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Abstract: This study developed a two-dimensional (2D) depth-averaged model for morphological 15 

changes at natural bends by including a secondary flow correction. The model was tested in two 16 

laboratory-scale events. A field study were further adopted to demonstrate the capability of the 17 

model in predicting bed deformation at natural bends. Further, a series of scenarios with different 18 

setups of sediment-related parameters were tested to explore the possibility of a 2D model to 19 

simulate morphological changes at a natural bend, and to investigate how much physical 20 

complexity is needed for reliable modelling. The results suggest that a 2D depth-averaged model 21 

can reconstruct the hydrodynamic and morphological features at a bend reasonably provided 22 

that the model addresses a secondary flow correction, and reasonably parameterise grain-sizes 23 

within a channel in a pragmatic way. The factors, such as sediment transport formula and 24 

roughness height, have relatively less significance on the bed change pattern at a bend. The 25 

study reveals that the secondary flow effect and grain-size parameterisation should be given a 26 

first priority among other parameters when modelling bed deformation at a natural bend using a 27 

2D model.   28 

Keywords: secondary flow, sediment transport, depth-integrated model, channel bend  29 

1. Introduction 30 

Morphological changes commonly occur with flows in natural systems over period of time and 31 

changes are more produced during floods. In recent years, increasing attention has been paid to 32 

numerical modelling of river hydrodynamics and morphodynamics, and a large number of 33 

computational models have been developed [Abad et al., 2008; Guan et al., 2015a; Li and Duffy, 34 

2011; Wu, 2004]. However, in contrast to straight channels, channel bends demonstrate much 35 

more complex flow features due to the presence of helical (secondary) flows [Blanckaert, 2015; 36 

De Vriend, 1977; Johannesson and Parker, 1989; Odgaard, 1986; Song et al., 2012]. 37 

Consequently, there is a high demand to deal with such flow features to reasonably simulate bed 38 

formation around channel bends. Three-dimensional (3D) models can be an option to predict bed 39 

deformation in channel bends, because a 3D model can give more detailed computation of the 40 

water flow field [Bui and Rutschmann, 2010; Fischer-Antze et al., 2008; Khosronejad et al., 2007; 41 

Wu et al., 2000]. Yet, the disadvantage of using a fully 3D model is that it costs over an order of 42 

https://www.researchgate.net/publication/239389457_3D_Numerical_Modeling_of_Flow_and_Sediment_Transport_in_Laboratory_Channel_Bends?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/281449581_Flow_separation_at_convex_banks_in_open_channels?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/223763374_Numerical_modelling_of_non-equilibrium_graded_sediment_transport_in_a_curved_open_channel?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/248809241_Three-dimensional_CFD_modeling_of_morphological_bed_changes_in_the_Danube_River?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/245295922_Velocity_Redistribution_in_Meandering_Rivers?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/239389047_Meander_Flow_Model_I_Development?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/258605888_Analysis_of_secondary_current_effect_in_the_modeling_of_shallow_flow_in_open_channels?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/269335651_Multimode_Morphodynamic_Model_for_Sediment-Laden_Flows_and_Geomorphic_Impacts?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
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magnitude longer in computational time than a 2D model. More importantly, the 3D aspects of 43 

the physical sediment-related knowledge are not well understood and established yet. Therefore, 44 

a 2D model appears to be more attractive for engineering application and analysis. Most of the 45 

existing 2D models for flow and bed deformation neglect 3D flow features by integrating the flow 46 

in depth. This leads to under- or over-estimate hydrodynamics and morphodynamics at bends to 47 

a certain extent.  Accordingly, there is a necessity to reasonably depict 3D flow feature at bends. 48 

Some studies have reported that it is a possible to model the secondary flow effect in 2D 49 

hydrodynamic model by incorporating a dispersion term [Ghamry and Steffler, 2002; Song et al., 50 

2012]. The inclusion of the secondary flow effect in 2D hydrodynamic model can lead to 51 

reasonable predictions of the velocities at bends characterised by a higher value at outer bank 52 

and a lower value at inner bank. Further there are some, but rare, examples of depth-averaged 53 

flow models with suspended load or bedload or both considering a secondary flow (e.g. 54 

[Begnudelli et al., 2010; Duan and Nanda, 2006; Finnie et al., 1999; Iwasaki et al., 2016; 55 

Langendoen et al., 2015; Nicholas, 2013; Wang et al., 2014]). These studies emphasised the 56 

effects of a secondary flow on hydrodynamics and bend evolution through laboratory tests. 57 

Verhaar et al. [2008] reported that the effective test for the accuracy of a morphodynamic model 58 

would be though comparison against a morphological survey of a river. However, field datasets 59 

in a natural river are quite scarce, leaving in field testing of models to be challenging. 60 

Moreover, unlike flood modelling over a fixed riverbed, flow modelling with river morphology 61 

contains many empirical formulas and sediment-related parameters which might significantly 62 

affect simulation of bed deformation at bends. Some studies have pointed out that sediment 63 

composition impacts sediment transport and yield, thereby greatly affecting channel morphology 64 

[Waters and Curran, 2015]. However, to spatially estimate grain sizes in reality is rather arbitrary 65 

and likewise a difficult work because of the complexity of real riverbeds. Also, the sediment 66 

transport formula is a vital parameter when calculating bed changes, but unfortunately, all the 67 

existing functions have limited scope of application because of the empirically derived nature of 68 

them all (e.g. [Cheng, 2002; Meyer-Peter and Müller, 1948; van Rijn, 1984; Wong and Parker, 69 

2006]). The secondary flow effects have been proven to affect both hydrodynamics and 70 

morphodynamics at a flume bend. However, at a natural bend, important questions to ask are: 71 

https://www.researchgate.net/publication/246224053_Formula_for_Bed-Load_Transport?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/272522869_Numerical_simulation_of_bar_and_bank_erosion_in_a_vegetated_floodplain_A_case_study_in_the_Otofuke_River?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/222552293_Two-Dimensional_Depth-Averaged_Model_Simulation_of_Suspended_Sediment_Concentration_Distribution_in_a_Groyne_Field?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/236623510_2002_Exponential_formula_for_bedload_transport?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/274098192_Linking_bed_morphology_changes_of_two_sediment_mixtures_to_sediment_transport_predictions_in_unsteady_flows_SEDIMENT_TRANSPORT_IN_UNSTEADY_FLOWS?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/281594947_2D_and_3D_numerical_simulations_of_morphodynamics_structures_in_large-amplitude_meanders?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/240230717_Sediment_Transport_Part_I_Bed_Load_Transport?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/245328485_Two_dimensional_vertically_averaged_and_moment_equations_for_rapidly_varied_flows?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
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how does secondary flow affect morphological changes and what is the importance of secondary 72 

flows on bed deformation compared to other sediment-related factors such as the method used 73 

to calculate bed shear stress? These questions are far from being answered in existing studies. 74 

