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ABSTRACT 

Braided rivers exhibit highly variable morphologies, morphodynamic behaviours and resulting 

depositional records. To evaluate relationships between characteristics of braided-river channel 

belts and river depth, water discharge and streambed gradient, 39 numerical modelling 

experiments were conducted with the software Delft3D to simulate braided-river evolution 

under a broad range of boundary conditions. Data from model outputs were integrated with 

observations from 63 natural braided rivers differing with respect to river depth and streambed 

gradient. The modelled rivers each underwent similar evolutions, yet each culminated in 

markedly different final river morphologies, dependent on discharge and riverbed gradient. The 

rivers underwent evolutionary stages of: (i) formation of transverse unit bars with limited relief 

from an initially featureless bed; (ii) channel development around bars and in some cases 

dissecting transverse unit bars; (iii) formation of relatively simpler compound bars; and (iv) 

amalgamation of these simpler compound bars into more complex compound bars. 

Quantitative relationships relating to braided-river channel-belt morphology and organiza t io n 

are established, and the following results are noted: (i) bar elongation (length-to-width ratio) is 

correlated positively with riverbed gradient; (ii) bar height and area are correlated positive ly 

with discharge, and negatively with riverbed gradient; (iii) the river depth is the main predictor 

of mean braid-bar area; (iv) the degree of braiding is primarily associated with river width-to-

depth ratio and riverbed gradient. Results arising from this research improve our understand ing 

of controls on the morphology and architectures of braided fluvial channel belts; they provide 

a novel empirical characterization that can be applied for predicting channel depth, bar 

morphology, streambed gradient, and degree of braiding of modern fluvial systems and of the 

formative rivers of ancient preserved successions. 
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INTRODUCTION 

Braided rivers are common landforms of continental environments, and their deposits are 

important components of the Earth’s sedimentary record, both recent and ancient (Bridge & 

Lunt, 2006; Yao et al., 2018). Understanding the morphology and sedimentary processes of 

braided rivers has enabled the sedimentary facies architecture of their deposits to be explained 

in terms of formative river behaviour. Understanding the controls that determine river 

morphology is important for the prediction of formative depositional conditions and resultant 

sedimentary architectures in braided fluvial successions (Bridge et al., 1986; Stecca et al., 2019; 

Limaye, 2020). 

There exist multiple potential controls on river morphology, evolution and resulting 

preserved architectures, which include water discharge, tectonic forcing of longitud ina l 

gradient, sediment flux and riverbed materials (Schumm, 1985; Smith et al., 2006; Holbrook 

& Schumm, 1999). Notably, observations of natural rivers and flume experiments indicate that 

the geometry and dynamics of braided rivers vary significantly with both riverbed gradient 

(Holzweber et al., 2014; Castelltort, 2018) and water discharge (Kleinhans et al., 2014; Sun et 

al., 2015). However, generalized depositional models relating to braided river morphology that 

account for externally imposed riverbed gradient and discharge have yet to be established. Thus, 

there still exists a need to quantify braided-river morphology as a function of discharge and 

riverbed gradient. 

In braided rivers, unit bars are often defined as relatively unmodified bars whose 

morphologies are mainly determined by relatively uninterrupted depositional processes (Smith, 

1974). Unit bars commonly tend to coalesce into compound bars (Bridge & Lunt, 2006; Li et 



 

 

 

al., 2015; Schuurman & Kleinhans, 2015). Relatively simpler compound bars, produced by the 

welding of migrating unit bars, can themselves amalgamate to form larger compound bars that 

record a more complex accretion history (Rice et al., 2009; Nicholas et al., 2013).  

A long-established approach to the study of the morphology and sedimentology of braided 

rivers has been the use of numerical modelling (Murray & Paola, 1994; Bernini et al., 2006). 

One particular class of numerical modelling that has received notable attention is physics-based 

modelling, for example as implemented in the software Delft3D (Baar et al., 2019; Crosato & 

Saleh, 2011). Delft3D is a physics-based morphodynamic model in which the hydrodynamics 

are based on the Reynolds-averaged Navier-Stokes equations (Caldwell & Edmonds, 2014; 

Deltares, 2014). Although the dynamics and evolution of braided rivers have long been studied 

with Delft3D simulations (Schuurman et al., 2013; Schuurman & Kleinhans, 2015), a 

significant factor has not been considered in depth by earlier research: the relationship between 

riverbed gradient and braid-bar evolution and morphology has hitherto not been examined in 

detail; instead, prior modelling has generally employed a single input longitudinal gradient. 

The aim of this work is to elucidate how the morphology of braided channel belts and 

their constitutive landforms (braid bars and channels) vary as a function of water discharge, 

river depth and riverbed gradient. To achieve this, a series of braided rivers are simulated using 

Delft3D, and the morphology of bars observed in natural braided channel belts is analysed 

using remote-sensing data from Google Earth and published data. Specific objectives of this 

research are as follows: (i) to model the evolution of braided rivers through stages of 

morphodynamic change that can be recognized in real-world rivers; (ii) to assess and quantify 

variability in morphological characteristics of braided rivers in relation to differences in 

discharge, river depth and longitudinal riverbed gradients; and (iii) to propose predictive 

relationships that can be applied to predict the morphology and bathymetry of modern fluvia l 



 

 

 

systems, as well as palaeohydrological characteristics of formative braided rivers of ancient 

successions. 

DATA AND METHODS 

Two main datasets are used in this research: (i) 39 runs of physics-based numerical models 

that simulate the formation and evolution of braided rivers (see below for details on the model 

and on model conditioning), and (ii) statistics of bar dimensions and the braiding degree of 63 

modern braided rivers. The statistics of bar dimensions were measured from natural braided 

river reaches that are relatively pristine or that have only been subjected to limited 

anthropogenic modifications (Tables A1 and A2 in Supporting Information). For each chosen 

river reach, time-lapse measurements were obtained for mid-channel bars using satellite images 

from Google Earth (Fig. 1). Values of gradient for each studied reach were derived from 

published data or from Google Earth, calculated as the difference in elevation between the 

reach endpoints and the horizontal distance measured along the sinuous path of the largest 

channel in the braid belt (cf. Castelltort, 2018; Holzweber et al., 2014). 

Numerical modelling outputs consist of records of riverbed topography and bathymetry, 

sediment concentration, and hydrodynamics. These records are expressed principally as time 

series data of water depth, water surface elevation, magnitude and rate of riverbed erosion or 

sedimentation, Froude number, average flow velocity, bed-load transport rate and riverbed 

grain size. Details of river dynamics, morphology and evolution were extracted from time-

lapse plan-view images (ranging from 1000 to 5000 for each model run, depending on the 

simulation time), with a time interval of 1 hour, and a resolution of 10 m downstream and 5 m 

across stream (see the model settings below). 



