of alluvial cover 

Different amounts of gravel (5mm, hereafter called as sediment) was supplied manually while the flow rate was kept constant 890 

at 0.03 m3/s. The alluvial cover ratio was measured once equilibrium state was achieved. Once the areal fraction became 

stable in qualitative observations and the variation of hydraulic roughness of mixed alluvial – bedrock bed 𝑘𝑠 calculated 

from the observed water depth was decreased despite sediment being supplied, we considered that the experiment has 

reached its equilibrium state. The sediment supply amounts and other experimental conditions for various cases are provided 

in Table 1. Each run has multiple cases, each with different sediment supply and time duration. Each case was performed 895 

unless the 𝑃𝑐 became constant. The gravels were supplied from Run-0 of no sediment to Run-4~5 of completely alluvial cover. 

The Run-0 with no sediment supply in each run represents the bedrock-roughness measurement experiment explained in 

section 2.3.  

For each roughness condition, initially, we supplied sediment at the rate of 3.73x10-5m2/s and observed the evolution of Pc. If 

Pc≈1, the sediment supply was approximately reduced by 1.5 times in the subsequent run, and then the sediment supply was 900 

further reduced to 2 times and 4 times in subsequent runs (example: Gravel30, Gravel50 and Net4). In roughness conditions 

where sediment supply of 3.73x10-5m2/s resulted in Pc≈0, the sediment supply was increased by 1.25 or 1.5 times and 2 times 

in the subsequent runs (example: Gravel5 and Net2). However, for ease of understanding, we will present each experimental 

run in ascending order of sediment supply rate.  

Equilibrium conditions were achieved after 2-4 hours of sediment supply. The alluvial cover was calculated at the end of the 905 

experiment, using black and white photographs of the flume by taking the ratio of the number of pixels. The water level was 

measured and recorded every hour at the centre of the channel, to calculate the hydraulic roughness during and at the end of 

the experiment. Bedrock topography with alluvial cover was also measured with a laser sand gauge. Since bedrock topography 

without alluvial cover has been measured in section 2.3, we can calculate the alluvial thickness from the difference of the two 

data. 910 
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Table 1: Experimental Conditions.   

Run 
ksb 

(mm) 
ksb/d 

qbs 

(×10-5m2/s) 

Time 

(hour) 
Pc D U Fr*1 

ks/d 

Gravel30-0 

48.0 9.6 

0.00 0.25 0.00 0.082 0.74 0.82 9.6 

Gravel30-1 0.93 4.00 0.55 0.082 0.73 0.82 10.9 

Gravel30-2 1.87 4.00 0.75 0.082 0.74 0.82 6.9 

Gravel30-3 2.80 4.00 0.93 0.082 0.74 0.82 4.5 

Gravel30-4 3.73 4.00 0.99 0.082 0.73 0.82 1.8 

Gravel50-0 

24.8 5.0 

0.00 0.25 0.00 0.078 0.83 0.95 5.0 

Gravel50-1 0.93 4.00 0.20 0.077 0.79 0.91 3.6 

Gravel50-2 1.87 4.00 0.34 0.077 0.79 0.91 2.9 

Gravel50-3 2.80 4.00 0.46 0.074 0.82 0.97 2.7 

Gravel50-4 3.73 5.00 0.91 0.075 0.80 0.93 2.7 

Gravel5-0 

3.8 0.8 

0.00 0.25 0.00 0.063 0.95 1.21 0.8 

Gravel5-1 3.73 2.00 0.01 0.063 0.95 1.20 1.0 

Gravel5-2 5.60 2.00 0.03 0.060 1.00 1.30 1.1 

Gravel5-3 7.47 4.00 1.00 0.063 0.96 1.23 2.0 

Net4-0 

36.3 7.3 

0.00 0.25 0.00 0.077 0.78 0.90 7.3 

Net4-1 0.93 4.00 0.46 0.079 0.76 0.87 4.2 

Net4-2 1.87 4.00 0.62 0.079 0.76 0.87 4.1 

Net4-3 2.80 4.00 0.81 0.079 0.76 0.86 3.6 

Net4-4 3.73 5.00 0.99 0.078 0.77 0.89 3.2 

Net2-0 

9.6 1.9 

0.00 0.25 0.00 0.068 0.88 1.08 1.9 

Net2-1 3.73 4.00 0.06 0.068 0.88 1.08 1.9 

Net2-2 4.67 6.00 1.00 0.068 0.88 1.07 2.4 

Net2-3 5.60 4.00 1.00 0.068 0.88 1.07 3.1 

*1: Froude number Fr = u/(gD)0.5 
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3 Experimental results 915 

3.1 Initial topographic roughness and hydraulic roughness 

Figure 2 shows the relationship between the hydraulic roughness height of bedrock bed 𝑘𝑠𝑏 and the topographic roughness 

height of bedrock bed 𝜎𝑏𝑟. This figure suggests that Gravel30 with 30 mm sized embedded gravel, has the largest hydraulic 

roughness and Gravel5 with 5 mm sized embedded gravel has the lowest hydraulic roughness. Gravel50 embedded with 50 

mm gravel has large topographical roughness error bars for the reason that, the large gravels were embedded randomly in the 920 

bed, resulting in unintended spatial variation in the unevenness of the channel bed. Although the hydraulic roughness tends to 

increase with an increase in topographical roughness, it has a large variation. This variation is due to the fact that the 

hydrological roughness height does not only depend on the topographical roughness but also on the arrangement of the 

unevenness. 

 925 

 

Figure 3: Relationship between initial bed hydraulic roughness height and topographic roughness height. The black circles in the 

image represent the average values measured on the three data collection lines, and the error bars represent the minimum and 

maximum value. 

 930 
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3.2 Relative roughness, sediment supply and alluvial cover 

Figure 3 shows the channel bed after the experiments of the Gravel30 series (Gravel30-1, Gravel30-2, Gravel30-3 and 

Gravel30-4) with the highest relative roughness. Figure 4 shows the channel bed after the experiments of the Gravel5 series 

(Gravel5-1, Gravel5-2, Gravel5-3) which has the lowest relative roughness. In these two figures, we can compare Gravel30-4 935 

and Gravel5-1 with equal sediment supply rates. The bed in Gravel30-4 is completely covered with sediment whereas the bed 

in Gravel5-1 has almost no accumulated sediment on the bed.  

Figure 5 shows the relationship between alluvial-cover fraction Pc and sediment supply per unit width 𝑞𝑏𝑠. 𝑃𝑐 is obtained by 

dividing the sediment-covered area by the total area of the channel from photographs. The value of 𝑃𝑐 is 1 for a completely 

covered channel and 0 for a completely exposed bedrock bed. In Figure 5, if we compare Gravel30-4, Gravel50-4, Gravel5-1, 940 

Net4-4 and Net2-1, the cases with equal sediment supply rate of 3.73 × 10-5 m2/s, it can be observed that alluvial-cover fraction 

is increasing with an increase in the bedrock roughness. Moreover, in Gravel30 series, Gravel50 series and Net4 series with 

high relative roughness 𝑘𝑠𝑏 𝑑⁄  (ratio of the hydraulic roughness height of bedrock bed 𝑘𝑠𝑏 to the grain size 𝑑), 𝑃𝑐 is roughly 

proportional to the sediment supply rate qbs. However, in Gravel5 series and Net2 series, which have lower 𝑘𝑠𝑏 𝑑⁄  (relative 

roughness), 𝑃𝑐  shows hardly any increase when qbs is low (Gravel5-0, Gravel5-1, Gravel5-2, Net2-0, Net2-1) and when 945 

sediment supply (𝑞𝑏𝑠) increases (Gravel5-3, Net2-2), the bedrock suddenly transitions to completely alluvial bed. 

 

 

 

Figure 4: Bedrock exposure in Gravel30 series at the end of the experiment.  Initial bed had 30mm embedded particles. White bed 950 
represents exposed bedrock. Dark bed represents sediment covered bed.  Commented [r46]: RC2: In the Fig 3 caption, explain that the 
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Figure 5: Bedrock exposure in Gravel5 series at the end of the experiment. Initial bed had 5mm embedded particles. 

 

Figure 6: Variation in alluvial cover fraction (Pc) with sediment supply. 955 
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3.3 Relationship between gravel layer thickness and alluvial cover fraction 

As explained in Section 1.5, the ratio of alluvial thickness 𝜂𝑎 to macro-roughness L affects the temporal change of the alluvial 

cover ratio but does not affect the alluvial cover ratio in the dynamic equilibrium state. Thus, 𝜂𝑎 𝐿⁄  is not used in the model 

comparison in this study. However, we experimentally investigate 𝜂𝑎 𝐿⁄  because various numerical and theoretical models 960 

have employed alluvial cover as a function of relative alluvial thickness (Zhang et al., 2015; Inoue et al., 2014; Parker et al., 

2013; Tanaka and Izumi, 2013; Nelson and Seminara, 2012) 

𝑃𝑐 = {
𝜂𝑎 𝐿⁄ 𝑓𝑜𝑟  0 ≤ 𝜂𝑎 𝐿⁄ ≤ 1

1 𝑓𝑜𝑟  𝜂𝑎 𝐿⁄ > 1
          (15) 

here, 𝜂𝑎 is the average thickness of the alluvial layer, 𝐿 is the macro-roughness height of the bedrock bed. Parker et al. (2013) 

define 𝐿 as the macroscopic asperity height of rough bedrock rivers 𝐿𝑏 (≈2𝜎𝑏𝑟). Tanaka and Izumi (2013) and Nelson and 965 

Seminara (2012) define 𝐿 as the surface unevenness of alluvial deposits on smooth bedrock river 𝐿𝑎 (≈𝑑). In this study, we 

define 𝐿 = 2𝜎𝑏𝑟 + 𝑑 so that it can cope with both smooth and rough bedrocks. Figure 6 shows the relationship between relative 

gravel layer thickness 𝜂𝑎 𝐿⁄  and alluvial cover ratio. The figure confirms that the alluvial cover ratio of the experimental result 

can be efficiently evaluated by Equation (15).   

 970 

 

Figure 7: Relationship between relative gravel layer thickness and alluvial cover. The black line represents the 1:1 line.  
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3.4 Time series change of relative roughness 975 

Figure 7 shows the change in relative roughness with time in Gravel30 and Gravel5 series. The red and blue points in Figure 

7 show the alluvial cover fraction after water supply in Gravel30 and Gravel5 series, respectively. 

In Run 1 series with a higher relative roughness, relative roughness decreased due to the increase in alluvial deposition and 

cover. In Run 3 series which has a lower initial relative roughness increased due to the increase in alluvial deposition and 

cover. 980 

The relative roughness after the water supply is ~2 for both Gravel30-4 and Gravel5-3 while the alluvial cover fraction 

approaches 1. This value is almost the same as the relative roughness of flat gravel bed (about 1 to 4 times the particle size, 

generally about 2 times). This confirms that with an increase in alluvial cover, the relative roughness of the bed is determined 

by the gravel size. 

 985 

 

 

Figure 8: Change in Relative roughness with time. 