Moreover, some studies (e.g. [Bohorquez et al., 2013; Palmsten et al., 2015]) reported that 75 

bedform as ripples and dunes in river bends can increase the effective roughness height and 76 

total shear stress at both lab and field scales. It should be noted that in turn this can further affect 77 

hydrodynamics and morphodynamics at the bend.    78 

In this study, built on our previous model [Guan et al., 2014], a non-equilibrium sediment 79 

transport model based on adaption length concept was developed for hydrodynamics and 80 

morphodynamics at channel bends and tested in laboratory-scale events with a short time-scale. 81 

The significance of a secondary flow on the geomorphological processes was explored based on 82 

field survey dataset. Specifically, the research questions we are aiming to address are: (1) what 83 

role does a secondary flow play in simulating hydrodynamics and morphodynamics at natural 84 

bends? (2) How does the input of sediment-related parameters affect the modelled 85 

morphodynamics? (3) Is it possible to reliably model morphodynamics at natural channel bends 86 

using a 2D model? (4) How much physical complexity is needed?  87 

2. Model development 88 

2.1. Depth-averaged flow and sediment transport model 89 

Building on the depth-averaged 2D flow and sediment transport model in the previous work 90 

[Guan et al., 2014, Guan et al.,2015b, Guan et al.,2016], this study further incorporates turbulent 91 

terms and dispersion terms representing the effects of a secondary flow. The original hydro-92 

morphodynamic model is detailed in Guan et al. [2014]. The governing equations are written in a 93 

conservative form as:  94 

ݐ܃߲߲ +
ݔ۳߲߲ +

ݕ۴߲߲ =
߲۳෨߲ݔ +

߲۴෨߲ݕ +  (1)                                                           ܁

where 95 

https://www.researchgate.net/publication/303620262_Assessment_of_hydro-morphodynamic_modelling_and_geomorphological_impacts_of_a_sediment-charged_jokulhlaup_at_Solheimajokull_Iceland?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/256756917_Unsteady_two-dimensional_paleohydraulic_reconstruction_of_extreme_floods_over_the_last_4000_yr_in_Segura_River_southeast_Spain?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/299560964_Quantifying_the_combined_effects_of_multiple_extreme_floods_on_river_channel_geometry_and_on_flood_hazards?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/281809506_Video_observations_of_bed_form_morphodynamics_in_a_meander_bend?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
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܃ = ቈ ݒ݄ݑߟ݄ ,۳ = ൦ ଶݑ݄ݑ݄ +
1

2
݄݃ଶ݄ݒݑ ൪ ,۴ = ൦ ଶݒ݄ݒݑ݄ݒ݄ +

1

2
݄݃ଶ൪ ,۳෨ =  0݄( ௫ܶ௫ + ௫௫)݄൫ܦ ௫ܶ௬ + ௫௬൯ܦ ,۴෨ =  0݄൫ ௬ܶ௫ + ௬௫൯݄൫ܦ ௬ܶ௬ +  ௬௬൯ܦ

܁ = ێێێۏ
ۍ 0݄݃ ቀെ డ௭್డ௫ െ ܵ௫ቁ+

οఘ௨ఘ డ௭್డ௧ 1െ)ߙ] ( െ ܿ]െ οఘమଶఘ డడ௫ െ ݄ܵ݃ ቀെ డ௭್డ௬ െ ܵ௬ቁ+
οఘ௩ఘ డ௭್డ௧ 1െ)ߙ] െ( ܿ]െ οఘమଶఘ డడ௬ െ ܵۑۑۑے

ې
                                (2) 96 

where U is the vector of conserved variables; E, F are the flux vectors of the flow in x and y 97 

direction respectively, ۳෨,۴෨ are the turbulent and dispersion vectors in x and y direction, and S is 98 

the vector of source terms; h = flow depth; zb = bed elevation; Ș = water surface; u, v = the x and 99 

y components of depth-averaged flow velocity respectively; Txx, Txy, Tyx and Tyy are the depth-100 

averaged turbulent stresses; Dxx, Dxy, Dyx and Dyy are the dispersion terms due to the effect of 101 

secondary flow; p = sediment porosity; c = total volumetric concentration; ȡs, ȡw = densities of 102 

sediment and water respectively; ǻȡ=ȡs-ȡw; ȡ = density of flow-sediment mixture; S fx, S fy are 103 

frictional slopes in x and y direction; Į= us/u = sediment-to-flow velocity ratio determined by Eqn. 104 

[Greimann et al., 2008]; Sa, Sd are additional terms related to the velocity ratio defined by Guan 105 

et al. [2014]. 106 

ܵ =
οఘ௨ఘ (1െ ܿ](ߙ ή െ(܄݄) (܄݄) ή ۱]  107 

ܵ =
οఘ௩ఘ (1െ ܿ](ߙ ή െ(܄݄) (܄݄) ή ۱]                                           (3) 108 

where = ଓറ(߲ Τݔ߲ ) + ଔറ(߲ Τݕ߲ ); C is the sediment concentration vector defined by ۱ = ܿ(ଓറ+ ଔറ); V 109 

is the velocity vector defined by ܄ = +ଓറݑ  ଔറ. 110ݒ

The governing equation of the ith size class is written considering the velocity ratio Į by  111 

  
߲݄߲ܿݐ +

ݔ߲ܿݑ݄߲ߙ +
ݕ߲ܿݒ݄߲ߙ = െݍ)ߙ െ ܮ(כݍܨ                                            (4) 

where c i = volumetric bedload concentration of the ith size class; ݍ = ݄ ഥܷܿ R = real sediment 112 

transport rate of the ith fraction; ഥܷ = ξݑଶ +  ଶ is the depth-averaged velocity; qb*i  = sediment 113ݒ

transport capacity of the ith fraction; F i represents the proportion of i th grain-size fraction in total 114 

moving sediment. The updating of F i at each time step is conducted using the approach 115 

presented by Wu [2004]. In Eq. (4), L i  is the non-equilibrium adaptation length of sediment 116 
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transport of the ith fraction, which is estimated using the formula in Guan et al. [2014]. The bed 117 

load transport vector (huc i, hvc i) in the mass conservation equation (Eq. 4) reflects the velocity 118 

vector, which is modified in the hydrodynamic equations (1) - (3) according to secondary flow 119 

effects. No bed slope correction is involved in computing the bed load transport. Turbulence and 120 

dispersion terms may have effects on the transport of sediment concentration; however, since 121 

the model is a bedload-dominant sheet flow model, these terms were not considered in this 122 

study.    123 

Sediment transport formulae are commonly regarded as having poor accuracy, therefore, three 124 

different formulae are used here to demonstrate its sensitivity on modelled results, including the 125 

commonly-used equations Meyer-Peter and Müller [1948] (MPM) and Cheng [2002], as well as 126 

the equation by Wilcock and Crowe [2003] (WC2003) which was based on data derived from 127 

beds of heterogeneous sediment. The transport capacity is expressed by 128 

כݍ = ɔට݃(ߩ௦/ߩ௪ െ 1)݀ଷ                                                                   (5) 

where   129 ɔ = ߠ)8 െ ,)ଵ.ହ for MPM; 130 ɔߠ = ଵ.ହߠ13 exp൫െ0.05/ߠଵ.ହ൯ for Cheng;  131 