 

 

 

Interpretation and analyses of the simulated rivers consisted of the two following main 

activities. (i) Investigation of the formation of braided rivers and of their accretion through 

stages of evolution from a planar (featureless) bed. This is undertaken based on both visual and 

quantitative analyses of time-series data of riverbed geomorphology, hydrodynamics and 

geometry of river deposits. (ii) Investigation of relationships between morphology of braided 

rivers and values of gradient, water discharge and river depth. This is undertaken mainly 

through comparisons between different modelling runs, which were designed to enable analys is 

of the sensitivity of the model outputs to water discharge, river depth and riverbed gradient. 

This second main activity was also applied in the analyses of real-world rivers. 

In this work, the boundaries delimiting braid bars from adjacent channels on the satellite 

images were placed either at the transition between flowing water and emergent areas (Fig. 

1A), else at the transition between partly vegetated bars and the exposed unvegetated riverbed 

where this is dry (Fig. 1B). Satellite images that were evidently taken at high flow stage were 

purposely excluded, and this could be done by comparing multiple acquisitions of satellite 

images at evidently different flow stages. A similar approach was followed in prior research 

(e.g. Castelltort, 2018; Kelly, 2006; Schuurman & Kleinhans, 2015). For the modelled braided 

rivers, the boundaries between bars and channels were placed at the transition between 

accretion (elevation gain) and erosion (elevation loss) relative to the initial planar bed 

configuration (Fig. 1C and D) (Baar et al., 2019; Schuurman et al., 2013). 

Bar length is defined as the maximum dimension of a mid-channel bar parallel to the river-

flow direction; bar width is the maximum dimension perpendicular to the bar-length axis (Fig. 

1A) (Kelly, 2006). The bar aspect ratio is used to describe the morphology of braid bars 

quantitatively, as the ratio between the bar length and the bar width (cf. Kelly, 2006). The term 

‘channel depth’ is defined here as the maximum bankfull depth, i.e. as the thalweg depth at 



 

 

 

bankfull discharge, as shown in Fig. 1D; ‘mean channel depth’ (also termed ‘river depth’) is 

the mean value of measured channel depths across multiple cross-stream sections along the 

same river reach, which are equally spaced by 1 km for the river simulations (see below for 

section locations); the ‘average water depth’ is the raster mean of depth values across all grid 

cells where the riverbed is submerged. The ‘bar mode’, which serves as an indicator of the 

degree of braiding, is defined as the number of compound bars per cross-section perpendicular 

to the channel belt, following Seminara & Tubino (1989). 

MODEL DESCRIPTION 

Basic formulations for hydrodynamics and sediment transport 

In Delft3D, hydrodynamics are based on the three-dimensional (3D) Reynolds-averaged 

Navier-Stokes equations, derived from conservation of momentum and mass (Caldwell & 

Edmonds, 2014; Deltares, 2014). Based on a set of assumptions, including shallow water and 

Boussinesq approximation, the Navier-Stokes equations are simplified as follows:  
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where 𝑡𝑡 is time, 𝑥𝑥 is the downstream coordinate, y is the lateral coordinate (Fig. 2), 𝑧𝑧 is 

the vertical coordinate, 𝑢𝑢  is flow velocity in the x-direction, 𝑣𝑣  is flow velocity in the y-

direction, 𝑤𝑤 is the flow velocity in the z-direction, 𝜁𝜁 is the water level, ℎ is the water depth, 

𝐶𝐶  is the Chezy roughness, 𝑉𝑉ℎ  is the horizontal eddy viscosity, 𝑉𝑉𝑉𝑉  is the vertical eddy 

viscosity, 𝑔𝑔  is the gravity acceleration constant, and 𝐹𝐹𝑥𝑥  and 𝐹𝐹𝑦𝑦  are the radiation stress 



 

 

 

gradients in the 𝑥𝑥  and 𝑦𝑦  directions. Formulas (1) and (2) describe conservation of 

momentum in the fluid, whereas (3) describes the conservation of mass. 

In Delft3D, sediment transport is computed separately for cohesive and non-cohesive 

fractions. Processes of sediment transport, deposition and erosion are modelled according to 

the Partheniades-Krone formulation for cohesive sediment fractions (Partheniades, 1965), and 

following the approach by van Rijn et al. (2001) for non-cohesive sediments (Deltares, 2014). 

When a dry cell in the model grid is adjacent to a wet cell – i.e. at the boundary between flowing 

water and emergent areas – the amount of erosion is shared equally between the wet and the 

dry cells (i.e. the factor for erosion of adjacent dry cells is set to 0.5, see Table 1). 

Boundary conditions and general settings 

Model boundary conditions mainly include grid setting, and flow and transport conditions 

(Caldwell & Edmonds, 2014; Deltares, 2014). A sloping planar and featureless riverbed with 

constant width was considered in this work, meaning that no initial river-bed topography was 

specified (Nicholas et al., 2013; Schuurman et al., 2013). The bed roughness formula of 

Manning and the K-Epsilon turbulence model were selected. The model domain was set as 

having an erodible substrate and five vertical layers with equal thickness. Two fixed non-

erodible walls were considered for the model domain, in line with prior research (Williams et 

al., 2016; Schuurman et al., 2013; Schuurman & Kleinhans, 2015); this condition makes the 

simulations especially relevant to situations where braided rivers are confined within alluvia l 

valleys with walls that resist to erosion over the timescales of the modelled scenarios. The 

model domain is represented by a grid with a cross-stream width (direction Y) of 1 km and a 

dip length (direction X) of 10 km; the grid has a resolution of 10 m along X and 5 m along Y 

(Fig. 2). Mid-channel bars tend to be elongated downstream; therefore, the chosen resolutio n 



 

 

 

optimizes computational speed without significantly affecting accuracy. At the beginning of 

each run, the longitudinal gradient of the domain, and hence of the riverbed, is uniform, and 

water discharge is constant. An initial bed level perturbation of 0.01 m is set on the initia l 

riverbed, as was done in prior research (Nicholas et al., 2013; Schuurman & Kleinhans, 2015). 

This study has also followed the approach proposed by Baar et al. (2019) for model 

optimization, which allows a reduction of unwarranted channel incision that commonly arises 

as artefact of the simulations. All of the main parameters and their initial settings are shown in 

Tables 1 and 2.  

The gradient of the model domain and the river water discharge are set to vary across 

different runs. The value of initial gradient increases progressively from group A to group F 

(Runs 1 to 34), taking values of 0.1 m/km, 0.3 m/km, 0.5 m/km, 1 m/km, 2 m/km and 4 m/km, 

respectively (Table 2); these values cover a range of gradients typical of natural sand-bed 

braided rivers (van den Berg, 1995). For each value of riverbed gradient, the input water 

discharges have been iteratively adjusted so as to obtain modelled rivers that cover the same 

range of bathymetries (average water depth: 1.6–2.8 m) for any gradient (Runs 1–34). The 

average water depth is therefore a model result, which is estimated when modelled rivers reach 

a nearly steady state, i.e. when the bar top surface reaches (or is close to) water level (Fig. 2D). 