 

3.5 Alluvial cover w.r.t relative roughness  990 

Figure 8 shows the variation in Pc with respect to relative roughness. In cases with lower initial relative roughness, example: 

Gravel 50 and Net2, the relative roughness is increasing with an increase in Pc. Whereas, in cases with higher initial relative 

roughness, Gravel30, Gravel5 and Net4, an increase in Pc reduces the relative roughness. Besides, irrespective of the initial 

relative roughness, the bed tries to become completely alluvial as Pc ≈ 1. Furthermore, irrespective of the initial relative 

roughness, an increase in Pc forces each roughness condition to achieve a similar stabilised roughness. Also, several studies in 995 

the past have suggested that when bed consists of a uniform grain size and also comprises of bedload consisting of uniform 

and same size grains as the cover, the hydraulic roughness height (ks) for such a bed is 1 to 4 times the grain diameter (d) 

(Inoue et al., 2014; Kamphuis, 1974; Parker, 1991) which is also the case in our experiments in Figure 8.  
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Figure 9: Variations in Pc with relative roughness.  1000 

4 Discussion and Comparison of the Existing Models with Experimental Results 

4.1 Calibrating 𝒌#𝑫 and 𝒓𝒃𝒓 

For the purpose of model comparisons with experimental results, we need to first calibrate Johnson’s model parameters 𝑘#𝐷 

and rbr to minimize RMSD (root mean square deviation) of cover between experimental data and the model. When 𝑘#𝐷 = 1, 

it means the alluvial hydraulic roughness is proportional to the grain diameter size and is independent of the cover fraction. 1005 

For our calculations, we have used 𝑘#𝐷 = 4 as applied in Johnson (2014). We also calibrate the exponential model’s parameter 

𝜑  (Turowski et al, 2007). Table 2 provides the calibration values for 𝑟𝑏𝑟  and 𝜑  for comparison of the model with our 

experimental results. 

 

Table 2:  rbr and φ values for comparison with experimental results 

 
Observed ksb 

(mm) 

Observed σbr 

(mm) 

Adjusted rbr 

(k#D=4) 

Calculated ksb 

(mm, ksb=rd rbrσbr) 
Adjusted φ 

Run 1 48.0 3.7 3.0 22.2 3.1 

Run 2 24.8 3.9 2.1 16.4 1.1 

Run 3 3.8 1.1 3.0 6.6 0.4 

Run 4 36.3 2.3 4.6 21.2 2.2 

Run 5 9.6 1.8 2.6 9.4 0.9 

 1010 

 

4.2 Relative Roughness and dimensionless critical shear stress 

Figure 9 shows the relationship between the ratio of the hydraulic roughness height of bedrock bed 𝑘𝑠𝑏 to the grain size 𝑑 

(𝑘𝑠𝑏 𝑑⁄ : referred to as the relative roughness in section 3.2) and the dimensionless critical shear stress over bedrock bed 𝜏∗𝑐𝑏 . 

The Figure shows results obtained from Johnson (2014) (Eq. 10) and from Inoue et al. (2014) (Eq. 5) i.e. surface-roughness 1015 

model and macro-roughness model, respectively.  
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According to Figure 9, the non-dimensional critical shear stress depends on the relative roughness to the power of 0.6. Besides, 

the results obtained from Eq. (5) of macro-roughness model are not compatible with the experimental results in the region 

where relative roughness of the bedrock bed is small. In this study, we used the power approximation shown below instead of 

Eq. (5) in the macro roughness model by Inoue et al. (2014). 1020 

𝜏∗𝑐 = 0.03(𝑘𝑠 𝑑⁄ )0.6           (16) 

Likewise, the results obtained from Johnson’s model (2014) (Eq. 10) (surface-roughness model) are consistent with our 

experimental results, but the model is inconsistent when the roughness is low. 

 

 1025 

 

Figure 10: Relationship between relative roughness and dimensionless critical shear stress. The black squares show the results of 

this experiment, the white circles show the results of investigation using the bedrock of Ishikari River in 2011 (Inoue et al., 2014), 

the grey rhombus represents a smooth aquifer floor (Inoue and Ito, 2013 (in Japanese)), the grey line shows the power approximation 

of all the experimental results. The dotted line shows the results from Eq. 5 proposed by Inoue et al. (2014). The black double dotted 1030 
lines show the results obtained by Eq. 10 (Johnson, 2014). The grain size (d) in case of Inoue et al., (2013) is 5mm. and Inoue et al., 

2014 used gravels sized: 12mm and 28mm.  

 

4.3 Predicting experimental results using the models 

Figure 10 shows the comparison among experimental results presented in this paper, Sklar and Dietrich’s linear model (2014), 1035 

Turowski et al.’s exponential model (2007). This Figure suggests that the linear model is generally applicable to rough bed 

with relative roughness of 2 or more, but not to smooth bed with relative roughness less than 2 (Run 1, Run 2 and Run 4). As 

suggested by Inoue et al. (2014), in this study, “smooth bed” refers to the bed with roughness less than the roughness of 

supplied gravel (clast-smooth) and “rough bed” stands for the bed with roughness more that the roughness of the supplied 

gravel (clast-rough). The exponential model is also more suitable for a rough bed. Figure 11 shows the comparison of our 1040 

observed experimental values with Inoue et al.’s macro-roughness model (2014) and Johnson’s surface-roughness model 

(2014). It shows that the macro-roughness model proposed by Inoue et al. (2014) can predict the increasing alluvial cover for 

cases with high relative roughness, as well as the rapid alluviation and hysteresis (green shaded region) for cases with lower 

relative roughness (Run 3 and Run 5), without adjusting the roughness (explained in the following paragraph). The surface-

roughness model proposed by Johnson (2014) also shows good agreement in predictions of alluvial cover and rapid alluviation 1045 

and hysteresis if 𝑘#𝐷 and 𝑟𝑏𝑟  are adjusted.  

Figure 12 shows the comparison of experimental results with Turowski and Hodge’s probabilistic model (2017). The model 

produces favourable results following some parameter adjustments. Because the probabilistic model (Turowski and Hodge, 
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2017) does not consider the effect of bedrock roughness on entrainment and deposition, the values of exponent 𝜔  and 

characteristic sediment mass 𝑀0
∗ needs to be adjusted by trial and error. The value of 𝜔 can be as high as 100 or 200 for Runs 1050 

with rapid alluviation hysteresis, whereas it is as low as ~0.7 for other Runs.  

In Figure 11, in Run 3 and Run 5 with relatively smooth beds, a rather scarce deposition was observed when sediment supply 

was low, and rapid alluviation occurred when sediment supply exceeded the transport capacity of the channel i.e. the bed was 

suddenly completely covered by alluvium. The reverse-line slopes produced by macro-roughness and surface-roughness 

models depict similar hysteresis relationship between alluvial cover and sediment supply i.e. sediment deposition occurs only 1055 

for a certain range of sediment supply. The shaded portion shows that, as qbs/qbca increases the cover does not increase unless 

it reaches a threshold (qbs/qbca >1, i.e. transport capacity over exposed bed is higher than transport capacity over fully covered 

bed), after which the cover increases abruptly, showing rapid alluviation. The green-shaded portion however is unstable 

between Pc=0 and Pc=1, i.e. it shows the hysteresis of rapid alluviation and rapid entrainment. As long as qbs>qbca the value of 

Pc will increase until it reaches 1, however if qbs becomes smaller than qbca, Pc will decrease until Pc=0 (rapid entrainment). 1060 

For the bed to become alluviated again, qbs must reach a condition where qbs/qbca>1, in which case rapid alluviation will happen 

again. This phenomenon has also been observed in sufficiently steep channels, for slopes greater than 0.015 by Chatanantavet 

and Parker (2008). Hodge and Hoey (2016b) also suggested a similar relationship between sediment cover and sediment 

supply. However, our study shows that rapid alluviation occurs irrespective of the slope steepness, if roughness of the bed is 

less than the roughness of supplied gravel, i.e. when relative roughness is less than 2.  1065 

For investigating the influence of bed roughness on the alluvial cover in a bedrock channel with alternate bars. we also 

compared the experimental results of Chatanantavet and Parker (2008) with the model results of the physically based models 

including interaction between roughness and alluvial cover (i.e., Inoue et al., 2014; Johnson, 2014). Chatanantavet and Parker 

(2008) conducted experiments in a metallic straight channel with three different types of bedrock bed sur faces namely 

Longitudinal Grooves (LG), Random Abrasion Type 1 (RA1) and Random Abrasion Type 2 (RA2), where RA1 is smoother 1070 

than RA2.  They performed various cases for each type with varying slope range of 0.0115 – 0.03. They also varied the 

sediment supply rate and grain size (2mm and 7mm). The major difference between their experiment and our experiments is 

the width – depth ratio. The width-depth ratios of their experiments were 11 – 30, and thus allowed for the formation of 

alternate bars. In contrast, the width – depth ratios of our experiments were 6.1 – 8.3, as a result alternate bars usually do not 

develop. Although we can see alternate alluvial patches in Figure 5, their thickness was less than 1 cm, and the patches did not 1075 

progress to alternate bars with large wave height. Figure 13 shows the comparison among the two models and Chatanantavet 

and Parker’s experiment (2008). The experimental conditions are taken from Table 1 of Chatanantavet and Parker (2008). 

Figure 13a represents runs 2-C1 to 2-C4, Figure 13b represents runs 2-E1 to 2-E3, Figure 13c represents runs 3-A1 to 3-A5, 

Figure 13d represents runs 3-B1 to 3-B5, Figure 13e represents runs 1-B1 to 1-B4 (Chatanantavet and Parker 2008, Table 1). 

In case of the surface-roughness model, 𝑘#𝐷 = 4 is used, the bedrock surface roughness required for calculations is taken as 1080 

mentioned in Table 1 Johnson (2014), rbr is adjusted to minimize RMSD of cover between experiments and the model. In case 

of the macro-roughness model by Inoue et al. (2014), 𝑘𝑠𝑏  is adjusted to minimize RMSD of cover. The two models can 

accurately predict the cover fraction and rapid alluviation for the experimental study conducted by Chatanantavet and Parker 

(2008). 

A particularly important point of interest is the adjustment of hydraulic roughness value of the bedrock surface 𝑘𝑠𝑏. In case of 1085 

Chatanantavet and Parker’s experiment, 𝑘𝑠𝑏  ~ 0.4 mm to 3.5mm (Chatanantavet and Parker 2008, Table 1), whereas, in 

Johnson’s surface-roughness model (2014), 𝑘𝑠𝑏 (= 𝑟𝑑𝑟𝑏𝑟𝜎𝑏𝑟) can be as much as 13 – 27 mm. Also, in the case of Inoue et al.’s 

macro-roughness model ksb is adjusted to 32 – 53 mm (Table 3). 
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Table 3: Parameter calibration values for comparison with experimental results of Chatanantavet and Parker (2008) 

Type Slope 
Observed ksb 

(mm) 
σbr  (mm) 

Adjusted rbr 

for the surface-

roughness model 

k#D=4 

Calculated ksb 

in the surface-

roughness model 

(mm, ksb= rd rbrσbr) 

Adjusted ksb 

for the macro-

roughness model 

(mm) 

LG 0.02 0.4 6.7 1.8 24.1 42.0 

RA1 0.016 0.4 2.4 5.3 25.4 42.0 

 0.03 0.4 2.4 5.7 27.4 53.0 

RA2 0.0115 3.5 2.7 2.5 13.5 32.0 

 0.02 3.5 2.7 4.3 23.2 45.0 

 

4.4 Differences and limitations 1095 

As mentioned earlier, the major difference between the macro-roughness model (Inoue et al., 2014) and surface-roughness 

model (Johnson., 2014) is the way the transport capacity is calculated. In case of the surface-roughness model (Johnson, 2014), 

first, the transport capacities for bedrock (𝑞𝑏𝑐𝑏) and alluvial bed (𝑞𝑏𝑐𝑎) are separately calculated, then the total transport 

capacity (𝑞𝑏𝑐) is calculated for a range of cover fractions (𝑃𝑐). Hence, in cases when  𝜏∗𝑐𝑎 < 𝜏∗ < 𝜏∗𝑐𝑏, the transport capacity 

over bedrock portion 𝑞𝑏𝑐𝑏 = 0 and thereby the bedrock roughness hardly affects the alluvial cover fraction which can also be 1100 

the reason for inconsistency between the surface-roughness model (Johnson, 2014) results and experimental study for Runs 1 

and 4 in Figure 11 and RA2 Slope = 0.0115 in Figure 13. Whereas, in the case of macro-roughness model (Inoue et al., 2014), 

the critical shear stress takes into account the value of total hydraulic roughness, which depends on cover fraction, alluvial 

hydraulic roughness and bedrock hydraulic roughness. Hence, even when 𝜏∗ is small, the bedrock roughness tends to affect 

the cover fraction. The macro-roughness model (Inoue et al., 2014) is more efficient at dealing with clast-smooth surfaces.   1105 