ɔ = ቐ0.002(ߠ/ߠ).ହ       ߠ/ߠ < 1.35 

14 ൬1െ .଼ଽସඥఏ/ఏೝ൰ସ.ହ
ߠ/ߠ      1.35 

 for WC2003; 132 

where, ș i is the dimensionless bed shear stress of i th fraction; șcri is critical dimensionless bed 133 

shear stress of i th fraction; șri is the reference dimensionless bed shear stress defined by 134 

Wilcock and Crowe [2003] as  135 

ߠ = ,ௗହߠ ൬ ݀݀ହ൰ ;  

,ௗହߠ = 0.021 + 0.015݁ିଶி;  

ܾ =
.ଵାୣ୶୮ቀଵ.ହି ఱబቁ                                                             (6) 136 
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where F is the proportion of sediment in surface size distribution. To calculate the local bed shear 137 

stress, this study adopts the approach based on the quadratic stress law. 138 

࢈࣎ =  (7)                                                                              ܄|܄|ௗܥߩ

where Cd=g/C2, is a drag coefficient; the Chezy number (C) was determined using the Chezy 139 

and Nikuradse’s function as, 140 

ܥ = 18 log ൬ͳʹ݄݇௦ ൰                                                                        (8) 

where ks is the Nikuradse’s roughness height. 141 

The morphological evolution is performed per grid cell at each time step to update the new bed 142 

elevation based on the results from Eq.(1) and Eq.(4). The governing equation is expressed as: 143 

 
ݐ߲ݖ߲ =

1

1െ ݍ)ቈ െ ܮ(כݍܨ  ே
ୀଵ                                                          (9) 

where N is the number of sediment fractions.   144 

2.2. Formulation of secondary flow 145 

The depth-averaged turbulent stresses are determined by the Boussinesq approximation which 146 

has been widely used in the past (e.g. [Abad et al., 2008; Begnudelli et al., 2010; Wu, 2004]). 147 

Many studies have reported that the effects of a secondary flow can be well formulated through 148 

including dispersion terms in the governing equations of the 2D flow model [Begnudelli et al., 149 

2010; Duan and Nanda, 2006; Lane, 1998; Song et al., 2012]. The dispersion terms are 150 

generally delivered from the difference of the depth-averaged velocity and the vertical varying 151 

velocity. They are expressed as: 152 

௫௫ܦ =
1݄න െ(ݖ)ݑ] ଶ௭బା௭బ[ݑ  (10ܽ)                                                          ݖ݀

௫௬ܦ = ௬௫ܦ =
1݄න െ(ݖ)ݑ] െ(ݖ)ݒ] [ݑ [ݒ

௭బା௭బ  (10ܾ)                                          ݖ݀

௬௬ܦ =
1݄න െ(ݖ)ݒ] ଶ௭బା௭బ[ݒ  (10ܿ)                                                          ݖ݀

https://www.researchgate.net/publication/222552293_Two-Dimensional_Depth-Averaged_Model_Simulation_of_Suspended_Sediment_Concentration_Distribution_in_a_Groyne_Field?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/229743721_Hydraulic_modeling_in_hydrology_and_geomorphology_A_review_of_high_resolution_approaches?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
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where z0 is the zero velocity level; u(z), v(z) represents the x and y components of the vertically 153 

varying velocity respectively, u, v are the depth-averaged flow velocity in x and y direction 154 

respectively. To calculate the vertical varying velocity both in the streamwise and transverse 155 

directions, a number of approaches have been proposed (e.g. [De Vriend, 1977; Guymer, 1998; 156 

Odgaard, 1986; Wu et al., 2005]). This study employed Odgaard’s equation because of its 157 

robustness and simplicity. De Vriend’s equation was also used to verify the difference caused by 158 

the choice of the different formulations for the vertical streamwise and transverse velocity. 159 

Odgaard’s equation was proposed based on the linear transverse velocity profiles over the 160 

depth. The longitudinal and transverse velocities are given as [Odgaard, 1986]:  161 

(ݖ)ݑ = ܷ݉ + 1݉  ଵ/                                                              (11ܽ)ߦ

(ݖ)௧ݑ = ௦ݒ2 ൬ߦ െ 1

2
൰ , ௦ݒ  = ܷ 2݉ + 1

ଶ݉ߢ2 ݎ݄                                                 (11ܾ) 

where u l(z), u t(z) are the longitudinal and transverse velocity components in the streamline 162 

coordinates, respectively; U is the depth-averaged longitudinal velocity; m = țC/g0.5 and ț = 0.41 163 

is von Karman’s constant; vs represents the transverse velocity at the free surface; ȟ = (z-z0)/h is 164 

dimensionless distance from the bed; rc is the radius of channel curvature which can be 165 

measured from the outside of the bankfull channel to the intersection point of two lines that 166 

perpendicularly bisect the tangent lines of each curve departure point. In real-world cases, it can 167 

be measured based on the GIS base map. For a channel with multiple bends, similar measured 168 

method can be adopted. Following the study [Begnudelli et al., 2010], integration of Eqs. (10) 169 

using the velocity profiles Eq. (11) yields: 170 

ܦ =
ܷଶ݉(2 +݉)

; ௧ܦ  = ௧ܦ =
௦ݒܷ

1 + 2݉ ; ௧௧ܦ  =
௦ଶݒ
3

                                       (12) 

For de Vriend’s equation, the velocity distribution over the depth was derived by adopting a 171 

perturbation method. The depth-averaged method was used to simplify the 3D curved channel 172 

problems into 2D problems, which gave reasonable predictions of velocity and depth. Afterwards, 173 

the model has been widely applied [Lien et al., 1999; Song et al., 2012]. Following [Lien et al., 174 

1999], the dispersion terms are written in the streamline coordinates as: 175 

https://www.researchgate.net/publication/241060633_A_depth-averaged_2-D_model_for_flow_sediment_transport_and_bed_topography_in_curved_channels_with_riparian_vegetation?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/44226250_A_Mathematical_Model_Of_Steady_Flow_In_Curved_Shallow_Channels?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/238180269_Longitudinal_dispersion_in_sinuous_channel_with_changes_in_shape_J_Hydraul_Eng_ASCE?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/239389047_Meander_Flow_Model_I_Development?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/258605888_Analysis_of_secondary_current_effect_in_the_modeling_of_shallow_flow_in_open_channels?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
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ܦ =
ܷଶ݉ଶ ; ௧ܦ  = ௧ܦ =