Group G simulations (Runs 35–39) are instead set up as having the same discharge (1600 m3/s) 

but progressively increasing slopes (Table 2). In all runs, the riverbed material is composed of 

non-cohesive (sandy) sediment, with grain sizes following a log-normal distribution ranging 

from 0.2 mm to 1.0 mm and with a median value of 0.6 mm. Although the grain sizes of the 

initial bed materials are the same, the grain sizes on the riverbed surfaces are allowed to change 

during the simulation, as a result of the interaction between the riverbed and the stream flow. 

Therefore, grain sizes on the riverbed surface are variable across the 39 river simulations. 



 

 

 

Sediment (sand) concentration at the upstream boundary of the model, which controls sediment 

flux, has been adjusted iteratively according to observations of average sediment concentration 

for the modelled river domain between km 5 and km 6 along the X-direction; this iterative 

adjustment has been performed for each run so as to achieve conditions of approximately equal 

input and output sediment flux. This way, the initial riverbed gradient should approximate a 

graded profile (Caldwell & Edmonds, 2014), and should therefore only vary limitedly during 

the simulation time. 

RESULTS 

Formation and morphology of braided rivers from featureless beds 

Thirty-nine runs of river modelling were performed; these differed with respect to gradient 

and water discharge (Table 2). Although there are marked differences in the morphology of the 

resultant modelled rivers, all simulations underwent similar evolutionary stages: (i) an initia l 

state of flow over a planar surface; (ii) formation of transverse, lobate unit bars (Fig. 3B; cf. 

natural examples in Fig. 3H), which then commenced downstream migration; (iii) 

channelization developing around unit bars (for example, bars B and C in Fig. 3B; cf. bar 1 in 

natural example in Fig. 3I), and in some cases dissection of unit bars by new channels (for 

example, bars E and F in Fig. 3B; cf. bar 2 in natural example in Fig. 3I), in parallel with 

deposition of bar-tail limbs (for example, bars B and C in Fig. 3B; cf. natural examples in Fig. 

3J); (iv) formation of compound bars by coalescence of unit bars (for example, bar D in Fig. 

3C; cf. natural examples in Fig. 3J); and (v) amalgamation of relatively simpler compound bars 

into larger and more complex compound bars forming river islands, via progressive channel 

abandonment (for example, Islands 1 in Fig. 3F, and larger compound bars in Fig. 3L). The 

characteristics of all these evolutionary stages recognized in the river simulations are 



 

 

 

effectively observable in natural braided rivers. Eventually, the braided rivers reach a nearly 

steady configuration, a state of dynamic equilibrium in which the compound bar surface 

reaches or is close to the water level, and channel morphodynamics continue in a way whereby 

the geometric characteristics of barforms and channels remain approximately stationary 

through time (Fig. 3E and F). For example, the modelled rivers show different morphologies 

at 2000 and 4000 days, but the types and geometric characteristics of the morphologies are 

entirely comparable (for example, compare Fig. 3E and 3F). The evolutionary stages of the 

modelled braided rivers can be summarized into four stages, as shown in Fig. 4. In the earliest 

stage of the simulation, unit bars have limited relief and only modest channelization has 

developed. At the second stage, unit bars tend to coalesce to form initial compound bars that 

are more clearly demarcated by the developing network of channels. At the third stage, 

compound bars grow further by unit-bar accretion and amalgamation. At the last stage, the 

simulated rivers reach a nearly steady state with slower rates of morphodynamic change. 

Amalgamated compound bars and their development 

‘Complex’ compound bars are braid bars that originated from the amalgamation of 

multiple simpler compound bars and unit bars (Fig. 5). The evolution of these bars can be 

summarized into three stages: (i) migration and development of unit bars; (ii) amalgamation of 

unit and compound bars; and (iii) channel infill between compound bars. 

Initially, unit bars tend to migrate more rapidly than compound bars, because of the 

significant water columns on their top (Fig. 3) (Nicholas et al., 2013; Williams et al., 2013). 

As they migrate, unit bars grow and develop into compound bars (Fig. 5A and B). Subsequently, 

unit bars can amalgamate with compound bars occurring downstream, because of their different 

migration rates (Fig. 5B and C). As a result, channel branches between the bars become 



 

 

 

narrower and shallower (cf. CB-1 to CB-5 in Fig. 5C). Afterwards, these shallower channels 

tend to aggrade further, because they are traversed by slower flows compared to larger river 

branches, and are therefore ultimately infilled. Transient variations in near-bed sediment 

concentration act as an indicator of the state of evolution of bars and channels: a downstream 

increase in sediment concentration indicates that bed material is being eroded and transported, 

whereas a downstream decrease suggests that deposition is occurring, and the latter situation 

is seen in branches that are being plugged during the assemblage of larger compound bars (cf. 

CB-1 to CB-5; Fig. 5C and D). As a result, complex compound bars are generated (Fig. 5E) 

that are similar to those seen in real-world braided rivers (Fig. 5F and G). 

Morphology of braided rivers and geometry of their deposits 

Relationships with riverbed gradient 

The riverbed gradient is not an independent parameter in fluvial systems, since it adjusts 

naturally to water discharge, and rate and calibre of sediment supply (Ashworth & Lewin, 2012; 

Baar et al., 2019; Smith et al., 2006; Simpson & Castelltort, 2012). Iterative adjustment of 

inputs and outputs of liquid and solid discharges was undertaken to attain conditions of near 

equilibrium. Nevertheless, the long profiles of the modelled rivers underwent some changes 

through the simulation time, which indicates that the simulated streams were not perfectly at 

grade at the outset of the model runs. For example, the initial forced riverbed gradient of Run 

10 was set as 0.3 m/km; the average streambed gradient was 0.29 m/km at the simulation time 

when the modelled river reached a state of dynamic equilibrium in planform development (Fig. 

6). The gradient changes experienced by the 39 modelled rivers were calculated; the absolute 

values of relative changes in longitudinal gradient were in most cases (35 rivers of the 39) less 

than 6% of the initial gradients (Fig. 6D and E).  



 

 

 

Measurements of bar area, bar height and bar length-to-width ratio are based on compound 

braid bars, whose boundaries were placed at the transition with active channels. Across the 39 

runs, as the riverbed gradient increases while the water discharge is maintained constant, the 

depth-averaged flow velocity increases, the average water depth decreases, compound-bar 

areas and heights decrease (Fig. 7), and the mean bar mode (i.e. the mean value of 

measurements of bar mode across nine cross-sections as shown in Fig. 7) increases. For 

example, for runs conducted with a discharge of 1600 m3/s, as the gradient increases from 0.1 

m/km to 2.0 m/km, the average water depth decreases from 3.00 m to 1.35 m; bar areas and 

heights, also decrease markedly, whereas the mean bar mode increases sharply (Fig. 7). 