Comparing the observed 𝑘𝑠𝑏 with the adjusted  𝑘𝑠𝑏 in the roughness models proposed by Inoue et al. (2014) and Johnson 

(2014), the adjusted ksb strongly depends on observed  𝑘𝑠𝑏 in our experiments without alternate bars (Figure 14a), whereas, the 

adjusted  𝑘𝑠𝑏 is not dependent on the observed 𝑘𝑠𝑏 in experiments with alternate bars conducted by Chatanantavet and Parker 

(2008) (Figure 14b), suggests that bedrock roughness has a smaller effect on the alluvial cover in case of mixed alluvial – 

bedrock rivers with alternate bars. In such rivers, the bed slope may affect the alluvial cover fraction (Figure 14c). The 1110 

roughness models are adjusted to produce the experimental results with alternate bars by fine-tuning  𝑟𝑏𝑟  and  𝑘𝑠𝑏 values which 

must be determined by trial and error method. While this method can be applicable to laboratory-scale experiments, the model 

calibration is unfeasible for a large-scale channel or natural rivers. In general, the formation of alternate bars is barely 

reproduced with a one-dimensional model as introduced in this study. In the future, research to incorporate the effects of bars 

into a one-dimensional model, or analysis using a two-dimensional planar model (e.g., Nelson and Seminara, 2012; Inoue et 1115 

al., 2016, 2017) is expected. Also, in order to deploy models on field-scale, they must take into account bank-roughness and 

its effects on shear stress and other hydraulic parameters. Ferguson (2019) argued that standard deviation of exposed bed is an 

effective way of roughness estimation, however, it needs further research on appropriating scaling.  

Also, the probabilistic model proposed by Turowski and Hodge (2017) could reproduce experimental results but the model 

needed adjustment of 𝜔 and 𝑀0
∗ by trial and error, especially for cases involving rapid alluviation. The model however does 1120 

not emulate the hysteresis for clast-smooth beds. Because the model does not include the effects of bed roughness yet, further 

alterations to take into account the effect of probability of grain entrainment and deposition can greatly extend the applicability 

of the model to natural bedrock rivers. In addition, recently, Turowski (2020) proposed a stochastic model that includes the 
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effects of bar formation, and further development is expected in the future. Taking into account the spatial variability in the 

tools effect (laboratory experiments by Bramante et al., 2020) will also take the models closer to field-scale studies.  1125 
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Figure 11: Comparison of our experimental results, linear model by Sklar and Dietrich (2004) and exponential model by Turowski 

et al. (2007),  
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 1135 

Figure 12: Comparison of our experimental results with roughness models by Inoue et al. (2014) and Johnson (2014).  The 𝒓𝒃𝒓 for 

the surface roughness model and the 𝝋 for the exponential model are adjusted to minimize RMSD of the alluvial cover (see Table 

2).   
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Figure 13: Comparison of our experimental results with the probabilistic model proposed by Turowski and Hodge (2017).  
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Figure 14: Comparison of the experimental results (Chatanantavet and Parker, 2008) with the macro roughness model (Inoue et al., 

2014) and the surface roughness model (Johnson, 2014). RA1, RA2 and LG represent the type of bedrock surface in the experiments 

conducted by Chatanantavet and Parker (2008); RA1 is Random Abrasion type 1, RA2 iss Random Abrasion type 2 and LG is 

Longitudinal grooves, respectively. The 𝒓𝒃𝒓 for the surface roughness model and the 𝒌𝒔𝒃 for macro roughness model are adjusted 1150 
to minimize RMSD of the alluvial cover  (see Table 3).   
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Figure 15: (a) Comparison between adjusted and observed hydraulic roughness height of bedrock bed for our experiments. (b) 

Comparison between adjusted and observed hydraulic roughness height of bedrock bed for the experiments conducted by 1155 

Chatanantavet and Parker (2008). (c) Sensitivity of adjusted 𝒌𝒔𝒃 to bed-slope 𝑺 for experiments conducted by Chatanantavet and 

Parker (2008).    
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5 Summary 

Here we provide a review of models and studies focused at discovering the interaction between alluvial cover and bed 1160 

roughness. For evaluating the previous models, we conducted laboratory-scale experiments with multiple runs of varying bed 

roughness and sediment supply. The experimental results show that the change in alluvial cover to the sediment supply rate is 

controlled by bedrock roughness to a great extent. When the bedrock hydraulic roughness is higher than the hydraulic 

roughness of the alluvial bed (i.e., clast-rough bedrock), the alluvial cover increases proportionately with the increase in 

sediment supply and then reaches an equilibrium state. However, in cases where bedrock roughness is lower than the roughness 1165 

of the alluvial bed (i.e., clast-smooth bedrock), the deposition is insignificant unless sediment supply exceeds the transport 

capacity of the bedrock bed. When sediment supply exceeds the transport capacity, the bed abruptly covered by sediments and 

quickly reaches to completely alluvial bed.  

We have also implemented the previous models for alluvial cover, i.e.,  the linear model proposed by Sklar and Dietrich (2004), 

the exponential model by Turowski et al. (2007), the macro-roughness model by Inoue et al. (2014), the surface-roughness 1170 

model by Johnson (2014) and the probabilistic model by Turowski and Hodge (2017) in order to predict the experimental 

results. The linear model and exponential model are inefficient for cases with a clast-smooth bedrock specifically, they cannot 

predict the rapid-alluviation. The macro-roughness model (Inoue et al. 2014) and surface-roughness model (Johnson, 2014) 

can efficiently predict the rapid-alluviation and hysteresis for clast-smooth bedrock as well as the proportionate increase in 

alluvial cover for clast-rough bedrock. In particular, the macro-roughness model (Inoue et al. 2014) was able to reproduce the 1175 

observed alluvial cover ratio without adjusting the parameters. The probabilistic model by Turowski and Hodge (2017) also 

needs parameter adjustments to make it sensitive to dynamic cover or rapid alluviation in clast-smooth bed, however, it does 

not reproduce the hysteresis.  

We also tested the macro-roughness model (Inoue et al. 2014) and surface-roughness model (Johnson, 2014) for their capability 

to predict the experimental results observed by Chatanantavet and Parker (2008), in which the bedrock surface has alluvial 1180 

alternate bar formations. Both models required significant parameter adjustments to reproduce the alluvial cover fraction. The 

two models do not include the 2-D effects caused by variable alluvial deposition and formation of bars on bedrock. Although 

models that extended the roughness model into a plane two-dimensional (e.g., Nelson and Seminara, 2012; Inoue et al., 2016) 

will be able to capture the bar formation in a bedrock river, these models require long time for simulation.  Building a simpler 

model that can predict alluvial cover fraction with bar formation represents an exciting challenge in the future which 1185 

contributes better understanding of long-time evolution of natural bedrock channel.. 
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Notations: 

𝛼 bedload transport coefficient 

𝑏𝑟 exposure function by Johnson (2014) 

𝑑 particle size (m) 

𝐷 water depth (m) 
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g gravitational acceleration (9.81 m/s2) 

𝑘𝑠 hydraulic roughness height (m) 

𝑘𝑠𝑎 hydraulic roughness height of purely alluvial bed (m) 

𝑘𝑠𝑏 hydraulic roughness height of purely bedrock bed (m) 

𝑘#𝐷 dimensionless alluvial roughness 

𝜅 Karman constant  

𝑙 flume length (m) 

𝐿 macro-roughness height of bedrock bed (m) 

𝑀0
∗ dimensionless sediment mass  

𝑛𝑚 Manning’s roughness coefficient (m-1/3s) 

𝜂𝑎 average thickness of alluvial layer (m) 

𝑃𝑐 mean areal fraction of alluvial cover 

𝜑 cover factor proposed by Turowski et al. (2007) 

𝑞𝑏𝑠 sediment supply rate per unit width (m2/s) 

𝑞𝑏𝑐 transport capacity per unit width  (m2/s) 

𝑞𝑏𝑐𝑎 transport capacity per unit width for sediment moving on purely alluvial bed (m2/s) 

𝑞𝑏𝑐𝑏 transport capacity per unit width for sediment moving on purely bedrock bed (m2/s) 

𝑄 water discharge (m3/s) 

𝑟𝑑 scaling coefficient for d and hydraulic roughness length  

𝑟𝑏𝑟 fitting parameter that scales bedrock roughness to d 

𝑅 specific gravity of sediment in water (1.68) 

𝑆 Bed slope 

𝑆𝑒 energy gradient  

𝜏∗ dimensionless shear stress 

𝜏∗𝑐 dimensionless critical shear stress 

𝜏∗𝑐𝑎 dimensionless critical shear stress for grains on purely alluvial bed 

𝜏∗𝑐𝑏 dimensionless critical shear stress for grains on purely bedrock bed 

𝑈 depth averaged velocity (m/s) 

𝑤 flume width (m)  

𝜔 Exponent by Turowski and Hodge (2017) 

𝜎𝑏𝑟 topographic roughness height of purely bedrock bed (m) 
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Abstract. Several studies have implied towards the importance of bedrock-bed roughness on alluvial cover; besides, 

several mathematical models have also been introduced to mimic the effect bed roughness may project on alluvial cover in 1370 

bedrock channels. Here, we provide an extensive review of research exploring the relationship between 

alluvial cover, sediment supply and bed topography of bedrock channels, thereby, describing various mathematical models 

used to analyse deposition of alluvium. In the interest of analysing the efficiency of various available mathematical models,  

we performed a series of laboratory-scale experiments with varying bed roughness and compared the results with various 

models.  Our experiments show that alluvial cover is not merely governed by increasing sediment supply, and, bed topography 1375 

is an important controlling factor of alluvial cover. We tested five theoretical models with the  experimental results 

and the results suggest a fit of certain models for a particular bed topography and inefficiency 

in predicting higher roughness topography. Three models efficiently predict the experimental observations, albeit their 

limitations.  

1 Introduction 1380 

Economic growth worldwide has fuelled the demand for the construction of straightened river channels, sabo dams, the 

collection of gravel samples for various research, etc., leading to a decline in sediment availability and alluvial bed cover.  

Sumner et al.  (2019) reported that the straightening of the Yubari River, which was carried out to improve the drainage of 

farmland, caused the bedrock to be exposed and the knickpoint to migrate upstream. In addition, construction of a dam in the 

upstream section of Toyohira river in Hokkaido – Japan, decreased the sediment availability to the downstream section 1385 

contributing to the formation of a knickpoint (Yamaguchi et al. 2017 in Japanease). 