ܷܸ݉ଶ +
݄ܷଶݎߢଶ ௧௧ܦ ;1ܨܨ =

ܸଶ݉ଶ +
ଶߢݎܸܷ݄ʹ 1ܨܨ +

݄ଶܷଶݎଶߢସ  (13)                  2ܨܨ

where V are the depth-averaged transverse velocity in the streamline coordinates, respectively; 176 

1ܨܨ = න (1 + ln (ߦ ௦݂(ߦ)݀ߦଵ
 ; 2ܨܨ  = න ௦݂ଶ(ߦ)݀ߦଵ

  

݂(ߦ) = 1 +
ଵ (1 + ln (ߦ)௦݂  ;(ߦ = (ߦ)ଵܨ2 +

ଵܨଶ(ߦ) െ 2 ቀ1െ ଵቁ ݂(ߦ) 177 

(ߦ)ଵܨ =  ୪୬ కకିଵ݀ߦଵ (ߦ)ଶܨ ; =  ୪୬మ కకିଵ ଵߦ݀  178 

Defining the angle of the depth-averaged velocity vector measured counter-clockwise from 179 

the x direction as ĳ, the dispersion terms (Eq. 12 and Eq. 13) in the curvilinear coordinates 180 

can then be converted to the Cartesian coordinate system by: 181 

ܦ௫௫ ௬௫ܦ௫௬ܦ ௬௬൨ܦ = (߮)ۻ ܦ ௧ܦ௧ܦ   (߮)ࢀۻ௧௧൨ܦ

where ۻ(߮) = cos߮ െ sin߮
sin߮ cos߮ ൨, such that 182 

௫௫ܦ = ܦ cosଶ߮ െ ௧ܦ2 sin߮ cos߮ + ௧௧ܦ sinଶ߮ ௫௬ܦ (14ܽ)                                         = ܦ) െ (௧௧ܦ sin߮ cos߮ + ௧(cosଶ߮ܦ െ sinଶ߮)                                     (14ܾ) ܦ௬௬ = ܦ sinଶ߮ + ௧ܦ2 sin߮ cos߮ + ௧௧ܦ cosଶ߮                                         (14ܿ) 

Eqs.(14a-c) are formulated for the effect of secondary flow which is included in the governing 183 

equations of the  flow model. 184 

2.3. Numerical solution 185 

The model (Eqs. (1), (4) and (9)) is solved numerically by a well-balanced Godunov-type finite 186 

volume method (FVM) based on Cartesian coordinates and details can be found by referring to 187 

the previous publications [Guan et al., 2013; 2014]. The homogenous flux approach was used to 188 

address the bed slope source term treatment and wetting/drying. To update the variables in each 189 

cell, the following equation is used. 190 

,ାଵ܃ = ,܃ െ ο௧ο௫ ൫۳,כ െ ۳෨,כ ൯ െ ο௧ο௬ ൫۴,כ െ ۴෨,כ ൯+ ο܁ݐ,                                     (15)  191 

https://www.researchgate.net/publication/259184956_A_robust_2D_shallow_water_model_for_solving_flow_over_complex_topography_using_Homogenous_flux_method?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
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where the vector ۳,כ = ۳ାଵ/ଶ,כ െ ۳ିଵ/ଶ,כ , ۴,כ = ۴,ାଵ/ଶכ െ ۴,ିଵ/ଶכ  are the difference of the fluxes 192 

at the left and right interfaces of the cell (i, j) in the x and y direction; ۳෨,כ and ۴෨,כ  represents the 193 

flux difference of turbulent and dispersion stresses at the left and right interfaces of the cell (i, j) 194 

in the x and y direction; ǻt, ǻx, ǻy are the time step, cell size in the x and y direction, 195 

respectively. To calculate the inter-cell numerical fluxes of the flow model, a weighted average 196 

flux (WAF) of total variation diminishing (TVD) method is employed with a flux limiter function. 197 

The TVD-WAF scheme is second-order accurate in space and time by solving the conventional 198 

Riemann problem associated with the first-order Godunov scheme. A detailed description can be 199 

found in [Guan et al., 2013]. Similar to updating the hydrodynamic variables, the sediment 200 

concentration is updated at the same cell and time step based on the sediment inter-cell flux C* 201 

as follows, 202 

ܿ,௧ା௱௧ = ܿ,௧ െ ߙ ο௧ο௫ ൬ܿାభమ,כ െ ܿିభమ,כ ൰+
ο௧ο௬ ൬ܿ,ାభమכ െ ܿ,ିభమכ ൰൨+ οܵݐ(,)                       (16)  203 

where t represents the time; Sc is the source term shown in the right hand side of Eq.(4). The 204 

sediment flux C* is calculated using the following equation,  205 

כ۱ = +ଓറ)כܿ ଔറ) = ൜(۳כ |ଵଓറ+ ۴כ |ଵଔറ)ܿ   ܵכ  0

(۳כ |ଵଓറ+ ۴כ |ଵଔറ)ܿ   ܵכ < 0
                                            (17) 

where c l and cr are the volumetric sediment concentration at the left and right cells; ۳כ |ଵ,۴כ |ଵ 206 

represent the first component of the flow intercell flux calculated by the TVD-WAF scheme in the 207 

x and y directions, respectively; S* denotes the middle wave speed calculated by using equation 208 

recommended by [Toro, 2001]. A variable time step ǻt, adapted to local flow conditions, is 209 

calculated at each time step based on a fixed courant number (CFL=0.6 here) for stability.  210 

3. Study site 211 

The study domain is a short reach of River Greta which is located in Keswick (UK) (Fig.1a). The 212 

river reach is approximately 160 m long and the channel width varies from 10 m to 40 m. Field 213 

evidence showed that morphological changes occurred at the sharp bend during flood periods. 214 

Thus, the in-channel deposited sediments have to be dredged regularly. Field surveys at 16 215 

cross sections (Fig.1a) were conducted before and after a flooding year by the Environment 216 

https://www.researchgate.net/publication/240238964_Shock_Capturing_Methods_for_Free_Surface_Shallow_Flows_Wiley_and_Sons?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/259184956_A_robust_2D_shallow_water_model_for_solving_flow_over_complex_topography_using_Homogenous_flux_method?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
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Agency. The scarce field dataset was exploited to validate the capability of the developed 2D 217 

model in modelling bar formation at the natural bend. Digital Terrain Models (DTMs) with 1m×1m 218 

resolution were constructed based on the measured raw point data from August 2005 and July 219 

2006 to represent the bed terrain before and after the flooding period 2005-2006. The 220 

hydrograph data with a 15 minutes interval was measured in the Low Briery station, upstream of 221 

the study site from January 2005 to July 2006 (Fig.1c). It is shown that most of the time the flow 222 

discharge is smaller than 30m3/s. Field evidence demonstrates that the geomorphological 223 

changes induced by low flows are insignificant. Thus this study only focuses on the flood events 224 

greater than a threshold to save computational time. Both 30m3/s and 40m3/s were used as the 225 

threshold to test model sensitivity to this value.  226 

According to the field observation, the riverbed is composed of a wide range of sediment 227 

particles including gravel and boulder. It was estimated as being composed of multiple groups of 228 

sediments with the diameters of 0.02 m (30%), 0.04 m (40%), and 0.06 m (30%). To explore the 229 

importance of grain-size parameterisation, a single constant value 0.03 m was also used in R8 230 