Notably, most compound bars are elongated downstream, and their aspect ratios (length-

to-width ratio) tend to increase with the gradient (Fig. 8). This observation is in accord with 

observations from natural rivers made in this work and in previous research (Crosato & 

Mosselman, 2009; Castelltort, 2018). In the Buha River, China (Fig. 8A), for example, reaches 

with similar discharge (zone 1 to zone 3 in Fig. 8A) demonstrate that a decreasing gradient is 

associated with an increase in bar area, a reduction in bar aspect ratio, and a decrease in bar 

mode (Fig. 8B to D). 

Relationships with water discharge 

For conditions of fixed slope but variable discharge, bar areas and heights tend to increase 

with increasing discharge, whereas the bar mode instead decreases on average (Fig. 9). 

Specifically, as the water discharge increases from 1370 m3/s to 3080 m3/s, the average bar 

area increases from 43500 m2 (Fig. 9A) to 120500 m2 (Fig. 9C), and the mean bar mode 

decreases from 6.2 to 4.1. These observations are made on simulations for which a constant 

steady discharge was considered, which can be treated as a bed-forming discharge 



 

 

 

approximating the bankfull discharge of natural rivers, in accord with prior research (e.g. Rossi 

et al., 2016; Schuurman et al., 2013; Schuurman & Kleinhans, 2015, Williams et al., 2016). 

Relationships with river depth 

Observations on the modelled rivers indicate that bar areas and heights correlate positive ly 

with the river depth, relative to which they may be scaled primarily. As shown in Fig. 10, the 

modelled rivers have similar river depths (varying between 7.0 m and 7.2 m), and although 

they differ markedly with respect to gradients and discharges, they do not show significant 

differences in mean bar areas and heights. 

Quantitative relationships with gradient and water discharge 

To gain an improved understanding of the significance of relationships between bar 

geometry, bar mode, riverbed gradient and flow discharge, outputs produced by the 39 runs are 

analysed as shown in Fig. 11, in which all the parameters above were measured when 

compound bar surfaces reached the water level at the river output, as shown in Fig. 3E. 

Coefficients of variation (ratios of standard deviation to mean) of braid-bar area and length- to-

width ratio of 39 modelled rivers shown in the box plots (Fig. 11) are reported in Table 3. 

These data indicate that bar areas are correlated positively with discharge for a fixed 

gradient (runs 1 to 35 in Fig. 11A), and negatively with the gradient for a fixed discharge (runs 

35 to 39 in Fig. 11A). Moreover, the bar area shows a strong positive relationship with water 

depth (Fig. 11A and B, R2 = 0.95). The mean values of bar area are similar across different runs 

having the same average water depths (coefficients of variation are less than 0.2, see Fig. 11B), 

regardless of the input values of bed gradient and discharge. Mean values of bar aspect ratio 

(length-to-width ratio) are correlated positively with bed gradient across the 39 runs, regardless 

of the input water discharge (Fig. 11C and D, R2 = 0.92). 



 

 

 

In view of the direct proportionality between bar area and river depth (Fig. 10), 

quantitative relationships between channel depths and bar areas were determined for both the 

39 modelled rivers (Fig. 11B, R2 = 0.95) and 24 real-world river reaches; in both datasets, a 

strong positive correlation between these two variables was observed (Fig. 11G, R2 = 0.96). 

Since earlier research (Parker, 1976; Crosato & Mosselman, 2009) has shown that the bar 

mode correlates positively with the river width-to-depth ratio (ratio of river width to river 

depth), relationships between bar mode and river width-to-depth ratio are determined in this 

work (Fig. 11F). The results indicate that in the modelled rivers the bar mode correlates 

positively with: (i) the river width-to-depth ratio for a given riverbed gradient; and (ii) with the 

riverbed gradient for the same river width-to-depth ratio. Corresponding relationships have 

been recognized in the 44 studied real-world river reaches (Fig. 12A and B). Consideration of 

the riverbed gradient yields improved prediction of mean bar mode, relative to the empirica l 

relationship based on width-to-depth ratio alone (coefficients of determination of 0.89 and 0.84, 

respectively). 

SUMMARY: APPLICATIONS AND LIMITATIONS 

Influence of river depth and bed gradient on braided-river morphology 

An increase in riverbed gradient results in increasing flow velocity and energy, which 

tends to inhibit accretion of mid-channel bars on their sides (Claude et al., 2014); this results 

in an increase in bar length-to-width ratio (Castelltort, 2018), and is recorded in the observed 

positive relationship between gradient and compound bar length-to-width ratio (Fig. 10C and 

D). 

There are at least two reasons why the gradient has a significant effect on bar mode. 

Primarily, the riverbed gradient influences the bar mode because steeper riverbeds are 



 

 

 

commonly associated with more elongated mid-channel bars, whereas rivers with gentler 

slopes tend to exhibit broader bars. Furthermore, the bar mode tends to increase with width-to-

depth ratio. It should however be noted that the riverbed gradient is genetically related to the 

river width-to-depth ratio (Holbrook & Schumm, 1999; Crosato & Mosselman, 2009), because 

an increased gradient tends to be associated with larger flow rate and shallower river depth, 

thereby commonly resulting in a larger width-to-depth ratio and a relatively less stable channel 

belt (Ouchi, 1985). 

Compound bar areas correlate positively with discharge for a fixed gradient, and 

negatively with gradient for a fixed discharge (Figs 7 to 9). Again it must be noted that the 

riverbed gradient and the water discharge are both genetically related to the river depth (Parker 

et al., 2007; Ashworth & Lewin, 2012). In particular, the 39 modelled rivers are set as having 

the same initial bed material; as such, the river depth is related positively to discharge, and 

negatively to bed gradient. Observations on the 39 modelled rivers and 24 real-world rivers 

indicate that there is a strong positive correlation between the bar area and the river depth, even 

across markedly different values of gradient and discharge (Fig. 11G). This indicates that the 

bar area is primarily scaled to the river depth, whose relationships can be expressed in Eq. 4: 

𝐴𝐴 = (8.3𝐻𝐻)2.78   (𝑅𝑅2 = 0.96)                    (4) 

where 𝐴𝐴 is the mean compound bar area of a river reach [m2] and 𝐻𝐻 is the river depth for 

that reach [m]. This proposed relationship is also compared to the data reported by Kelly (2006), 

which show a similar trend (Fig. 11G). 

Quantitative relationships for empirical predictions 

As illustrated in Figs 11G and 12B, empirical relationships between: (i) compound bar 

area and river depth (Eq. 4); and (ii) between bar mode, riverbed gradient and river width-to-



 

 

 

depth ratio are established (Eq. 5). Also, empirical equations are established between bar area 

and river depth (Eq. 6), and for predicting the riverbed gradient based on bar mode and river 

width-to-depth ratio (Eq. 7). 