Sediment availability plays a very important role in controlling the landscape evolution and determining 

the morphology of the river over geologic time (Moore 1926; Shepherd 1972). Various field-scale (Gilbert, 1877; Shepherd, 

1972; Turowski et al., 2008b; Turowski and Rickenmann, 2009; Johnson et al., 2010; Jansen et al., 2011; Cook et al., 2013; 

Inoue et al., 2014; Beer and Turowski, 2015; Beer et al., 2017), laboratory-scale (Sklar and Dietrich, 1390 

1998, 2001; Chatanantavet and Parker, 2008; Finnegan et al., 2007; Johnson and Whipple, 2010, 2007; Hodge and Hoey, 

2016a, 2016b; Hodge et al., 2016; Turowski and Bloem, 2016; Inoue et al., 2017b, Mishra et al., 2018; Fernandez et al., 2019; 

Inoue and Nelson, 2020), and theoretical and numerical studies 

(Hancock and Anderson, 2002; Sklar and Dietrich, 2004, 2006; Lague, 2010; 

Hobley et al., 2011; Nelson and Seminara, 2011, 2012; Johnson, 2014; Nelson et al., 2014; Zhang et al., 2015; Inoue et al. 1395 

2016, 2017a; Turowski and Hodge 2017; Turowski, 2018) have suggested that sediment availability has 

two contradicting effects on the river bed, known as Tools and Cover effect. It acts as a tool and erodes the bedrock bed, known 

as tools effect. As sediment availability increases, the sediment 

starts settling down on the river bed providing a cover for the bed underneath from further erosion, known as the cover effect.  

Sklar and Dietrich (2001) and Scheingross et al., (2014) performed rotary-abrasion mill experiments showing the importance 1400 

of cover in controlling incision rates in bedrock channels. Reach scale studies of Erlenbach performed by Turowski et al. 
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(2013) showed how extreme flood events can contribute to incision by ripping off the channel’s alluvial cover. Cook et al. 

(2013) suggested that bedrock incision rates were dominantly controlled by the availability of bedload. Their field surveys of 

bedrock gorge cut by Daán River in Taiwan showed that the channel bed merely eroded for years, despite floods and available 

suspended sediment. Channel incision occurred only when bedload tools became available. Yanites et al. (2011) studied the 1405 

changes in the Peikang River in central Taiwan triggered by the thick sediment cover introduced by landslides and typhoons 

during the 1999 Chi-Chi earthquake. Their results show slowed or no incision in high transport capacity and low transport 

capacity channels. Mishra et al. (2018) showed that incision rate increased when the sediment supply rate of the laboratory-

scale channel became considerably smaller than the sediment carrying capacity of the channel.  Laboratory scale experiments 

performed by Shepherd and Schumm (1974), Wohl and Ikeda (1997) and Inoue and Nelson (2020) showed formation of several 1410 

longitudinal grooves at low sediment supply to capacity ratio. As the sediment supply increases, one of the grooves attracts 

more sediment supply and progresses into a comparatively straight, wide and shallow inner channel which further progresses 

into a narrower, more sinuous, deeper inner channel (Wohl and Ikeda, 1997; Inoue et al., 2016). Channels with higher sediment 

supply to capacity ratio are expected to be wider as alluvial cover shifts erosion from bed to banks of the channel (Beer et al. 

2016; Turowski et al., 2008a and Whitbread et al., 2015). These findings show the ratio of sediment supply to capacity controls 1415 

alluvial cover ratio, bedrock incision rate and morphodynamics in bedrock rivers. 

Finnegan et al. (2007) conducted laboratory-scale experiments and studied the interdependence among incision, bed roughness 

Finnegan et al. (2007) conducted laboratory-scale experiments and studied the interdependence among incision, bed roughness 

Finnegan et al. (2007) conducted laboratory-scale experiments and studied the interdependence among incision, bed roughness 

Finnegan et al. (2007) conducted laboratory-scale experiments and studied the interdependence among incision, bed roughness 1420 

Finnegan et al. (2007) conducted laboratory-scale experiments and studied the interdependence among incision, bed roughness 
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Finnegan et al. (2007) conducted laboratory-scale experiments and studied the interdependence among incision, bed roughness 

Finnegan et al. (2007) conducted laboratory-scale experiments and studied the interdependence among incision, bed roughness 1425 
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Finnegan et al. (2007) conducted laboratory-scale experiments and studied the interdependence among incision, bed roughness 1445 

Finnegan et al. (2007) conducted laboratory-scale experiments and studied the interdependence among incision, bed roughness 

Finnegan et al. 

(2007) conducted laboratory-scale experiments and studied the interdependence among incision, bed roughness and alluvial 

cover. Their results indicated that alluvial deposition on the bed shifted bed erosion to higher regions of the channel or bank 

of the channel. Similar findings were noted in flume studies conducted by Wohl and Ikeda (1997) and Johnson and Whipple1450 

 (2010). They have shown the importance of alluvial cover in regulating the roughness of bedrock bed by providing a cover 

for the local lows and thereby inhibiting the erosion and focusing erosion on local highs. 

Inoue et al. (2014) conducted experiments by excavating channel into natural bedrocks in Ishikari River, Asahikawa, Hokkaido 

Inoue et al. (2014) conducted experiments by excavating channel into natural bedrocks in Ishikari River, Asahikawa, Hokkaido 

Inoue et al. (2014) conducted experiments by excavating channel into natural bedrocks in Ishikari River, Asahikawa, Hokkaido 1455 

Inoue et al. (2014) conducted experiments by excavating channel into natural bedrocks in Ishikari River, Asahikawa, Hokkaido 

Inoue et al. (2014) conducted experiments by excavating channel into natural bedrocks in Ishikari River, Asahikawa, Hokkaido 

– Japan. 

They conducted experiments with different combinations of flow discharge, sediment supply rate, grain size and 1460 

roughness. Their experiments advocated that the dimensionless critical shear stress for sediment movement on bedrock is 

related to the roughness of the channel. Their experiments also suggested that with an increase in alluvial cover, the 

relative roughness (i.e., the ratio of bedrock hydraulic roughness to moving sediment size) decreases, also, erosion 

in areas with an exposed bed is proportionate to sediment flux. 

Fuller et al. (2016) performed laboratory scale experiments and established the importance of bed-roughness in determining 1465 

Fuller et al. (2016) performed laboratory scale experiments and established the importance of bed-roughness in determining 

Fuller et al. (2016) performed laboratory scale experiments and established the importance of bed-roughness in determining 

A majority of traditional bed-erosion models are classified as the stream power and shear stress family of models (cf. Shobe 

et al., 2017; Turowski, 2018) (e.g., Howard, 1994; Whipple and Tucker, 1999), in which bed erosion is a function of discharge 

and bed-slope. These models however cannot describe the role of sediment in controlling the bed dynamics. Several models 1470 

remedy this shortcoming by considering the tools and cover effect of sediment supply (Sklar and Dietrich, 1998, 2004; 

Turowski et al., 2007; Chatanantavet and Parker, 2009; Hobley et al., 2011; Inoue et al., 2017b). In section 1.1, we introduce 

previous theoretical and numerical models that take into account sediment cover in bedrock channel. In sections 1.2 to 1.6, we 

describe in detail the governing equations of the five models dealt with in this study. 

1.1 Previous Models for Sediment Cover 1475 

One of the simplest and first models to incorporate effects of sediment availability and transport capacity of the channel was 

One of the simplest and first models to incorporate effects of sediment availability and transport capacity of the channel was 

One of the simplest and first models to incorporate effects of sediment availability and transport capacity of the channel was 

One of the simplest and first models to incorporate effects of sediment availability and transport capacity of the channel was 

One of the simplest and first models to incorporate effects of sediment availability and transport capacity of the channel was 1480 

One of the simplest and first models to incorporate effects of sediment availability and transport capacity of the channel was 

Turowski and Hodge (2017) generalized the arguments presented by Turowski et al. (2007) and Turowski (2009), and proposed 

a reach- scale probability-based model that can deal with the evolution of cover residing on the bed and the exposed bedrock. 

Turowski (2018) proposed a model and linked availability of cover in regulating the sinuosity of the channel.  

Lague (2010) employed Exner equation to calculate alluvial thickness with respect to average grain size d. Their model 1485 
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Hodge and Hoey (2012) introduced reach-scale Cellular Automaton Model that assigned an entrainment probability to each 

grain. The assigned probability of each grain was decided by the number of neighbouring cells containing a grain. If five or 

more of total eight neighbouring cells contained grain, the grain was considered to be a part of the cover, otherwise, it was 

considered an isolated grain. They suggested that rapid alluviation occurred only in cases when isolated grains were more than 

the cover on the bed. Also, they advised a sigmoidal relationship between 𝑞𝑏𝑠 𝑞𝑏𝑐⁄  and 1 − 𝑃𝑐. Aubert et al. (2016) proposed 1490 

a Discrete-Element Model where they determined 𝑃𝑐 from the velocity distribution of the grains. If the velocity of a grain is 

1/10th or lower than the maximum velocity, the grain settles as cover on the bedrock surface. The model, however cannot deal 

with non-uniform velocity fields and hence cannot predict results for varying alluvial cover.  

Except for the Lagrangian description models that track individual particles (i.e., Hodge and Hoey, 2012; Aubert et al., 2016), 

the Eulerian description models are roughly classified into four categories; the linear model proposed by Sklar and Dietrich 1495 

(1998, 2004), the exponential model proposed by Turowski et al. (2007), the probabilistic model proposed by Turowski and 

Hodge (2017) and the roughness models proposed by Inoue et al. (2014), Johnson (2014), Nelson and Seminara (2012) and 

Zhang et al. (2015). In this study, we focus on a detailed study of the similarities and differences among the Eulerian description 

models proposed by Sklar and Dietrich (2004), Turowski et al. (2007), Inoue et al. (2014), Johnson (2014) and Turowski and 

Hodge (2017). We compare the efficacy of these models from comparisons with our experimental results. In addition, we 1500 

apply the roughness models (Inoue et al., 2014; Johnson, 2014) to the experiments conducted by Chatanantavet and Parker 

(2008) in order to analyse the effect of bedrock roughness on alluvial cover in a mixed bedrock - alluvial river with alternate 

bars. 

 

 1505 

 

 

 

 

 1510 

1.2 Linear Model 

The value of 𝑃𝑐 i.e. the alluvial cover ratio is 1 when the sediment supply is larger than the transport capacity, the alluvial cover 

𝑃𝑐 = {
𝑞𝑏𝑠 𝑞𝑏𝑐⁄ 𝑓𝑜𝑟  0 ≤ 𝑞𝑏𝑠 𝑞𝑏𝑐⁄ ≤ 1

1 𝑓𝑜𝑟  𝑞𝑏𝑠 𝑞𝑏𝑐⁄ > 1
         (1) 

where, 𝑃𝑐 is the mean areal fraction of alluvial cover, 𝑞𝑏𝑠 and 𝑞𝑏𝑐 are the volume sediment supply rate per unit width and 

transport capacity, respectively.  1515 

 

1.3 Exponential Model 

Turowiski (2007) assumed that the sediment mass ratio is equal to the ratio of sediment supply to capacity, and derived the 

following exponential model using a probabilistic argument; 

𝑃𝑐 = 1 − exp (−𝜑
𝑞𝑏𝑠

𝑞𝑏𝑐
)           (2) 1520 

where, 𝜑 is a dimensionless cover factor parameter and determines sediment deposition on covered areas for 𝜑 < 1 and 

deposition on uncovered areas for 𝜑 > 1  (Turowski et al., 2007; Turowski, 2009). Note that their assumption was 

demonstrated to be incorrect by the recent analysis of Turowski and Hodge (2017).  
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1.4 Macro Roughness Model 1525 

The experimental results of Inoue et al. (2014) motivated their mathematical model formulating the interaction between alluvial 

The experimental results of Inoue et al. (2014) motivated their mathematical model formulating the interaction between alluvial 

𝑘𝑠 = {
(1 − 𝑃𝑐)𝑘𝑠𝑏 + (𝑃𝑐)𝑘𝑠𝑎 𝑓𝑜𝑟  0 ≤ 𝑃𝑐 ≤ 1

𝑘𝑠𝑎 𝑓𝑜𝑟  𝑃𝑐 > 1
        (3) 

where 𝑘𝑠 is the total hydraulic roughness height of bedrock channel, 𝑃𝑐 is the cover fraction calculated as proposed by Parker 

et al. (2013) depends on ratio 𝜂𝑎 𝐿⁄  where ɳa is the alluvial cover thickness and 𝐿 is the bedrock macro-roughness height (i.e. 1530 

topographic unevenness of the bed). 𝑘𝑠𝑏  and 𝑘𝑠𝑎(= 1 – 4 d, here set to 2) represent the hydraulic roughness height of bedrock 

and alluvial bed respectively. The total transport capacity per unit width 𝑞𝑏𝑐 in Inoue et al.’s model is calculated as follows: 

𝑞𝑏𝑐 = α(𝜏∗ − 𝜏∗𝑐)1.5
√𝑅𝑔𝑑3          (4) 

𝜏∗𝑐 = 0.027(𝑘𝑠 𝑑⁄ )0.75           (5) 

where 𝛼 is a bedload transport coefficient taken as 2.66 in this study, 𝜏∗  and 𝜏∗𝑐  are the dimensionless shear stress and 1535 

dimensionless critical shear stress, 𝑅 is the specific gravity of the sediment in water (1.65), 𝑔 is the gravitational acceleration 

and 𝑑 is the particle size. In this model, 𝑃𝑐 is back-calculated from Equations (3), (4) and (5) under the assumption that the 

sediment supply rate 𝑞𝑏𝑠 and the sediment transport capacity 𝑞𝑏𝑐 are balanced in dynamic equilibrium state. 