(Table 1). As the estimation of curvature radius in reality may have some errors, two scenarios 231 

with the radius of 60 m and 80 m were modelled in order to explore its sensitivity. Table 1 shows 232 

the setup of each runs. Therein, H1 denotes the flows greater than 40m3/s; H2 denotes the flows 233 

greater than 30m3/s. The model sensitivity to the inflow discharges was evaluated and the result 234 

implies that the recorded flows lower than 40 m3/s only have  an insignificant contribution to bed 235 

aggradation and degradation. Thus, the inflow over 40 m3/s is sufficient for the application case.  236 

 237 

4. Results 238 

4.1. Model validation in flume cases 239 

In this section, two flume cases are tested to verify the capability of the model in simulating 240 

flow dynamics [De Vriend and Koch, 1978] and bed changes [Odgaard and Bergs, 1988].  241 

https://www.researchgate.net/publication/281685466_Flow_of_water_in_a_curved_channel_with_a_fixed_uneven_bed?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
https://www.researchgate.net/publication/252967616_Flow_processes_in_a_curved_alluvial_channel?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
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4.1.1 De Vriend and Koch (1978) 242 

This experiment was conducted by De Vriend and Koch [1978] to investigate the steady flow of 243 

water in a curved flume where the bed configuration was set as expected in a natural river bend. 244 

The flume consists of a 38 m straight section followed by a 90° bend with a radius of curvature of 245 

50 m (Fig.2a). In the straight reach (entrance to B0), the channel was prismatic, with a parabolic 246 

cross section and a zero longitudinal slope. From B0 to C0, the bed is changed from a parabolic 247 

cross section to a cross section with a point bar near the inner wall and a deeper channel near 248 

the outer wall. Then cross-sections from C1 to E0 are the same as C0, with a longitudinal slope 249 

of 0.0003. The flume width was 6 m. More details about the experiment can be found in De 250 

Vriend and Koch [1978]. 251 

For simulation, the flume is discretised by rectangular meshes with a size 0.2 m × 0.2 m. A fixed 252 

Courant number of 0.6 is used. Following the experiment, the bed is fixed uneven bed, and the 253 

Nikuradse roughness height k is equal to 0.001 m. The scenario with an input discharge of 0.463 254 

m3/s was modelled. The flow depth at the upstream boundary of the channel was kept constant 255 

0.26 m (yielding average velocity of about 0.4 m/s). Clearly, Fig.2(b, c, d) indicates that the 256 

velocity near the outer bank increase and it decreases near the inner bank due to the secondary 257 

flow correction. At B1, the Root Mean Squared Error (RMSE) for the two scenarios shows slightly 258 

difference, but RMSE with the secondary flow correction clearly becomes smaller at C1 and D1 259 

which is located at the middle of the bend. This means that the model with an inclusion of 260 

secondary flow terms improves the predication of velocity profiles at the bend. Overall, the 261 

simulated velocities are in good agreement with the measured results. This case verifies the 262 

capability the model in simulating velocities at a bend.    263 

4.1.2 Odgaard and Bergs (1988) 264 

The experiment was performed in an 180o curved flume in the Iowa Institute of Hydraulic 265 

Research by [Odgaard and Bergs, 1988], and the bed geometry and sediment material was 266 

described below: two 20 m long straight reaches were connected by a 180 bend with 13.11 m 267 

radius, and the cross-section was trapezoidal and vertical side walls with 2.44 m wide; the 268 

https://www.researchgate.net/publication/252967616_Flow_processes_in_a_curved_alluvial_channel?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
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channel was initially covered by sand with a 0.23 m thick layer and median diameter of 0.3 mm. 269 

Flow conditions include: the discharge was 0.153 m3/s at upstream inlet, water level at the outlet 270 

is 0.38 m above the channel bottom, and the centreline average flow depth and velocity are 0.15 271 

m and 0.45 m/s, respectively. More details about the experiment can be found in Odgaard and 272 

Bergs [1988].  273 

For simulation, the flume is discretised by uniform meshes with a size of 0.04 m × 0.04 m. Fixed 274 

courant number of 0.6 is used. The Darcy frictional factor f=0.067 is used following Odgaard and 275 

Bergs [1988]. The model is run until flow and sediment reaches a steady state.  Following 276 

Bohorquez and Ancey (2016), we evaluated the model’s performance using the Root Mean 277 

Squared Error (RMSE) and the Brier Skill Score (BSS) as: 278 

ܵܵܤ = 1െ σ ௦ݖ) െ ௨)ଶேଵσݖ ൫ݖ௦ െ ,௧ୀ௦ݖ ൯ଶேଵ                                                       (18) 

where superscripts num and mes refer to numerical and measured bed elevation, respectively, 279 

and N is the total number of point data. Eq. (18) compares errors in the model outputs with a 280 

reference “prediction”, assumed to be the initial bed level [Abderrezzak and Paquier, 2009]. Fig.3 281 

demonstrates the measured and simulated bed profiles with RMSE and BSS at four cross-282 

sections. It is clear that the model with secondary flow effects predicts the changes in the bend 283 

reasonably well. At the cross-section of ș=45o, BSS reaches 0.963, which demonstrates an 284 

excellent fit. BSS at the other three cross-sections is in a range of 0.4 to 0.6, which means a 285 

fairly good agreement between modelled and measured results. Overall, the bed profiles are well 286 

predicted with a common feature, which is that the bed at outer bank is eroded and deposition 287 

occurs at the inner bank.  This test case indicates that our model can predict bed deformation in 288 

a flume bend reasonably well.  289 

4.2. Application to a natural bend of River Greta 290 

4.2.1 Effect of a secondary flow on hydrodynamics 291 

Fig.4a demonstrates a reasonable predication of the model in modelling water stage at the outlet. 292 

The velocity profiles in Fig.4 (b-e) have clearly shown that the secondary flow correction lead to 293 

https://www.researchgate.net/publication/258367117_One-Dimensional_Numerical_Modeling_of_Sediment_Transport_and_Bed_Deformation_in_Open_Channels?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
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the velocity increase at the outer bank and decrease at the inner bank. The higher velocity 294 

occurs near the outer bank around the bend (e.g. at cs2-2, cs3-3 and cs4-4). Quantitatively, the 295 

change in the value of the peak velocity is rather insignificant. The peak velocity is only 296 

decreased by 1% - 5% at the four cross-sections. However, it is clear that the velocity is re-297 

distributed due to the presence of the secondary flow effect. This must lead to the redistribution 298 

of bed shear stress at the bend which is a fundamental driver of morphological change. Fig.4f 299 

indicates that the bed shear stress around the bend (0-16 N/m2) is clearly smaller than that at 300 

both upstream and downstream locations where the high value is in a range of 24-36 N/m2. It is 301 

shown that the bed shear stress with a secondary flow correction is slightly smaller around the 302 

bend and at the upstream of the bend; also, the bed shear stress at the outer bank increases 303 

from 8-12 N/m2 to 12-16 N/m2, and it decreases from 8-12 N/m2 to 4-8 N/m2 at the inner bank. 304 