The empirical relationships presented in Eqs 4 and 6 are established through regression 

analysis of data from 39 modelled rivers and 24 real-world river reaches (Fig. 11G); the 

applicability of these relationships is substantiated by comparison with the corresponding 

relationship reported by Kelly (2006; Fig. 11G). Instead, the relationship in Eq. 5 is obtained 

based on the combination of the following empirical findings: (i) in model runs with the same 

river depth, the bar mode is proportional to 𝐺𝐺0.19, where 𝐺𝐺 is the river slope; (ii) in model 

runs with the same river slope, the bar mode is proportional to (𝐵𝐵
𝐻𝐻

)0.9, where 𝐵𝐵 is the river 

width and 𝐻𝐻  is the river depth. Eqs 4 to 7 are therefore proposed as tools for predicting 

characteristics of braided channel-belt morphology, as follows: 

𝑀𝑀 = 0.041 (𝐵𝐵/𝐻𝐻)0.9 ∗ 𝐺𝐺0.19   (𝑅𝑅2 = 0.88)                (5) 

𝐻𝐻 = 0.153𝐴𝐴0.341   (𝑅𝑅2 = 0.95)                    (6) 

𝐺𝐺 = ( 21𝑀𝑀
(𝐵𝐵/𝐻𝐻)0 .9)4.3   (𝑅𝑅2 = 0.70)                    (7) 

where, for a given river reach, 𝐴𝐴 is the mean compound bar area [m2], 𝐻𝐻 is the river depth 

[m], 𝐵𝐵 is the river width [m], 𝑀𝑀 is the mean bar mode and 𝐺𝐺 is the mean riverbed gradient 

[m/km]. 

To demonstrate the predictive power of Eqs 5 and 7, cross-plots of estimated versus 

observed values of bar-mode and longitudinal gradient are presented in Fig. 13A and 13B, 

respectively, for 44 real-world river reaches. Error analyses are also presented in Fig. 13C 

and 13D. The mean absolute error of estimated bar modes is approximately 0.75, and the 



 

 

 

absolute discrepancy is less than two for almost all cases (42 of 44) (Fig. 13C). Similarly, the 

mean absolute error of estimated longitudinal gradients is approximately 2.0 m/km after two 

rivers were excluded from the statistical analysis. These results support the general predictive 

value of the empirical relationships proposed for inference of bar mode and riverbed gradient. 

Applications to modern rivers and ancient successions 

Compound bar area and channel depth 

Channel depth and bar area are both common morphological parameters employed to 

describe fluvial systems (Kelly, 2006). However, there are situations where constraining both 

parameters is not possible, for example in cases where: (i) planform characteristics of the 

formative rivers of preserved channel-belt deposits cannot be reconstructed from their direct 

observation in fluvial strata (for example, in outcrop or well logs) (Li et al., 2015; Yao et al., 

2018); (ii) where bathymetric surveys of modern rivers are lacking (Smith et al., 2006; Miall, 

2011); or (iii) where 3D seismic data of subsurface fluvial successions allow imaging of 

preserved abandoned mid-channel bars in planform but channel-fill thicknesses are below the 

vertical seismic resolution (cf. Zhuo et al., 2015). 

Therefore, the quantitative relationships shown in Eqs. 4 and 6 could be applied for the 

following purposes: (i) to predict channel depth for modern fluvial systems in which mean bar 

area can be readily measured, for example using remote-sensing datasets (Castelltort, 2018), 

but direct bathymetric data are not available; Eq. 6; (ii) to predict bar areas – and hence help 

reconstruct formative channel-belt geometry – for subsurface successions in which channel 

depth could be inferred by sedimentological analyses of outcrops, cores or well logs; Eq. 4; 

and to (iii) predict channel- fill thicknesses or the depth of formative channels of subsurface 



 

 

 

successions in which bar areas can be mapped in planform (Ethridge & Schumm, 2007; 

Bellwald et al., 2021). 

Bar mode and riverbed gradient 

The bar mode is a morphological parameter for braided rivers, which is also applied to 

discriminate braided from single-thread river patterns (Parker, 1976; Crosato & Mosselman, 

2009). The relationship presented in Eq. 5 provides a simple yet effective predictive tool for 

estimating the bar mode of the formative rivers of ancient successions for which hydraulic 

geometry and gradient can be estimated (Ganti et al., 2019; Greenberg et al., 2021; Long, 2021). 

This approach can thus be employed to attempt a quantification of the degree of braiding of the 

formative rivers of fluvial successions. The relationship in Eq. 5 can also be used to predict 

morphological responses to changes in river width and depth resulting from river engineer ing, 

such as channel-belt widening undertaken to reduce flooding risk (Crosato & Mosselman, 

2009), or from changes in bed gradient imposed by active tectonics (Ouchi, 1985; Roy & Sahu, 

2015).  

Previous research (Parker, 1976; Parker et al., 2007; Crosato & Mosselman, 2009) state 

that the river width-to-depth ratio is the parameter that is most strongly associated with the bar 

mode, such that the bar mode can be considered primarily as a function of the river width-to-

depth ratio. However, this work demonstrates that consideration of the riverbed gradient in the 

regression analysis results in increased predictive power (Fig. 11B); hydraulic roughness and 

river sediment transport rate which also have effects on bar mode (Parker, 1976; Parker et al., 

2007), are ignored, but determining these for rivers at bankfull conditions is difficult (Ahmed 

& Saad, 1992; Smith et al., 2006; Baar et al., 2018), as is their inference from preserved 

deposits in ancient fluvial successions (Fielding et al., 2018). Nevertheless, the predictive 



 

 

 

power of the proposed relationship may in part reflect how the river width-to-depth ratio and 

riverbed gradient are themselves related to, among other morphodynamic parameters, 

hydraulic roughness and its effect on sediment transport (Smith et al., 2006; Ashworth & Lewin, 

2012; Simpson & Castelltort, 2012). 

The relationship presented in Eq. 7 can particularly be applied to the estimation of the bed 

gradient of braided rivers whose deposits are preserved in fluvial successions, in cases where 

the bar mode and the river width-to-depth ratio can be inferred. For example, the bar mode and 

river width-to-depth ratio may be inferred based on observations made in outcrop (Li et al., 

2020), else estimated in subsurface fluvial successions for which 3D seismic data and well data 

are both available (Li et al., 2019). Therefore, this relationship can be applied to assist 

palaeohydrological reconstructions of ancient fluvial strata that rely on gradient (slope) 

estimates (cf. Long, 2021, and references therein). Such estimates are fundamental for the 

inference of depositional processes, magnitude of sediment flux, and bedform characterist ics, 

among other things (Smith et al., 2006; Holbrook & Wanas, 2014; Mahon & McElroy, 2018). 

Limitations 

In this work, each numerical model was set as having constant flow discharge and no 

vegetation, which means that the effects of discharge variability and vegetation were neglected. 