The sensitivity analysis of bedrock roughness and sediment supply rate conducted by Inoue et al. (2014) showed that for a 

given sediment supply, the deposition (Pc) is higher when bedrock roughness is larger. They also showed that clast-smooth 1540 

surface shows a sudden transition from completely exposed bedrock to completely alluvial, i.e., clast-smooth surfaces 

show rapid alluviation.  

 

1.5 Surface Roughness Model 

Johnson (2014) proposed a roughness model using the median diameter grain size. They also calculated the hydraulic 1545 

𝑘𝑠𝑎 = 𝑟𝑑𝑑[1 + (𝑘#𝐷 − 1)𝑃𝑐]          (6) 

where 𝑟𝑑 = 2 is a coefficient and 𝑘#𝐷 is called a non-dimensional alluvial roughness representing variations in topography. 

For a fully alluviated bed, ksa=2d. The bedrock hydraulic roughness 𝑘𝑠𝑏 = 𝑟𝑑𝑟𝑏𝑟𝜎𝑏𝑟  where 𝑟𝑏𝑟  is a scaling parameter for 

bedrock roughness to grain roughness and 𝜎𝑏𝑟 is the bedrock surface roughness. Their model calculates bedrock shear stress 

using Wilcock and Crowe (2003) hiding/exposure function (𝑏𝑟), modified to depend on a standard deviation of bedrock 1550 

elevations and a bedrock roughness scaling parameter. Johnson (2014) calculated the total transport capacity using bedload 

equations proposed by Meyer-Peter and Müller (1948) and Wilcock and Crowe (2003). Here we introduce Meyer-Peter and 

Müller (MPM) based Johnson’s model: 

𝑞𝑏𝑐 = (1 − 𝑃𝑐)𝑞𝑏𝑐𝑏 + (𝑃𝑐)𝑞𝑏𝑐𝑎          (7) 

𝑞𝑏𝑐𝑎 = α(𝜏∗ − 𝜏∗𝑐)1.5
√𝑅𝑔𝑑3          (8) 1555 

𝑞𝑏𝑐𝑏 = α(𝜏∗ − 𝜏∗𝑐𝑏)1.5
√𝑅𝑔𝑑3          (9) 

𝜏∗𝑐𝑏 =
𝜏∗𝑐𝑟𝑏𝑟𝜎𝑏𝑟

𝑑
(

𝑑

𝑟𝑏𝑟𝜎𝑏𝑟
)

𝑏𝑟

           (10) 

𝑏𝑟 =
0.67

1+𝑒𝑥𝑝(1.5−𝑑 𝑟𝑏𝑟𝜎𝑏𝑟⁄ )
           (11) 

where 𝑞𝑏𝑐𝑎 is the transport capacity per unit width for sediment moving on purely alluvial bed and 𝑞𝑏𝑐𝑏  is the transport capacity 

per unit width for sediment moving on purely bedrock bed. 𝜏∗𝑐𝑏  is the dimensionless critical shear stress for grains on bedrock 1560 

portions of the bed. 

The models proposed by Inoue et al. (2014) and Johnson (2014) may seem rather similar in that they estimate the transport 

capacity of a mixed alluvial – bedrock surface. However, both models opt for different approaches when it comes to estimating 
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hydraulic roughness. The model by Inoue et al. (2014) directly uses the hydraulic roughness, but the model by Johnson (2014) 

calculates the hydraulic roughness from the roughness (topographic unevenness) of the bed 1565 

surface. The model by Inoue et al. (2014) needs 

measurements of observed bedrock hydraulic roughness, and the model by Johnson (2014) needs topographic bedrock 

roughness. In the model by Inoue et al. (2014), the macro roughness of the bed 

acts only when converting the alluvial layer thickness to the alluvial cover ratio. The macro roughness affects the temporal 

change of the alluvial cover ratio but does not affect the alluvial cover ratio in the dynamic equilibrium state. In 1570 

addition, in the model by Johnson (2014), first, the sediment transport capacities for the bedrock and alluvial bed are separately 

calculated, then total transport capacity is estimated using 𝑃𝑐 . Whereas, in the model by Inoue et al. (2014), first, the 

total hydraulic roughness height is calculated using 𝑃𝑐, then total transport capacity is estimated using the total hydraulic 

roughness.  

 1575 

1.6 Probabilistic Model 

Turowski and Hodge (2017) proposed a probability-based model for prediction of cover on bedrock channels, and investigated 

Turowski and Hodge (2017) proposed a probability-based model for prediction of cover on bedrock channels, and investigated 

* *(1 ) (1 , ,..)s sd Pc P Pc M dM− = − −  (12a) 

 

𝑃𝑐 = 1 − [1 + (1 − 𝜔)𝑙𝑛{1 − (1 − 𝑒−𝑀0
∗𝑞𝑏𝑠)𝑞𝑏𝑠}]

(
1

1−𝜔
)
[1 + (1 − 𝜔)𝑙𝑛{1 − (1 − 𝑒−𝑀0

∗𝑞𝑏𝑠)𝑞𝑏𝑠}]   1580 

      (12b) 

where 𝜔 is the exponent, 𝑀0
∗ is the dimensionless characteristic sediment mass obtained as followingfollows: 

𝑀0
∗ =

3√3𝜏∗𝑐

2𝜋

(𝜏∗ 𝜏∗𝑐⁄ −1)1.5

(𝜏∗ 𝜏∗𝑐⁄ )0.5−0.7
           (13) 

𝑀0
∗ follows a linear relationship with 𝜏∗ for a high 𝜏∗. They suggested that on shorter time scales, the sediment cover follows 

a linear relationship with the sediment supply. Their model also provides two other analytical solutions (Equation 301, 312 in 1585 

Turowski and Hodge, 2017), however we are employing Equation 12 in this study as the equation does not contain any 

parameter with obscure physical meaning and all the parameters can be calculated in laboratory or analytically.  y, but on 

longer time scales the channel adjusts its slope and width. 

We hereafter refer Sklar and Dietrich (2004) model as linear model, Turowski et al.’s model (2007) as exponential model, 

Inoue et al.’s model (2014) as macro roughness model, Meyer-Peter and Müller (MPM) based Johnson’s model (2014) as 1590 

surface roughness model and Turowski and Hodge’s model (2017) as probabilistic model.  
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2 Experimental Method 

2.1 Experimental Flume 1595 

The experiments were conducted in a straight channel at the Civil Engineering Research Institute for Cold Region, Sapporo, 

Hokkaido, Japan. The experimental channel was 22m long, 0.5m wide and had a slope of 0.01. The width-depth ratio was 

chosen to achieve no-sandbar condition (i.e., small width-depth ratio, 6.1 to 8.3 in our experiments). Chatanantavet and Parker 

(2008) conducted several flume experiments with sandbar condition (i.e., large width-depth ratio, 11 to 30 in their experiments) 

and suggested that the alluvial cover increases linearly to the ratio of sediment supply and transport capacity of the channel 1600 

when the slope is less than 0.015. The formation of bars strongly depends on the width – depth ratio (e.g., Kuroki and 

Kishi, 1984; Colombini et al., 1987). Generally, neither alternate bars nor double-row bars are formed under conditions 

with width-depth ratio < 15.  

In this study, we investigated the influence of bedrock roughness on the alluvial cover under conditions where the slope and 

width - depth ratio were small compared to the experiments of Chatanantavet and Parker (2008). 1605 

2.2 Bed characteristics and conditions 

The channel bed consisted of hard mortar. In order to achieve different roughness conditions, the beds in 

Gravel30, Gravel50 and Gravel5 were embedded with gravel of different sizes. In Gravel30, the 

embedded particle size is 30 mm, in Gravel50  particle size of 50 mm is embedded and in Gravel5, 5 mm particle 

size is embedded.  1610 

We performed an additional 2 cases with net-installation on the riverbed. The net was made of plastic. An installed 

net on the riverbed can trap sediment during high flow, eventually protecting the bed from further erosion from 

abrading sediment (Kazuaki et al.,2015, in Japanese). A net of mesh size 30 mm X 30 mm was installed on the bed in 

Net4 and Net2. The height of the net was 4mm and 2 mm respectively. Figure 1 shows the experimental channel bed 

of all 5 runs.  1615 

For each bed roughness (example: Gravel50 series), a group of experiments with varying sediment supply were performed 

for different time durations.  

 

 

Figure 16: Initial channel bed for each run. 1620 

 

2.3 Measurement of bedrock roughness 

In order to measure the initial bed roughness (before supplying sand), a water discharge of 0.03 m3/s was supplied, and the 

water level was measured longitudinally at every 1 m at the centre of the channel. The hydraulic roughness height for bedrock 

(ksb) was calculated using Manning – Strickler relation and Maning’s velocity formula1625 

. 

𝑘𝑠𝑏 = (7.66𝑛𝑚√𝑔)
6
            (14a) 

𝑛𝑚 =
1

𝑈
𝐷2 3⁄ 𝑆𝑒

1 2⁄            (14b) 
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where 𝑛𝑚 is the Manning’s roughness coefficient and 𝑈 is the average velocity (𝑈 = 𝑄 𝑤𝐷⁄  where 𝑈 is the water discharge, 

𝑤 is the channel width, 𝐷 is the water depth), 𝑆𝑒 is the energy gradient. 1630 

In order to compare the hydraulic roughness height and the riverbed-surface unevenness height, the riverbed height before 

water flow was measured with a laser sand gauge. The measurements were taken longitudinally at every 5 mm. The 

measurements were taken at three points: 0.15 m away from the right wall, the centre of the channel, and 0.15 m away from 

the left wall. The standard deviation representing the topographic roughness 𝜎𝑏𝑟 was obtained by subtracting the mean slope 

from the riverbed elevation (Johnson and Whipple; 2010).  1635 

2.4 Measurement of dimensionless critical shear stress on bedrock 

To measure the dimensionless critical shear stress of grains on completely bedrock portion, i.e. 𝜏∗𝑐𝑏 , 30 gravels

 of 5mm diameter each, were placed on the flume floor at intervals of 10 cm or more to make sure that 

there was no shielding effect between the gravels (there was shielding effect due to unevenness of the bedrock). Next, water 

flow was supplied at a flow discharge that no gravel moved, and was slowly increased to a flow discharge at which all 1640 

the gravels moved. The water level and the number of gravels displaced were measured and recorded for each flow 

discharge. These measurements were performed for all the 5 bedrock surfaces.  