4.2.2 Effect of a secondary flow on morphodynamics 305 

The effect of a secondary flow on hydrodynamics must lead to the modification of post-flood bed 306 

deformation because all the sediment-related formulations are calculated based on the 307 

hydrodynamics, e.g. bed shear stress, sediment transport rate and capacity. To verify the effect 308 

of a secondary flow correction on morphological changes, the results of R1, R2, R3, and R9 309 

(Table 1) are demonstrated in Fig.5. It indicates that without the secondary flow effect (R1), the 310 

deposition mainly occurs in two regions: the outer bank toe and the inner bank at the 311 

downstream of the bend. The deposition in both regions appears to be equally significant. This 312 

contradicts with the common understanding on alluvial processes at a bend. For the specific 313 

event here, the velocity and the bed shear stress are reduced at the bend due to the widening of 314 

the channel. This seems be a reason that results in the deposition at the outer bank toe. 315 

However, with the secondary flow effect, R2, R3 and R9 predicts a bar formation with a larger 316 

size at the inner bank, and the deposition at the outer bank toe is notably alleviated. As shown in 317 

Fig.5, the difference between R1 and R2, R3, R9 further verifies that a secondary flow correction 318 

reduces the deposition at the outer bank toe, e.g. the reduction is in a range of 0-0.45 m for R3, 319 

and increases bar formation at the inner bank (0-0.45 m for R3). Further, the bar location is 320 

approaching the bend in contrast to that for R1 without the secondary flow correction. The 321 
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difference of R2 and R3 indicates that for a smaller radius (R3: r = 60 m) which means the bend 322 

is sharper, the deposition depth and area at the outer bank toe will further become smaller, and 323 

meanwhile an increase of deposition depth occurs at the inner bank (R3-R2). With the same 324 

curvature radius, R3 and R4 adopt two different equations to calculate the secondary flow 325 

correction. Overall, both approaches improve the bar formation at the bend in comparison to R1 326 

without a secondary flow correction. However, Odgaard equation predicts a slightly larger bar, 327 

and a smaller amount of deposition at the outer bank toe than deVriend equation. It should be 328 

noted that the differences, R3-R2 and R9-R3, appear to be less significant than those between 329 

R1 and R2, R3, R9. This implies that in spite of some sensitivity, a secondary flow plays a 330 

significant role in morphological changes at the natural bend, which has also been emphasised 331 

by some studies (e.g. [Wang et al., 2014]).    332 

4.2.3 Morphological sensitivity to uncertainty variables 333 

Sediment transport formulae generally have limitations for application in reality because of their 334 

empirical derivation. The formulae of MPM, Cheng and WC2003 were used here to test the 335 

model sensitivity to the choice of this parameter. The results and comparison in Fig.6 indicates 336 

that the three formulae predict a similar bar formation at the bend in terms of both deposition 337 

pattern and location. The bar predicted by MPM and Cheng shows minor differences in a range 338 

of -0.15 m to 0.15 m. Compared to the two formulae, WC2003 predicts a relative larger bar at the 339 

bend. However, the difference is quite insignificant in comparison to bed changes. This manifests 340 

that the effects of the formula choice do not affect the deposition pattern and volume significantly. 341 

Therefore, this parameter is considered to be a less important variable deciding the bed erosion 342 

and deposition.   343 

Fig.7 indicates that R6 predicts the largest bar formation at the inner bank of the bend among 344 

R3, R5 and R6 which have a roughness height of 0.03 m, 0.04 m and 0.05 m respectively. The 345 

differences between each other clearly demonstrate that the bar size expands with the increase 346 

of roughness height, whilst the deposition area at the outer bank toe decreases, and meanwhile 347 

the erosion area becomes more severe. According to Eq.(7), the bed shear stress is altered due 348 

to the changes in roughness height. This causes a change of the quantification of the 349 

https://www.researchgate.net/publication/281594947_2D_and_3D_numerical_simulations_of_morphodynamics_structures_in_large-amplitude_meanders?el=1_x_8&enrichId=rgreq-7069430593c22f2d52e15c03171716a2-XXX&enrichSource=Y292ZXJQYWdlOzMwNTc2OTIyMjtBUzozOTA1NjM1NjEwMDA5NjJAMTQ3MDEyOTAxNzcyMw==
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aggradation and degradation within the channel. However, the roughness height alters the 350 

overall value of in-channel bed shear stress, which differs from the secondary flow effect which 351 

re-distributes the bed shear stress at the bend without significant changes in value. This is a 352 

main cause that all runs (R3, R5 and R6) with the secondary flow effect perform more reasonably 353 

in comparison to R1.   354 

To emphasise the importance of the parameterisation of sediment particles, R8 with a constant 355 

median grain-size was implemented and compared to R6 with multiple grain-sizes. Fig.8 shows 356 

that the deposition predicted by R8 significantly differ from the simulation by R6. Specifically, the 357 

constant grain parameterisation results in a much smaller bar formation at the inner bank of the 358 

bend, and meanwhile much more deposition at the outer bank toe. Also at the channel exit R8 359 

gains more erosion than R6. Both deposition areas have equivalent amount of degradation. This 360 

feature of bed changes at the bend is similar to that predicted by R1 without a secondary flow 361 

correction. This implies that grain-size parameterisation is significant for the modelled 362 

morphological changes at the bend, not only in the bar size, but also the distribution pattern of 363 

bed changes. The results show that the simulated morphodynamics are sensitive to the grain-364 

size parameterisation. Accordingly, to parameterise the spatial grain-size in a practical way is 365 

highly important for good prediction of the morphodynamics at a bend. The grain-size 366 

parameterisation is as important as the inclusion of the secondary flow effect. 367 