In natural braided rivers, vegetation contributes to the stabilization of banks and bars (Nicholas 

et al., 2013), and discharge variability plays an important role on controlling the riverbed 

reworking and preservation of sediment bodies (Edmonds & Slingerland, 2008; Fielding et al., 

2018; Limaye, 2020). Therefore, it would be prudent to exclusively apply the proposed 

relationships to river systems characterized by limited discharge variability and vegetation 

density. Also, the modelled rivers were set as confined by fixed non-erodible walls following 



 

 

 

the approach taken in some prior research (Schuurman et al., 2013; Schuurman & Kleinhans, 

2015; Williams et al., 2016); as such the results may not necessarily be applicable to freely 

wandering natural braided rivers limited by highly erodible substrates. Nonetheless, our 

comparison between the predicted and observed values of bar mode and streambed gradient 

demonstrates that general estimations of bar mode and streambed gradient can be attempted by 

using the proposed relationships (Fig. 13). 

In addition, the modelled rivers exhibit unexpected channel incision as an artefact of the 

simulations, resulting from an imbalance between non-linearity of downstream sediment 

transport that leads to channel erosion and transverse sediment transport, which counteracts 

incision (Baar et al., 2019). Grid cell size is the primary factor controlling this imbalance, and 

the resulting channel incision. In Delft3D, water flow tends to occur through the smallest 

possible number of grid cells; hence, a smaller cell size can cause a larger water discharge 

locally, resulting in enhanced local erosion. The cell size was chosen as 5 m × 10 m, making 

the resolution of the grid higher than that of most comparable studies using Delft3D (cf. 

Crosato et al., 2011; Nicholas et al., 2013; Schuurman et al., 2013); nonetheless, the degree of 

channel incision is negligible for the scopes of this study (see Fig. S1 in supplementary files). 

In the application of the presented empirical tools, it must be considered that important 

spatial variability may exist in braid-bar planform areas, length-to-width ratio and bar mode in 

the same river reach. Therefore, robust applications of Eqs 4 to 7 should be based on mean 

values of these variables that are underpinned by multiple observations from the same river 

reach. A general word of caution should also be made regarding the possible application of the 

proposed relationships (Eqs 4 to 7) to the stratigraphic record of braided rivers, since the 

geometry of barform architectural elements that record the morphodynamic evolution of braid 

bars can be significantly different from the morphologies of the formative landforms, in part 



 

 

 

due to the effect of partial preservation in determining the geometry of the deposits that are 

ultimately preserved (cf. Chamberlin & Hajek, 2019; Greenberg et al., 2021). 

CONCLUSIONS 

Based on 39 numerical simulations of braided rivers produced using Delft3D numerica l 

modelling software, and the analysis of the form of 63 real-world braided rivers, the following 

novel findings arise. 

1 Under constant discharge, the development of a braided river from a planar featureless bed 

includes four stages: (i) formation of transverse unit bars; (ii) channelization; (iii) formation of 

compound bars; and (iv) amalgamation of relatively simpler compound bars into more complex 

compound bars. Eventually, the simulated rivers reach a nearly steady state (or a dynamic 

equilibrium) with a slower evolution rate and temporally stationary morphologica l 

characteristics. 

2 The morphology of the modelled braided rivers is related to the riverbed gradient, flow 

discharge and mean river depth: (i) bar heights and areas are scaled positively with flow 

discharge and negatively with bed gradient; (ii) the bar length-to-width aspect ratio exhibits a 

positive relationship with riverbed gradient; (iii) the bar mode (degree of braiding) correlates 

directly with both river width-to-depth ratio and riverbed gradient. 

3 The bar area is primarily correlated with the river depth in a braided-river reach. A 

quantitative relationship between the mean bar area and river depth is established, for the 

braided-river reaches, which provides a predictor for bar areas or channel depth in braided 

rivers. This relationship can be applied in remote-sensing studies of modern rivers and to infer 

the palaeogeomorphology and palaeohydraulics of fluvial successions. Given that the possible 



 

 

 

roles of discharge variability and vegetation were ignored, the proposed relationship is suited 

for application to rivers with limited discharge variations and that lack densely vegetated banks. 

4 A quantitative relationship for predicting the bar mode from the river width-to-depth ratio 

and riverbed gradient is proposed. This relationship can be applied to infer the likely planform 

of the formative braided rivers of fluvial successions, to infer streambed gradients for scopes 

of palaeohydrological reconstructions, and to assess effects of changes in river width resulting 

from river engineering, or from changes in bed gradient imposed by active tectonics. 

Nonetheless, the proposed relationships only allow prediction of braid-bar morphologies as 

geomorphic entities; these are rarely preserved as such in the stratigraphy of braided rivers, due 

inherent morphodynamics and preservation potential. 
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LIST OF FIGURE AND TABLE CAPTIONS 

Fig. 1. Practical approach followed for placing the boundary between bars and channels. 

(A) Aerial photograph of the Songhua River, China (45°13'59''N, 43'10''E), at low flow stage. 

(B) Aerial photograph of the Songhua River, China (45° 3'25''N, 124°59'21''E), presenting a 

mid-channel bar adjacent to channels with dry beds. Sandy channel beds are lighter coloured, 

whereas the vegetated bar appears darker. (C) Map of the amount of erosion and sedimenta t ion 

of the riverbed of a modelled river, relative to the initial planar surface. The boundaries of two 

bars (labelled as ‘Bar A’ and ‘Bar B’) are shown as examples. (D) Cross-section of Line A in 

part (C). 

Fig. 2. Boundary and grid setting of the braided-river model (plan view). The upstream 

and downstream boundaries of the model, and the direction of river flow, are indicated. The 

model grid is bounded by non-erodible walls. Grid-cell size is 10 m along X (downstream) 

and 5 m along Y (cross-stream). 

Fig. 3. Maps of topography time series and flow velocity of a selected simulation, and 

satellite image of a natural braided river. (A) to (F) Time series of maps of riverbed erosion 

and sedimentation, showing an example (Run 10, with an initial gradient of 0.3 m/km and 

discharge of 1780 m3/s) of the development and evolution of a braided river from a planar 

surface. (G) Map of water depth at 2000 days for the same example (Run 10). The simulation 

time shown in the top-right corner has been corrected by its morphological timescale factor 

(96x). (H) and (I) Satellite image part of the Sone river in India, which are comparable to the 

stage of lobate unit bar formation in the modelled rivers (Zone 1 of part B), and to the stage 

of bar channelization. (J) Satellite image part of the Ganges river in India, showing simpler 

compound bars with bar-tail limbs and displaying similar features as those seen in the 

modelled rivers (for example, bars B and C in figure part C). (K) Comparison between the 



 

 

 

bed surfaces on 1760 days and on 2000 days, at Section 1 in parts E and F. (L) Satellite 

image of part of the Brahmaputra in Bangladesh, displaying similar features as those seen in 

the modelled rivers. 