We calculated the dimensionless shear stress 𝜏∗(= 𝐷𝑆𝑒 𝑅𝑑⁄ ) , here 𝑅  is the specific 

gravity of the submerged sediment (1.65). We defined the critical shear stress was  𝜏∗𝑐𝑏  is the weight average of 𝜏∗ 

using the number of displaced gravels.  1645 

2.5 Validation of alluvial cover 

Different amounts of gravel (5mm, hereafter called as sediment) was supplied manually while the flow rate was kept 

constant at 0.03 m3/s. The alluvial cover ratio was measured once equilibrium state was achieved. 

Once the areal fraction became stable 

in qualitative observations and the variation of hydraulic roughness of mixed alluvial – bedrock bed 𝑘𝑠 1650 

calculated from the observed water depth was decreased despite sediment being supplied, we considered that the 

experiment has reached its equilibrium state

. The sediment supply amounts and other experimental conditions for various cases are provided in Table 

1. Each run has multiple cases, each with different sediment supply and time duration. Each case was performed unless the 𝑃𝑐 

became constant. The gravels were supplied from Run-0 of no sediment to Run-4~5 of completely alluvial cover. The Run-0 1655 

with no sediment supply in each run represents the bedrock-roughness measurement experiment explained in section 2.3.  

For each roughness condition, initially, we supplied sediment at the rate of 3.73x10-5m2/s and observed the evolution of Pc. If 

Pc≈1, the sediment supply was approximately reduced by 1.5 times in the subsequent run, and then the sediment supply was 

further reduced to 2 times and 4 times in subsequent runs (example: Gravel30, Gravel50 and Net4). In roughness conditions 

where sediment supply of 3.73x10-5m2/s resulted in Pc≈0, the sediment supply was increased by 1.25 or 1.5 times and 2 times 1660 

in the subsequent runs (example: Gravel5 and Net2). However, for ease of understanding, we will present each experimental 

run in ascending order of sediment supply rate.  

Equilibrium conditions were achieved after 2-4 hours of sediment supply. The alluvial cover was calculated at the end of 

the experiment, using black and white photographs of the flume by taking the ratio of the number of pixels. The water 

level was measured and recorded every hour at the centre of the channel, to calculate the hydraulic roughness during 1665 

and at the end of the experiment. Bedrock topography with alluvial cover was also measured with a laser sand gauge. Since 

bedrock topography without alluvial cover has been measured in section 2.3, we can calculate the alluvial thickness from the 

difference of the two data. 
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Table 1: Experimental Conditions. Froude number Fr = u/(gD)0.5  

Run 
ksb 

(mm) 
ksb/d 

qbs 

(×10-5m2/s) 

Time 

(hour) 
Pc D U Fr*1 

ks/d 

Run1Grav

el30-0 

48.0 9.6 

0.00 0.25 0.00 0.082 0.74 0.82 9.6 

Gravel30R

un1-1 
0.93 4.00 0.55 0.082 0.73 0.82 10.9 

Gravel30R

un1-2 
1.87 4.00 0.75 0.082 0.74 0.82 6.9 

Gravel30R

un1-3 
2.80 4.00 0.93 0.082 0.74 0.82 4.5 

Gravel30R

un1-4 
3.73 4.00 0.99 0.082 0.73 0.82 1.8 

Run2Grav

el50-0 

24.8 5.0 

0.00 0.25 0.00 0.078 0.83 0.95 5.0 

Gravel50R

un2-1 
0.93 4.00 0.20 0.077 0.79 0.91 3.6 

Gravel50R

un2-2 
1.87 4.00 0.34 0.077 0.79 0.91 2.9 

Gravel50R

un2-3 
2.80 4.00 0.46 0.074 0.82 0.97 2.7 

Gravel50R

un2-4 
3.73 5.00 0.91 0.075 0.80 0.93 2.7 

Run3Grav

el5-0 

3.8 0.8 

0.00 0.25 0.00 0.063 0.95 1.21 0.8 

Gravel5Ru

n3-1 
3.73 2.00 0.01 0.063 0.95 1.20 1.0 

Gravel5Ru

n3-2 
5.60 2.00 0.03 0.060 1.00 1.30 1.1 

Gravel5Ru

n3-3 
7.47 4.00 1.00 0.063 0.96 1.23 2.0 

Run4Net4-

0 

36.3 7.3 

0.00 0.25 0.00 0.077 0.78 0.90 7.3 

Net4Run4-

1 
0.93 4.00 0.46 0.079 0.76 0.87 4.2 

Net4Run4-

2 
1.87 4.00 0.62 0.079 0.76 0.87 4.1 

Net4Run4-

3 
2.80 4.00 0.81 0.079 0.76 0.86 3.6 

Net4Run4-

4 
3.73 5.00 0.99 0.078 0.77 0.89 3.2 

Net2Run5-

0 

9.6 1.9 

0.00 0.25 0.00 0.068 0.88 1.08 1.9 

Net2Run5-

1 
3.73 4.00 0.06 0.068 0.88 1.08 1.9 

Net2Run5-

2 
4.67 6.00 1.00 0.068 0.88 1.07 2.4 

Net2Run5-

3 
5.60 4.00 1.00 0.068 0.88 1.07 3.1 

*1: Froude number Fr = u/(gD)0.5 
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3 Experimental results 

3.1 Initial topographic roughness and hydraulic roughness 

Figure 2 shows the relationship between the hydraulic roughness height of bedrock bed 𝑘𝑠𝑏 and the topographic roughness 1675 

height of bedrock bed 𝜎𝑏𝑟 . This figure suggests that Gravel30 with 30 mm sized embedded gravel, has the largest 

hydraulic roughness and Gravel5 with 5 mm sized embedded gravel has the lowest hydraulic roughness. Gravel

50 embedded with 50 mm gravel has large topographical roughness error bars for the reason that, the large gravels 

were embedded randomly in the bed, resulting in unintended spatial variation in the unevenness of the channel bed. Although 

the hydraulic roughness tends to increase with an increase in topographical roughness, it has a large variation. This variation 1680 

is due to the fact that the hydrological roughness height does not only depend on the topographical roughness but also on the  

arrangement of the unevenness. 

 

 

Figure 17: Relationship between initial bed hydraulic roughness height and topographic roughness height. The black circles in the 1685 
image represent the average values measured on the three data collection lines, and the error bars represent the minimum and 

maximum value. 
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3.2 Relative roughness, sediment supply and alluvial cover 1690 

Figure 3 shows the channel bed after the experiments of the Gravel30 series (Gravel30-1, Gravel30-2, 

Gravel30-3 and Gravel30-4) with the highest relative roughness. Figure 4 shows the channel bed after the 

experiments of the Gravel5 series (Gravel5-1, Gravel5-2, Gravel5-3) which has the lowest relative 

roughness. In these two figures, we can compare Gravel30-4 and Gravel5-1 with equal sediment supply rates. 

The bed in Gravel30-4 is completely covered with sediment whereas the bed in Gravel5-1 has 1695 

almost no accumulated sediment on the bed.  

Figure 5 shows the relationship between alluvial-cover fraction Pc and sediment supply per unit width 𝑞𝑏𝑠. 𝑃𝑐 is obtained by 

dividing the sediment-covered area by the total area of the channel from photographs. The value of 𝑃𝑐 is 1 for a completely 

covered channel and 0 for a completely exposed bedrock bed. In Figure 5, if we compare Gravel30-4, Gravel50-

4, Gravel5-1, Net4-4 and Net2-1, the cases with equal sediment supply rate of 3.73 × 10-5 m2/s, it can be 1700 

observed that alluvial-cover fraction is increasing with an increase in the bedrock roughness. Moreover, in Gravel30 

series, Gravel50 series and Net4 series with high relative roughness 𝑘𝑠𝑏 𝑑⁄  (ratio of the hydraulic roughness height 

of bedrock bed 𝑘𝑠𝑏  to the grain size 𝑑), 𝑃𝑐  is roughly proportional to the sediment supply rate qbs. However, in Gravel5 

series and Net2 series, which have lower 𝑘𝑠𝑏 𝑑⁄  (relative roughness), 𝑃𝑐  shows hardly any increase when qbs is low (

Gravel5-0, Gravel5-1, Gravel5-2, Net2-0, Net2-1) and when sediment supply ( 𝑞𝑏𝑠 ) increases 1705 

(Gravel5-3, Net2-2), the bedrock suddenly transitions to completely alluvial bed. 

 

 

 

Figure 18: Bedrock exposure in Gravel30 series at the end of the experiment.  Initial bed had 30mm embedded particles. White bed 1710 
represents exposed bedrock. Dark bed represents sediment covered bed.  
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Figure 19: Bedrock exposure in Gravel5 series at the end of the experiment. Initial bed had 5mm embedded particles. 

 

Figure 20: Variation in alluvial cover fraction (Pc) with sediment supply. 1715 

  



57 

 

3.3 Relationship between gravel layer thickness and alluvial cover fraction 

As explained in Section 1.5, the ratio of alluvial thickness 𝜂𝑎 to macro-roughness L affects the temporal change of the alluvial 

cover ratio but does not affect the alluvial cover ratio in the dynamic equilibrium state. Thus, 𝜂𝑎 𝐿⁄  is not used in the model 

comparison in this study. However, we experimentally investigate 𝜂𝑎 𝐿⁄  because various numerical and 1720 

theoretical models have employed alluvial cover as a function of relative alluvial thickness 

(Zhang et al., 2015; Inoue et al., 2014; Parker et al., 2013; Tanaka and Izumi, 2013; Nelson and Seminara, 2012) 

𝑃𝑐 = {
𝜂𝑎 𝐿⁄ 𝑓𝑜𝑟  0 ≤ 𝜂𝑎 𝐿⁄ ≤ 1

1 𝑓𝑜𝑟  𝜂𝑎 𝐿⁄ > 1
          (15) 

here, 𝜂𝑎 is the average thickness of the alluvial layer, 𝐿 is the macro-roughness height of the bedrock bed. Parker et al. (2013) 

define 𝐿 as the macroscopic asperity height of rough bedrock rivers 𝐿𝑏 (≈2𝜎𝑏𝑟). Tanaka and Izumi (2013) and Nelson and 1725 

Seminara (2012) define 𝐿 as the surface unevenness of alluvial deposits on smooth bedrock river 𝐿𝑎 (≈𝑑). In this study, we 

define 𝐿 = 2𝜎𝑏𝑟 + 𝑑  so that it can cope with both smooth and rough bedrocks. Figure 6 shows the relationship 

between relative gravel layer thickness 𝜂𝑎 𝐿⁄  and alluvial cover ratio. The figure confirms that the alluvial cover ratio of 

the experimental result can be efficiently evaluated by Equation (15).   

 1730 

 

Figure 21: Relationship between relative gravel layer thickness and alluvial cover. The black line represents the 1:1 line.  
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3.4 Time series change of relative roughness 1735 

Figure 7 shows the change in relative roughness with time in Gravel30 and Gravel5 series. The red and blue points 

in Figure 7 show the alluvial cover fraction after water supply in Gravel30 and Gravel5 series, respectively. 

In Run 1 series with a higher relative roughness, relative roughness decreased due to the increase in 

alluvial deposition and cover. In Run 3 series which has a lower initial relative roughness increased due to the increase in 

alluvial deposition and cover. 1740 

The relative roughness after the water supply is ~2 for both Gravel30-4 and Gravel5-3 while the alluvial cover 

fraction approaches 1. This value is almost the same as the relative roughness of flat gravel bed (about 1 to 4 times the particle 

size, generally about 2 times). This confirms that with an increase in alluvial cover, the relative roughness of the bed is 

determined by the gravel size. 

 1745 

 

 

Figure 22: Change in Relative roughness with time. 