From the viewpoint of temporal changes in bed elevation, Fig.9 indicates that the bed changes 368 

for R4, R5, R6 and R10 have same tendency at each point. Specifically, the bed elevation 369 

increase and decrease in a synchronous manner despite the fact that the change magnitude 370 

differs from each scenario. This implies that sediment transport formula and roughness height 371 

pose more significant impact on the quantification of bend changes, but less on the 372 

characteristics of aggradation and degradation. Without the secondary flow correction, R1 shows 373 

a clear different tendency in bed changes at the four points, particularly at the point 1, point 2 and 374 

point 3, despite the fact that it predicts similar feature of bed change at initial time. Therefore, 375 

sediment transport pathway of R1 clearly differs from that of other runs with a secondary flow 376 

correction, resulting the post-flood bed elevation being much different. Regarding R8 with a 377 
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single constant grain-size (d50 = 0.03m), the temporal changes in bed elevation are also greatly 378 

different from R4-R6 and R10. For instance, the bed elevation at point 1 and point 2 does not 379 

change but remain constant after the first major flooding, i.e. sediment transport reaches an 380 

equilibrium state to the flow. It indicates that grain-size parameterisation is critical for the 381 

morphodynamics at the bend apart from the secondary flow effect. Additionally, it should be 382 

noted that the simulated bed changes by all runs have a similar tendency at the four points 383 

during the first stage of the flooding (before the vertical line in Fig.9). The differences after the 384 

line become increasingly significant.  385 

4.2.4 Comparison to the observations 386 

Field measurements of the 16 cross sections after the flooding year from 08-2005 to 07-2006 387 

were conducted. The DTM was constructed based on the field measurements in July 2006, and 388 

the deposition at the bend was generated by comparing the constructed DTMs before and after 389 

the flood period. Fig.10 demonstrates that the model with a secondary flow correction predicts 390 

the bar formation in general agreement with the measurement, including the location and pattern 391 

of the deposited bar which is located at the inner bank from cs1-1 to the exit of the channel. The 392 

simulated deposition depth is in a range of 0.0-0.69 m which has a same magnitude to the 393 

observed deposition. A comparison at four cross-sections also shows that the 2D model predicts 394 

a similar profile shape with the measurement, i.e. deposition mainly occurs at the inner bank of 395 

the bend, whereas the simulated deposition is less than the observation. This confirms that the 396 

2D depth-averaged model has the capability of predicting the bar formation at the natural bend if 397 

including a secondary flow correction. However, the simulated bar size is smaller the observed 398 

one which is approximately 0.8 times larger. It is found that net erosion is observed in reality at 399 

the circular region of the inner bank which is different from the modelled bed. Also, at cs5-5 the 400 

model predicts severe erosion (0.44 m) at the outer bank toe of the bend, where no erosion is 401 

observed during field measurement. The differences are attributed to a number of reasons which 402 

will be discussed below.  403 
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5. Discussion 404 

5.1. Field measurements 405 

It is always difficult to obtain field measurements of river geometry after the in real-world flood 406 

events. The original dataset of channel geometry was provided by the Environment Agency, in a 407 

format of raw point data at 16 cross sections (Fig.1a). DTMs before and after the flooding period 408 

were constructed based on the raw point data in order to conduct 2D modelling. To analyse the 409 

differences of DTMs (DoD) before and after the flooding, it is found that the total erosion volume 410 

is approximately 888 m3 during the flooding year, while the total deposition volume of sediment 411 

reaches about 955 m3, which is 67 m3 larger than the erosion volume. In general, the deposited 412 

sediment comes from the local eroded sediment provided that there are no extra sediment 413 

sources. Therefore, it is likely that there is upstream sediment flux entering the studied reach. 414 

However, it is difficult to estimate this sediment flux. Moreover, Fig. 10 demonstrates a wide 415 

extent of bed erosion in the circular area, but nearly no erosion in the main channel near the 416 

outer bank. The distribution of bed shear stress shows that this area has a lower bed shear 417 

stress than surrounding area, and the main channel has a higher bed shear stress than the two 418 

sides of the channel. The observed erosion in this area seems not to be caused by the flooding, 419 

but very likely by a sudden avalanching naturally or human interventions because the time 420 

interval of the measurement is nearly one year. Therefore, we consider that the 2D model can 421 

predict the bar formation reasonably well because: (1) the time scale between the measurement 422 

and the simulation is different, the time interval between the two DEMs before and after the flood 423 

is 1 year, yet the simulation time is only 60 h flooding, so there must be extra interventions on the 424 

bed; (2) sediment flux from upstream is unable to be well quantified; (3) accurate 425 

parameterisation of sediment transport cannot be performed yet, such as sediment composition, 426 

viscosity, as well as sediment transport capacity.  427 

5.2. Physical complexity to model morphological changes at a bend 428 

This paper developed a depth-averaged 2D hydro-morphodynamic model with a secondary flow 429 

correction which is validated in two small-scale experiments. The model was applied to model 430 
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bar formation at a natural bend based on annual field survey data. Not only the secondary flow 431 

effect, but also a number of parameters were evaluated in order to explore the importance of 432 

each on morphodynamics in the curved channel.  433 

For hydrodynamics, similar to the findings by the existing studies [Lien et al., 1999; Song et al., 434 

2012], a secondary flow correction increases the velocity at the outer bank, but decreases it at 435 

the inner bank, leading to a higher velocity near the outer bank of the bend. The re-distribution of 436 

the velocity field further causes a change of bed shear stress in distribution which drives the bed 437 

change pattern to be changed. The above comparison among R1, R2, R3 and R9 indicates that 438 

a secondary flow correction plays a vital role in terms of both distribution and quantification of 439 

bed aggradation and degradation at the bend. For the scenario without secondary flow effects, it 440 

is unlikely to predict a reasonable bar formulation. The deposition at the outer bank toe appears 441 

to be equally significant to the deposition at the inner bank area. The inclusion of a secondary 442 

flow correction dramatically improves the prediction of bar formation which is in general 443 

agreement to field survey date despite the fact that the bar size and the deposition at the outer 444 

bank toe are affected by a number of parameters. It has been reported that sediment-related 445 

parameters are crucial factors affecting sediment transport and thereby morphological changes. 446 

This raises a question that how important these parameters are in comparison to the secondary 447 

flow effect.  448 

Although sediment transport formulae are regarded as having poor accuracy, the above results 449 

manifest that empirical-based sediment transport formulae do not result in huge difference to the 450 

modelled bed changes. MPM, Cheng and WC2003 predict highly similar bar pattern, but slightly 451 

different bar size. This does not imply that the three functions are accurate because the empirical 452 

formulae always have limitations in application. This indicates that sediment transport functions 453 

likely affects the quantification of bed changes, but the feature of erosion and deposition is hardly 454 

influenced. Therefore, the importance of this variable is much less than the secondary flow 455 

effects. The impact of roughness height is to increase or decrease the flow velocity and water 456 

depth with an equal magnitude in the whole area, resulting in an overall change in bed shear 457 

stress, but not influencing the distribution feature at the bend. Thus, R3, R5, and R6 with different 458 
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roughness height predict morphological changes with a similar feature but different bar size. 459 

Similar to sediment transport formula, roughness height cannot affect the feature of bed 460 

changes, but determine how much sediment is eroded and deposited. However, it is found that 461 

the parameterisation of grain-size has significant effects on the volume and location of bed 462 

changes at the bend. Provided that the representative size of sediment materials within channel 463 

is properly parameterised, it is likely that the model even with secondary flow effects cannot 464 

reasonably predict morphodynamics at a natural bend (e.g. the simulated bed changes by R9). 465 