Fig. 4. Summary diagram of modes of evolution of braid bars, including four 

stages. (A) Unit bars with limited relief and modest channelization. (B) Unit bars evolve 

into initial compound bars. (C) Compound bars accrete further by unit-bar growth and 

amalgamation. (D) A nearly steady state with a slower rate of morphodynamic change. 

Three modes of development of compound bars from unit bars are shown: (i) 

progressive growth of unit bars into simple compound bars (Bar A); (ii) unit-bar 

dissection, migration and amalgamation to form simple compound bars (Bars B, C and 

D); (iii) amalgamation of multiple smaller compound bars into larger, amalgamated 

compound bars (Bars F and F). 

Fig. 5. Development of ‘complex’ amalgamated compound bars, as seen in a 

selected simulation (Run 22) and in braided rivers. The left is the upstream for modelled 

rivers. (A) to (C) and (G) Maps of riverbed erosion and sedimentation for days 66, 74, 

90 and 130. (D) Maps of near-bed sediment concentration for day 74. (F) Satellite image 

showing a complex compound bar. (G) Satellite images of a reach of the Songhua River, 

northern China, showing examples of compound bars of different style and size. The red 

frame shows the position of part (F). 

Fig. 6. (A) Initial riverbed surface level with a gradient of 0.3 m/km. (B) Riverbed 

surface level at 2000 days, with a gradient of 0.29 m/km; this refers to the example 

shown in Fig. 3E. (C) Comparison between the riverbed surface at 0 and 2000 days; 

section location is shown in part (A). (D) Histogram showing the frequency distribution 

of changes in riverbed experienced by the 39 modelled rivers. (E) Box plot showing the 



 

 

 

absolute values of changes in gradient, expressed relative to the initial gradient, for the 39 

model runs. 

Fig. 7. Bar morphology in modelled braided rivers with varying bed gradients and fixed 

discharge (1600 m3/s). Abbreviations: BG = bed gradient; AWD = average water depth; Qw 

= flow discharge. (A) to (C) Maps of riverbed erosion and sedimentation produced by 

different runs, with bed gradients of 0.1 m/km, 0.5 m/km and 2.0 m/km, respectively. (D) Bar 

boundaries extracted from the part of map corresponding to Zone A in part (D). 

Fig. 8. Satellite images of a reach of the Buha River, China, illustrating that bar aspect 

ratio tends to increase with increasing river slope. (A) Overview. (B) to (D) River reaches 

corresponding to Zone 1, Zone 2 and Zone 3 in part (A), respectively, and which have slopes 

of approximately 3.5 m/km, 1.9 m/km and 1.4 m/km, respectively. 

Fig. 9. Bar morphology in braided rivers with the same bed gradient but variable 

discharge. (A) to (C) Maps of riverbed erosion and sedimentation for runs in which the river 

slope is 0.5 m/km, and the discharge values are 1370 m3/s, 1960 m3/s and 3080 m3/s, 

respectively, corresponding to average water depths of 1.8 m, 2.2 m and 2.8 m, respectively. 

Abbreviations: BG = bed gradient; AWD = average water depth; Qw = flow discharge. 

Fig. 10. Bar morphology in braided rivers with variable slope but the same average 

water depth across different runs. The left is the upstream for all the modelled rivers. The 

mean channel depths are similar, varying between 7.0 m to 7.2 m. (A) to (D) Maps of 

riverbed erosion and sedimentation for runs in which the gradient increases as follows: 0.3 

m/km, 0.5 m/km, 1.0 m/km and 2.0 m/km. (E) to (H) Outlines of the braid bars identified in 

the corresponding maps (parts A to D). Abbreviation: BG = bed gradient. 

Fig. 11. Statistics relating bar geometry to model characteristics and boundary 

conditions for 39 simulation runs. The total number of measured bars is 1400. R is the 



 

 

 

Pearson’s correlation coefficient; correlations are statistically significant at P = 0.01 

(two-tailed). Cv denotes the coefficient of variation of bar areas for the same values of 

average water depth. (A) Box plots of bar areas. Model runs in each of groups 1 to 6 

have the same initial bed gradient; runs in group 7 have the same water discharge. (B) 

Mean bar areas versus average water depth. Different runs in which the same average 

depth emerges show similar values of bar area, indicated by the small coefficients of 

variation. (C) Box plots of values of bar aspect ratio. (D) Mean values of bar aspect ratio 

versus river gradient. (E) Mean channel depth (river depth) versus average water depth 

(raster mean) for the 39 runs. (F) Bar mode versus bed gradient in different river width-

to-depth ratios. (G) River depth versus mean bar area across 39 modelled rivers and 24 

real-world rivers. The trend line between river depth and mean bar area proposed in this 

work is compared to that reported by Kelly (2006). 

Fig. 12. (A) Mean bar mode versus river width-to-depth ratio across 44 real-world 

river reaches and the 39 modelled rivers. (B) Cross-plot of bar mode versus river width-

to-depth ratio and riverbed gradient, across 44 real-world river reaches and the 39 

modelled rivers. R2 is the coefficient of determination; regressions are statistically 

significant at P = 0.01 (two-tailed). The underlying data are provided in Supplementary 

Tables A.1–A.3; see Supplementary Information. 

Fig. 13. (A) Cross-plot of bar mode estimated using Eq. 5 versus observed bar 

mode for 44 real-world river reaches. (B) Cross-plot of riverbed gradient estimated 

using Eq. 7 versus observed riverbed gradient for 44 real-world river reaches; gradient 

estimations of two rivers (red ellipse) were excluded in the analyses as they are regarded 

as outliers. (C) Histogram displaying the discrepancy between estimated and observed 

values of bar mode. (D) Histogram displaying the discrepancy between estimated and 



 

 

 

observed river gradient. The underlying data are provided in Supplementary Tables A.1 and 

A.2; see Supplementary Information. 

Table 1. Settings and initial values for the main parameters of the Delft3D simulations. 

The morphological timescale factor determines the speed of morphological change (Deltares, 

2014). A larger morphological timescale factor was set for simulations with slower 

development rates, and a lower morphological timescale factor for those with more rapid 

development. 

Table 2. Settings of riverbed gradient, flow discharge and morphological timescale 

factors for the 39 Delft3D runs. The average (raster mean) water depth, sand concentration 

and the river depth for each run are also reported. The gradient is the same in each group and 

increases in Groups A to F. Runs 35 to 39 (Group G) are set up with the same discharge but 

different slopes. The imposed steady discharge can be seen as a bed-forming discharge, and is 

comparable to the bankfull discharge of natural rivers. 

Table 3. Coefficients of variation (ratio of standard deviation to mean) of braid-bar areas 

and braid-bar width-to-depth ratios across the 39 modelled rivers. The underlying data are 

provided in Supplementary Data S.1 and S.2; see Supplementary Information. 