 

3.5 Alluvial cover w.r.t relative roughness  1750 

Figure 8 shows the variation in Pc with respect to relative roughness. In cases with lower initial relative roughness, example: 

Gravel 50 and Net2, the relative roughness is increasing with an increase in Pc. Whereas, in cases with higher initial relative 

roughness, Gravel30, Gravel5 and Net4, an increase in Pc reduces the relative roughness. Besides, irrespective of the initial 

relative roughness, the bed tries to become completely alluvial as Pc ≈ 1. Furthermore, irrespective of the initial relative 

roughness, an increase in Pc forces each roughness condition to achieve a similar stabilised roughness. Also, several studies in 1755 

the past have suggested that when bed consists of a uniform grain size and also comprises of bedload consisting of uniform 

and same size grains as the cover, the hydraulic roughness height (ks) for such a bed is 1 to 4 times the grain diameter (d) 

(Inoue et al., 2014; Kamphuis, 1974; Parker, 1991) which is also the case in our experiments in Figure 8.  
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Figure 23: Variations in Pc with relative roughness.  1760 
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4 Discussion and Comparison of the Existing Models with Experimental Results 

4.1 Calibrating 𝒌#𝑫 and 𝒓𝒃𝒓 

For the purpose of model comparisons with experimental results, we need to first calibrate Johnson’s model parameters 𝑘#𝐷 

and rbr to minimize RMSD (root mean square deviation) of cover between experimental data and the model. When 𝑘#𝐷 = 1, 1765 

it means the alluvial hydraulic roughness is proportional to the grain diameter size and is independent of the cover fraction. 

For our calculations, we have used 𝑘#𝐷 = 4 as applied in Johnson (2014). We also calibrate the exponential model’s parameter 

𝜑  (Turowski et al, 2007). Table 2 provides the calibration values for 𝑟𝑏𝑟  and 𝜑  for comparison of the model with our 

experimental results. 

 1770 

Table 2:  rbr and φ values for comparison with experimental results 

 
Observed ksb 

(mm) 

Observed σbr 

(mm) 

Adjusted rbr 

(k#D=4) 

Calculated ksb 

(mm, ksb=rd rbrσbr) 
Adjusted φ 

Run 1 48.0 3.7 3.0 22.2 3.1 

Run 2 24.8 3.9 2.1 16.4 1.1 

Run 3 3.8 1.1 3.0 6.6 0.4 

Run 4 36.3 2.3 4.6 21.2 2.2 

Run 5 9.6 1.8 2.6 9.4 0.9 

 

 

4.21 Relative Roughness and dimensionless critical shear stress 

Figure 8 9 shows the relationship between the ratio of the hydraulic roughness height of bedrock bed 𝑘𝑠𝑏 to the grain size 𝑑 

(𝑘𝑠𝑏 𝑑⁄ : referred to as the relative roughness in section 3.2) and the dimensionless critical shear stress over bedrock bed 𝜏∗𝑐𝑏 . 1775 

The Figure shows results obtained from Johnson (2014) (Eq. 10) and from Inoue et al. (2014) (Eq. 5) i.e. surface-roughness 

model and macro-roughness modelmodel, respectively.  

According to Figure 89, the non-dimensional critical shear stress depends on the relative roughness to the power of 0.6. 

Besides, the results obtained from Eq. (5) of macro-roughness model are not compatible with the experimental results in the 

region where relative roughness of the bedrock bed is small. In this study, we used the power approximation shown below 1780 

instead of Eq. (5) in the macro roughness model by Inoue et al. (2014). 

𝜏∗𝑐 = 0.03(𝑘𝑠 𝑑⁄ )0.6           (165) 

Likewise, the results obtained from Johnson’s model (2014) (Eq. 10) (surface-roughness model) are consistent with our 

experimental results, but the model is inconsistent when the roughness is low. 
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 1785 

 

 

Figure 24: Relationship between relative roughness and dimensionless critical shear stress. The black squares show the results of 

this experiment, the white circles show the results of investigation using the bedrock of Ishikari River in 2011 (Inoue et al., 2014), 

the grey rhombus represents a smooth aquifer floor (Inoue and Ito, 2013 (in Japanese)), the grey line shows the power approximation 1790 
of all the experimental results. The dotted line shows the results from Eq. 5 proposed by Inoue et al. (2014). The black double dotted 

lines show the results obtained by Eq. 10 (Johnson, 2014). The grain size (d) in case of Inoue et al., (2013) is 5mm. and Inoue et al., 

2014 used gravels sized: 12mm and 28mm.  

1795 

 

4.3 Predicting experimental results using the models 

Figure 10 shows the comparison among experimental results presented in this paper, Sklar and Dietrich’s linear model (2014), 

Turowski et al.’s exponential model (2007). This Figure suggests that the linear model is generally applicable to rough bed 

with relative roughness of 2 or more, but not to smooth bed with relative roughness less than 2 (Run 1, Run 2 and Run 4).  As 1800 

suggested by Inoue et al. (2014), in this study, “smooth bed” refers to the bed with roughness less than the roughness of 

supplied gravel (clast-smooth) and “rough bed” stands for the bed with roughness more that the roughness of the supplied 

gravel (clast-rough). The exponential model is also more suitable for a rough bed. Figure 11 shows the comparison of our 

observed experimental values with Inoue et al.’s macro-roughness model (2014) and Johnson’s surface-roughness model 

(2014). It shows that the macro-roughness model proposed by Inoue et al. (2014) can predict the increasing alluvial cover for 1805 

cases with high relative roughness, as well as the rapid alluviation and hysteresis (green shaded region) for cases with lower 

relative roughness (Run 3 and Run 5), without adjusting the roughness (explained in the following paragraph). The surface-

roughness model proposed by Johnson (2014) also shows good agreement in predictions of alluvial cover and rapid alluviation 

and hysteresis if 𝑘#𝐷 and 𝑟𝑏𝑟  are adjusted.  

Figure 12 shows the comparison of experimental results with Turowski and Hodge’s probabilistic model (2017). The model 1810 

produces favourable results following some parameter adjustments. Because the probabilistic model (Turowski and Hodge, 

2017) does not consider the effect of bedrock roughness on entrainment and deposition, the values of exponent 𝜔  and 

characteristic sediment mass 𝑀0
∗ needs to be adjusted by trial and error. The value of 𝜔 can be as high as 100 or 200 for Runs 

with rapid alluviation hysteresis, whereas it is as low as ~0.7 for other Runs.  
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In Figure 11, in Run 3 and Run 5 with relatively smooth beds, a rather scarce deposition was observed when sediment supply 1815 

was low, and rapid alluviation occurred when sediment supply exceeded the transport capacity of the channel i.e. the bed was 

suddenly completely covered by alluvium. The reverse-line slopes produced by macro-roughness and surface-roughness 

models depict similar hysteresis relationship between alluvial cover and sediment supply i.e. sediment deposition occurs only 

for a certain range of sediment supply. The shaded portion shows that, as qbs/qbca increases the cover does not increase unless 

it reaches a threshold (qbs/qbca >1, i.e. transport capacity over exposed bed is higher than transport capacity over fully covered 1820 

bed), after which the cover increases abruptly, showing rapid alluviation. The green-shaded portion however is unstable 

between Pc=0 and Pc=1, i.e. it shows the hysteresis of rapid alluviation and rapid entrainment. As long as qbs>qbca the value of 

Pc will increase until it reaches 1, however if qbs becomes smaller than qbca, Pc will decrease until Pc=0 (rapid entrainment). 

For the bed to become alluviated again, qbs must reach a condition where qbs/qbca>1, in which case rapid alluviation will happen 

again. This phenomenon has also been observed in sufficiently steep channels, for slopes greater than 0.015 by Chatanantavet 1825 

and Parker (2008). Hodge and Hoey (2016b) also suggested a similar relationship between sediment cover and sediment 

supply. However, our study shows that rapid alluviation occurs irrespective of the slope steepness, if roughness of the bed is 

less than the roughness of supplied gravel, i.e. when relative roughness is less than 2.  

For investigating the influence of bed roughness on the alluvial cover in a bedrock channel with alternate bars. we also 

compared the experimental results of Chatanantavet and Parker (2008) with the model results of the physically based models 1830 

including interaction between roughness and alluvial cover (i.e., Inoue et al., 2014; Johnson, 2014). Chatanantavet and Parker 

(2008) conducted experiments in a metallic straight channel with three different types of bedrock bed surfaces namely 

Longitudinal Grooves (LG), Random Abrasion Type 1 (RA1) and Random Abrasion Type 2 (RA2), where RA1 is smoother 

than RA2.  They performed various cases for each type with varying slope range of 0.0115 – 0.03. They also varied the 

sediment supply rate and grain size (2mm and 7mm). The major difference between their experiment and our experiments is 1835 

the width – depth ratio. The width-depth ratios of their experiments were 11 – 30, and thus allowed for the formation of 

alternate bars. In contrast, the width – depth ratios of our experiments were 6.1 – 8.3, as a result alternate bars usually do not 

develop. Although we can see alternate alluvial patches in Figure 5, their thickness was less than 1 cm, and the patches did not 

progress to alternate bars with large wave height. Figure 13 shows the comparison among the two models and Chatanantavet 

and Parker’s experiment (2008). The experimental conditions are taken from Table 1 of Chatanantavet and Parker (2008). 1840 

Figure 13a represents runs 2-C1 to 2-C4, Figure 13b represents runs 2-E1 to 2-E3, Figure 13c represents runs 3-A1 to 3-A5, 

Figure 13d represents runs 3-B1 to 3-B5, Figure 13e represents runs 1-B1 to 1-B4 (Chatanantavet and Parker 2008, Table 1). 

In case of the surface-roughness model, 𝑘#𝐷 = 4 is used, the bedrock surface roughness required for calculations is taken as 

mentioned in Table 1 Johnson (2014), rbr is adjusted to minimize RMSD of cover between experiments and the model. In case 

of the macro-roughness model by Inoue et al. (2014), 𝑘𝑠𝑏  is adjusted to minimize RMSD of cover. The two models can 1845 

accurately predict the cover fraction and rapid alluviation for the experimental study conducted by Chatanantavet and Parker 

(2008). 

A particularly important point of interest is the adjustment of hydraulic roughness value of the bedrock surface 𝑘𝑠𝑏. In case of 

Chatanantavet and Parker’s experiment, 𝑘𝑠𝑏  ~ 0.4 mm to 3.5mm (Chatanantavet and Parker 2008, Table 1), whereas, in 

Johnson’s surface-roughness model (2014), 𝑘𝑠𝑏 (= 𝑟𝑑𝑟𝑏𝑟𝜎𝑏𝑟) can be as much as 13 – 27 mm. Also, in the case of Inoue et al.’s 1850 

macro-roughness model ksb is adjusted to 32 – 53 mm (Table 3). 
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Table 3: Parameter calibration values for comparison with experimental results of Chatanantavet and Parker (2008) 

Type Slope 
Observed ksb 

(mm) 
σbr  (mm) 

Adjusted rbr 

for the surface-

roughness model 

k#D=4 

Calculated ksb 

in the surface-

roughness model 

(mm, ksb= rd rbrσbr) 

Adjusted ksb 

for the macro-

roughness model 

(mm) 

LG 0.02 0.4 6.7 1.8 24.1 42.0 

RA1 0.016 0.4 2.4 5.3 25.4 42.0 

 0.03 0.4 2.4 5.7 27.4 53.0 

RA2 0.0115 3.5 2.7 2.5 13.5 32.0 

 0.02 3.5 2.7 4.3 23.2 45.0 

 

4.4 Differences and limitations 

As mentioned earlier, the major difference between the macro-roughness model (Inoue et al., 2014) and surface-roughness 1860 

model (Johnson., 2014) is the way the transport capacity is calculated. In case of the surface-roughness model (Johnson, 2014), 

first, the transport capacities for bedrock (𝑞𝑏𝑐𝑏) and alluvial bed (𝑞𝑏𝑐𝑎) are separately calculated, then the total transport 

capacity (𝑞𝑏𝑐) is calculated for a range of cover fractions (𝑃𝑐). Hence, in cases when  𝜏∗𝑐𝑎 < 𝜏∗ < 𝜏∗𝑐𝑏, the transport capacity 

over bedrock portion 𝑞𝑏𝑐𝑏 = 0 and thereby the bedrock roughness hardly affects the alluvial cover fraction which can also be 

the reason for inconsistency between the surface-roughness model (Johnson, 2014) results and experimental study for Runs 1 1865 

and 4 in Figure 11 and RA2 Slope = 0.0115 in Figure 13. Whereas, in the case of macro-roughness model (Inoue et al., 2014), 

the critical shear stress takes into account the value of total hydraulic roughness, which depends on cover fraction, alluvial 

hydraulic roughness and bedrock hydraulic roughness. Hence, even when 𝜏∗ is small, the bedrock roughness tends to affect 

the cover fraction. The macro-roughness model (Inoue et al., 2014) is more efficient at dealing with clast-smooth surfaces.   