The fundamental reason is that grain-size parameterisation has direct impact on a number of 466 

factors, such as settling velocity of a particle, threshold of incipient motion, dimensionless bed 467 

shear stress, and sediment transport capacity. The change in each factor can lead to a 468 

modification of bed erosion and deposition. For a bed constituted by a wide range of grain-sizes, 469 

a single constant grain-size apparently misrepresents the real situation, which will lead to two 470 

bars at the bend (R8). The bar at the outer bank was significantly over-predicted in comparison 471 

to the observed deposition (Fig.10b). Thus, it is crucial to parameterise grain-sizes spatially 472 

varying to model morphological changes at a natural curved channel. This factor is equally 473 

important with a secondary flow correction. Moreover, this study found that bed changes have a 474 

similar feature in spite of the difference in depth at the rising climb of the first flood which has the 475 

highest peak (128 m3/s) (Fig.9). This denotes that a rapid flood can induce a rapid bed response, 476 

where the main flow is more dominant than the secondary flow effect. Thus during this period, 477 

the secondary flow seems not to have significant impact on bed changes. In the sequent flood 478 

with smaller discharge, secondary flow effects appear to be increasingly important on modifying 479 

the distribution of bed erosion and deposition.   480 

Whether a 2D model can simulate hydrodynamics and morphodynamics in a curved channel has 481 

been controversial. Some studies [Alho and Mäkinen, 2010; Kasvi et al., 2015; Lane et al., 1999] 482 

reported that a 2D model could predict the bed deformations reasonably well in a curved channel 483 

event without the inclusion of a secondary flow correction due to the major role of main flows. 484 

However, it is argued by [Kasvi et al., 2013] that the morphodynamics at the inner bank cannot 485 

be predicted by a 2D model with a secondary flow correction. In contrast, the study presented 486 
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here clearly demonstrates that at a natural bend where secondary flow plays an important role, a 487 

2D model is capable of predicting the morphodynamics ahead, however it is required that the 2D 488 

model calculates the secondary flow effect and reasonably parameterises varying grain-size. The 489 

secondary flow effect has a first priority importance in comparison to other parameters. The well-490 

known factors such as sediment transport formula and roughness height influences the 491 

quantification of bed changes but do not alter the feature of morphological changes at the bend. 492 

Therefore, the choice of the factors is considered to have less priority during model 493 

parameterisation.      494 

6. Conclusion 495 

This study developed a depth-averaged 2D non-equilibrium sediment transport model with an 496 

inclusion of a secondary flow correction, and the model was tested in two small-scale 497 

experiments and a one-year morphodynamic event at a natural bend. A number of parameters 498 

potentially influencing the bar formation at the natural bend were evaluated through a series of 499 

simulations. Specific conclusions can be drawn:  500 

• The 2D non-equilibrium sediment transport model is capable of predicting hydraulics and 501 

bed changes at laboratory-scale reasonably well. 502 

• Secondary flow correction terms in a 2D model affect bend hydraulics, and thereby also 503 

bar formation. Thus the treatment of these terms should be given a priority during 504 

morphdynamic modelling at a bend. The turbulent terms are also important for curved 505 

channel (Begnudelli et al., 2010).  506 

• Results indicate that grain-size parameterisation has the most significant effects on 507 

morphological changes, both in terms of bar size and pattern. Distributed and non-508 

uniform grain parameterisation is vital for accurate prediction. 509 

• The feature of bed changes is hardly affected by choice of sediment transport formulae, 510 

thus we consider it has a lower priority during simulation.   511 
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• The roughness parameters have an impact on bed shear stress of a similar order of 512 

magnitude within the whole area. This leads to changing bar size but not bar distribution 513 

at a bend.  514 

• A depth-averaged 2D model could be used with some confidence for modelling channel 515 

hydraulics and morphology at a natural bend provided that secondary flow features are 516 

corrected and grain size parameterisation are undertaken. Considering the advantages of 517 

2D models in saving computational time compared to 3D models, 2D models would be 518 

provide sufficiently reliable simulation of morphodynamics at a natural bend.  519 

• The annual bar formations at the natural bend were predicted reasonably well by the 2D 520 

model described. This further indicates the capability of 2D models for simulating 521 

morphodynamics at a natural-scale bend.   522 
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Figure captions 645 

Fig. 1. (a) The study reach with the 16 cross sections, (b) the constructed DTM before flooding (1 m×1 646 

m), and (c) the inflow hydrograph recorded at the Low Briery gauge station   647 

Fig.2. (a) flume bed geometry and the location of cross sections; and the comparison of measured 648 

and simulated velocity profiles with and without secondary flow effects at 0.4 h in the (b) B1, (c) 649 

C1 and (d) D1  650 

Fig.3 Comparisons of measured and simulated bed changes as cross-sections (a) ș=45o, (b) ș=90o, 651 

(c) ș=135o, (d) ș=180o 652 

Fig.4. (a) modelled (R1) and measured water stages at the p5; (b – e) simulated velocity profiles at Q 653 

= 70 m3/s without (R1) and with (R3) the secondary flow effect at four cross-sections cs1-1, cs2-654 

2, cs3-3, and cs5-5, for each cross section, the outer bank is in the left hand side, and the inner 655 

bank is in the right hand side; (f) bed shear stress at Q = 70 m3/s without (R1) and with (R3) 656 

secondary flows. 657 

Fig.5. The simulated bed erosion and deposition around the bend of R1, R2, R3 and R9, and the 658 

difference between each other; for R1, R2, R3 and R9, negative value denotes erosion depth, 659 

positive value represents deposition.  660 

Fig.6. The simulated bed changes and the difference of R3, R4 and R10 661 

Fig.7. The simulated bed changes of R3, R5 and R6, and the difference of each other at the bend 662 

Fig.8. The simulated bed changes with multiple grain-sizes (R6) and single constant grain-size (R8), 663 

and the difference of the two runs 664 

Fig.9. Temporal changes of bed elevation for R1, R4-6, and R8 at four points around the bend 665 

Fig.10. (a) Simulated deposition (R6) and (b) measured deposition, and bed profiles at four cross-666 

sections cs1-1, cs2-2, cs3-3 and cs5-5, note: R1 and R6 represents the results without and with 667 

secondary flow correction 668 



Table 1 Setup of the modelled runs 

Run Nikuradse 
ks 

Curvature 
radius (m) 

Secondary flows Bedload formula 
inflow Grain size 

Odgaard deVriend MPM Cheng WC2003 
R1 0.03 × × × √ × × H1 multiple 
R2 0.03 80 √ × √ × × H1 multiple 
R3 0.03 60 √ × √ × × H1 multiple 
R4 0.03 60 √ × × √ × H1 multiple 
R5 0.04 60 √ × √ × × H1 multiple 
R6 0.05 60 √ × √ × × H1 multiple 
R7 0.04 60 √ × √ × × H2 multiple 
R8 0.05 60 √ × √ × × H1 single 
R9 0.03 60 × √ × × × H1 multiple 

R10 0.03 60 √ × √ × √ H1 multiple 
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