List of Supplementary Items 

Figure S1. (A) to (C) Time series of maps of riverbed erosion and sedimentation at 2000 

days, 4000 days and 16000 days, respectively. (D) to (F) Sections of riverbed erosion and 

sedimentation at 2000 days, 4000 days and 16000 days, respectively, corresponding to parts 

(A) to (C), respectively. Section locations are also shown in parts (A) to (C), respectively. The 

simulation Run 10 is with an initial gradient of 0.3 m/km and discharge of 1780 m3/s. No 



 

 

 

significant unexpected channel incision observed at 4000 days, and only a limited degree of 

channel incision is shown at 16000 days, with unexpected channel incision <0.2 m. 

Table A.1. Information on the geomorphology of 44 real-world braided rivers. 

Table A.2. Data on bar area and channel depth across 24 real-world braided rivers. 

Table A.3. Data on bar mode, river depth, river width-to-depth ratio and bed gradient 

across the 39 modelled braided rivers. 

Supplementary Data S.1. Data on braid-bar area across the 39 modelled braided rivers. 

Supplementary Data S.2. Data on length-to-width ratio across the 39 modelled braided 

rivers. 

 

 

 

 

 

 

 

 

 

 



 

 

 

Table 1. Settings and initial values for the main parameters of the Delft3D simulations. The 
morphological timescale factor determines the speed of morphological change (Deltares, 2014). 
A larger morphological timescale factor was set for simulations with slower development rates, 
and a lower morphological timescale factor for those with more rapid development. 

 

Parameter Initial value / 
formula 

Width of model domain 1000 m 

Length of model domain 10000 m 

Cell width (y) 5 m 

Cell length (x) 10 m 

Grain size range a 0.2 – 1 mm 

Median grain size (D50) 0.6 mm 

Formula of bed roughness  Manning 

Turbulence model K-Epsilon 

Vertical grid points (layers) 5 

Roughness formula Manning 

Dry density of sand 1650 kg/m3 

Dry density of mud 500 kg/m3 

Threshold depth 0.1 m 

Threshold sediment thickness 0.05 m 

Perturbation: maximum initial bed level 0.01 m 

Vertical eddy viscosity 0.2 m2/s 

Vertical eddy diffusivity 0.1 m2/s 

Hydrodynamic time step 6 s 

Factor for erosion of adjacent dry cells 0.5 

Time span of the braided model  2 years 

Initial transverse riverbed gradient  Zero 

Vegetation None 

Morphological timescale factor b 96, 48 or 24 
a The grain size follows a log-normal distribution. 
b Values of all runs are provided in Table 2. 

 

Table 2. Settings of riverbed gradient, flow discharge and morphological timescale factors for 
the 39 Delft3D runs. The average (raster mean) water depth, sand concentration and the river 
depth for each run are also reported. The gradient is the same in each group and increases in 
Groups A to F. Runs 35 to 39 (Group G) are set up with the same discharge but different slopes. 



 

 

 

 
Grope 
No. Run No. 

Riverbed 
gradient 
(m/km) 

Discharge 
(m3/s) 

Sand 
concentration 

(kg/m3) 

Average 
water 

depth (m) 

River depth 
(m) 

Morphological 
timescale 

factor 

A 

1 0.1 613 0.0018  1.8 5.76  96 
2 0.1 744 0.0032  2.0 6.40  96 
3 0.1 880 0.0040  2.2 7.04  96 
4 0.1 1030 0.0048  2.4 7.68  96 
5 0.1 1365 0.0061  2.8 8.97  96 

B 

6 0.3 860 0.014  1.6 5.02  96 
7 0.3 1060 0.017  1.8 5.79  96 
8 0.3 1300 0.021  2.0 6.47  96 
9 0.3 1520 0.027  2.2 7.13  96 
10 0.3 1780 0.032  2.4 7.71  96 
11 0.3 2395 0.040  2.8 9.15  96 

C 

12 0.5 1110 0.030  1.6 4.93  48 
13 0.5 1370 0.037  1.8 5.71  48 
14 0.5 1640 0.048  2.0 6.26  48 
15 0.5 1960 0.062  2.2 7.22  48 
16 0.5 2300 0.079  2.4 7.79  48 
17 0.5 3080 0.111  2.8 9.05  48 

D 

18 1.0 1570 0.127  1.6 5.02  24 
19 1.0 1920 0.152  1.8 5.89  24 
20 1.0 2350 0.173  2.0 6.24  24 
21 1.0 2765 0.193  2.2 7.22  24 
22 1.0 3250 0.210  2.4 7.53  24 
23 1.0 4260 0.236  2.8 8.81  24 

E 

24 2.0 1932 0.304  1.6 5.01  24 
25 2.0 2465 0.361  1.8 5.77  24 
26 2.0 3160 0.426  2.0 6.60  24 
27 2.0 4055 0.495  2.2 7.05  24 
28 2.0 5320 0.590  2.4 7.85  24 
29 2.0 7780 0.768  2.8 9.15  24 

F 

30 4.0 2560 0.862  1.6 5.24  24 
31 4.0 3320 0.955  1.8 5.93  24 
32 4.0 4385 1.040  2.0 6.26  24 
33 4.0 5850 1.163  2.2 7.08  24 
34 4.0 8090 1.271  2.4 7.79  24 

G 

35 0.1 1600 0.007  3.0 9.79  96 
36 0.3 1600 0.0297 2.27 7.09  96 
37 0.5 1600 0.0451 1.95 6.06  48 
38 1.0 1600 0.1276 1.62 5.06  24 
39 2.0 1600 0.2618 1.35 4.43  24 

 

 

 

 



 

 

 

Table 3. Coefficients of variation of bar areas and bar width-to-depth ratios across the 39 
modelled rivers. The underlying data are provided in Data S.1 and S.2; see Supplementary 
Information. 

 
Run 
No. 

CV of 
bar areas 

CV of bar 
length/width ratio 

1 0.26 0.23 
2 0.28 0.24 
3 0.25 0.23 
4 0.27 0.25 
5 0.27 0.26 
6 0.26 0.26 
7 0.27 0.25 
8 0.29 0.27 
9 0.27 0.20 
10 0.28 0.26 
11 0.29 0.18 
12 0.27 0.21 
13 0.28 0.21 
14 0.27 0.23 
15 0.28 0.25 
16 0.23 0.27 
17 0.26 0.21 
18 0.28 0.21 
19 0.28 0.19 
20 0.28 0.25 
21 0.28 0.24 
22 0.29 0.21 
23 0.26 0.16 
24 0.28 0.20 
25 0.27 0.22 
26 0.28 0.22 
27 0.29 0.20 
28 0.28 0.20 
29 0.26 0.22 
30 0.21 0.18 
31 0.28 0.18 
32 0.29 0.19 
33 0.28 0.18 
34 0.29 0.21 
35 0.24 0.17 
36 0.24 0.21 
37 0.22 0.21 
38 0.26 0.24 
39 0.20 0.20 
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