Comparing the observed 𝑘𝑠𝑏 with the adjusted  𝑘𝑠𝑏 in the roughness models proposed by Inoue et al. (2014) and Johnson 1870 

(2014), the adjusted ksb strongly depends on observed  𝑘𝑠𝑏 in our experiments without alternate bars (Figure 14a), whereas, the 

adjusted  𝑘𝑠𝑏 is not dependent on the observed 𝑘𝑠𝑏 in experiments with alternate bars conducted by Chatanantavet and Parker 

(2008) (Figure 14b), suggests that bedrock roughness has a smaller effect on the alluvial cover in case of mixed alluvial – 

bedrock rivers with alternate bars. In such rivers, the bed slope may affect the alluvial cover fraction (Figure 14c). The 

roughness models are adjusted to produce the experimental results with alternate bars by fine-tuning  𝑟𝑏𝑟  and  𝑘𝑠𝑏 values which 1875 

must be determined by trial and error method. While this method can be applicable to laboratory-scale experiments, the model 

calibration is unfeasible for a large-scale channel or natural rivers. In general, the formation of alternate bars is barely 

reproduced with a one-dimensional model as introduced in this study. In the future, research to incorporate the effects of bars 

into a one-dimensional model, or analysis using a two-dimensional planar model (e.g., Nelson and Seminara, 2012; Inoue et 

al., 2016, 2017) is expected. Also, in order to deploy models on field-scale, they must take into account bank-roughness and 1880 

its effects on shear stress and other hydraulic parameters. Ferguson (2019) argued that standard deviation of exposed bed is an 

effective way of roughness estimation, however, it needs further research on appropriating scaling.  

Also, the probabilistic model proposed by Turowski and Hodge (2017) could reproduce experimental results but the model 

needed adjustment of 𝜔 and 𝑀0
∗ by trial and error, especially for cases involving rapid alluviation. The model however does 

not emulate the hysteresis for clast-smooth beds. Because the model does not include the effects of bed roughness yet, further 1885 

alterations to take into account the effect of probability of grain entrainment and deposition can greatly extend the applicability 

of the model to natural bedrock rivers. In addition, recently, Turowski (2020) proposed a stochastic model that includes the 
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effects of bar formation, and further development is expected in the future. Taking into account the spatial variability in the 

tools effect (laboratory experiments by Bramante et al., 2020) will also take the models closer to field-scale studies.  

 1890 
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Figure 25: Comparison of our experimental results, linear model by Sklar and Dietrich (2004) and exponential model by Turowski 1895 
et al. (2007),  
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Figure 26: Comparison of our experimental results with roughness models by Inoue et al. (2014) and Johnson (2014).  The 𝒓𝒃𝒓 for 1900 

the surface roughness model and the 𝝋 for the exponential model are adjusted to minimize RMSD of the alluvial cover (see Table 

2).   

 

 

 1905 
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Figure 27: Comparison of our experimental results with the probabilistic model proposed by Turowski and Hodge (2017).  
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 1910 

Figure 28: Comparison of the experimental results (Chatanantavet and Parker, 2008) with the macro roughness model (Inoue et al., 

2014) and the surface roughness model (Johnson, 2014). RA1, RA2 and LG represent the type of bedrock surface in the experiments 

conducted by Chatanantavet and Parker (2008); RA1 is Random Abrasion type 1, RA2 iss Random Abrasion type 2 and LG is 

Longitudinal grooves, respectively. The 𝒓𝒃𝒓 for the surface roughness model and the 𝒌𝒔𝒃 for macro roughness model are adjusted 

to minimize RMSD of the alluvial cover  (see Table 3).   1915 
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Figure 29: (a) Comparison between adjusted and observed hydraulic roughness height of bedrock bed for our experiments. (b) 

Comparison between adjusted and observed hydraulic roughness height of bedrock bed for the experiments conducted by 

Chatanantavet and Parker (2008). (c) Sensitivity of adjusted 𝒌𝒔𝒃 to bed-slope 𝑺 for experiments conducted by Chatanantavet and 1920 
Parker (2008).    
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5 Summary 

Here we provide a review of models and studies focused at discovering the interaction between alluvial cover and bed 1925 

roughness. For evaluating the previous 

models, we conducted laboratory-scale experiments with multiple runs of varying bed roughness and sediment supply. The 

experimental results show that the change in alluvial cover to the sediment supply rate is controlled by 

bedrock roughness to a great extent. When the bedrock hydraulic roughness is higher than the hydraulic roughness of the 

alluvial bed (i.e., clast-rough bedrock), the alluvial cover increases proportionately with the increase in sediment supply and 1930 

then reaches an equilibrium state. However, in cases where bedrock roughness is lower than the roughness of the alluvial bed 

(i.e., clast-smooth bedrock), the deposition is insignificant unless sediment 

supply exceeds the transport capacity of the bedrock bed. When sediment supply exceeds the transport 

capacity, the bed abruptly covered by sediments and quickly reaches to completely alluvial bed.  

We have also implemented the previous models for alluvial cover, i.e.,  the linear model proposed 1935 

by Sklar and Dietrich (2004), the exponential model by Turowski et al. (2007), the macro-roughness model by Inoue et al. 

(2014), the surface-roughness model by Johnson (2014) and the probabilistic model by Turowski and Hodge (2017) in order 

to predict the experimental results. The linear model and exponential model are inefficient for cases with a clast-smooth 

bedrock specifically, they cannot predict the rapid-alluviation. The macro-roughness model (Inoue et al. 2014) and 

surface-roughness model (Johnson, 2014) can efficiently predict the rapid-alluviation and hysteresis for clast-smooth1940 

 bedrock as well as the proportionate increase in alluvial cover for clast-rough bedrock. In particular, the macro-roughness 

model (Inoue et al. 2014) was able to reproduce the observed alluvial cover ratio without adjusting the parameters. The 

probabilistic model by Turowski and Hodge (2017) also needs parameter adjustments to make it sensitive to dynamic cover 

or rapid alluviation in clast-smooth bed, however, it does not reproduce the hysteresis. 

 1945 

We also tested the macro-roughness model (Inoue et al. 2014) and surface-roughness model (Johnson, 2014) for their capability 

to predict the experimental results observed by Chatanantavet and Parker (2008), in which the bedrock surface has alluvial 

alternate bar formations. Both models required significant parameter adjustments to reproduce the alluvial cover fraction

. The two models do not 

include the 2-D effects caused by variable alluvial deposition and formation of bars on bedrock. Although models that extended 1950 

the roughness model into a plane two-dimensional (e.g., Nelson and Seminara, 2012; Inoue et al., 2016) will be able to capture 

the bar formation in a bedrock river, these models require long time for simulation. Building a simpler model that can 

predict alluvial cover fraction with bar formation represents an exciting challenge in the future which contributes better 

understanding of long-time evolution of natural bedrock channel.. 

 1955 
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𝛼 bedload transport coefficient 

𝑏𝑟 exposure function by Johnson (2014) 

𝑑 particle size (m) 

𝐷 water depth (m) 

g gravitational acceleration (9.81 m/s2) 

𝑘𝑠 hydraulic roughness height (m) 

𝑘𝑠𝑎 hydraulic roughness height of purely alluvial bed (m) 

𝑘𝑠𝑏 hydraulic roughness height of purely bedrock bed (m) 

𝑘#𝐷 dimensionless alluvial roughness 

𝜅 Karman constant  

𝑙 flume length (m) 

𝐿 macro-roughness height of bedrock bed (m) 

𝑀0
∗𝑁 dimensionless sediment mass number of spherical grain 

𝑁𝑀0
∗ number of spherical graindimensionless sediment mass  

𝑛𝑚 Manning’s roughness coefficient (m-1/3s) 

𝜂𝑎 average thickness of alluvial layer (m) 

𝑃𝑐𝑛𝑚 mean areal fraction of alluvial coverManning’s roughness coefficient 

𝜑 cover factor proposed by Turowski et al. (2007) 

𝑞𝑏𝑠𝑃𝑐 sediment supply rate per unit width (m2/s)mean areal fraction of alluvial cover 

𝑞𝑏𝑐𝑞𝑏𝑠 transport capacity per unit width  (m2/s)sediment supply rate per unit width (m2/s) 

𝑞𝑏𝑐𝑎𝑞𝑏𝑐 transport capacity per unit width for sediment moving on purely alluvial bed (m2/s)transport 

capacity per unit width  (m2/s) 

𝑞𝑏𝑐𝑏𝑞𝑏𝑐𝑎 transport capacity per unit width for sediment moving on purely bedrock bed (m2/s)transport 

capacity per unit width for sediment moving on purely alluvial bed (m2/s) 

𝑄𝑞𝑏𝑐𝑏 water discharge (m3/s)transport capacity per unit width for sediment moving on purely bedrock 

bed (m2/s) 

𝑟𝑑𝑄 scaling coefficient for d and hydraulic roughness length water discharge (m3/s) 

𝑟𝑏𝑟𝑟𝑑 fitting parameter that scales bedrock roughness to dscaling coefficient for d and hydraulic 

roughness length  

𝑅𝑟𝑏𝑟 specific gravity of sediment in water (1.68)fitting parameter that scales bedrock roughness to d 

𝑆𝑅 Bed slopespecific gravity of sediment in water (1.68) 

𝑆𝑒𝑆 energy gradient Bed slope 

𝜏∗ dimensionless shear stress 

𝜏∗𝑐 dimensionless critical shear stress 

𝜏∗𝑐𝑎 dimensionless critical shear stress for grains on purely alluvial bed 

𝜏∗𝑐𝑏 dimensionless critical shear stress for grains on purely bedrock bed 

𝑈𝑆𝑒 depth averaged velocity (m/s)energy gradient  

𝑤𝑈 flume width (m) depth averaged velocity (m/s) 

𝜔 Exponent by Turowski and Hodge (2017) 
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𝑤 flume width (m)  

𝛼 bedload transport coefficient 

𝜂𝑎 average thickness of alluvial layer (m) 

𝜎𝑏𝑟𝜅 topographic roughness height of purely bedrock bed (m)Karman constant  

𝜎𝑏𝑟 topographic roughness height of purely bedrock bed (m) 

𝜏∗ dimensionless shear stress 

𝜏∗𝑐 dimensionless critical shear stress 

𝜏∗𝑐𝑎 dimensionless critical shear stress for grains on purely alluvial bed 

𝜏∗𝑐𝑏 dimensionless critical shear stress for grains on purely bedrock bed 

𝜑 cover factor proposed by Turowski et al. (2007) 

𝜔 Exponent by Turowski and Hodge (2017) 
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