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Abstract  49 

The Bow River’s 2013 flood was the costliest natural disaster in the City of Calgary’s 50 

history. Flood-induced bar growth and subsequent riparian vegetation colonization at 51 

many locations has constricted the river channel, which increases flood risk. Although 52 

bar removal has been widely employed as a flood mitigation strategy, its effectiveness 53 

and associated impacts are still uncertain. This study employs Delft3D to develop a 54 

two-dimensional (2D) morphodynamic model in order to evaluate the impacts of a 55 

conventional plan of bar removal and a novel plan of bar realignment in terms of flood 56 

mitigation, aquatic habitat protection and river recreation realization. A hydrodynamic 57 

model was firstly developed and calibrated using post-flood spatially distributed 58 

velocimetry data. A morphodynamic model was then developed and validated using 59 

post-flood bed elevation survey data. Then, the future channel response and flood peak 60 

levels using different bar management plans were modelled and compared. Results 61 

show that appropriate bar realignment can protect aquatic habitat and provide river 62 

recreation opportunities while bar removal performs the better in terms of lowering the 63 

future flood peak level. The findings indicate that manipulation on instream bars has 64 

little morphological impact to downstream reach and creating a less obstructed channel 65 

is the fundamental strategy in flood mitigation. 66 
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1 Introduction 83 

In river morphology, bars are elevated sandy or gravelly bedforms in river channels that 84 

are usually exposed at normal water level while submerged at high water level (i.e. 85 

floods). Bars are one of the most common geophysical features in fluvial systems. 86 

Based on the different regions of bar formation, bars can be classified as mid-channel 87 

bars, bank-attached bars, and river mouth bars (Church 1992), and based on sediment 88 

size, as gravel bars or sand bars. Fundamentally, bars form at the places where sediment 89 

supply rate is higher than the sediment transport capacity of the flow.  90 

In gravel-bed rivers, bars are likely to be created and grow during floods due to the 91 

excessive amount of bedload carried by floodwater (Mat Salleh & Ariffin, 2013; 92 

Parsapour-Moghaddam et al., 2019b; Wintenberger et al., 2015). After floods, those 93 

flood-induced gravel bars become stabilized due to the drop of flow velocity. 94 

Subsequent riparian vegetation colonization on the exposed bar surface can further 95 

stabilize the bars (Rood et al., 2019). Gravel bar formation is part of a rivers natural 96 

migration process and provides important habitat for benthic invertebrates, waterbirds, 97 

and fish species such as salmon and trout (Church et al.,2000; Kondolf & Wolman, 98 

1993; Miller et al., 1983; Rempel et al., 2012; Zeng et al., 2015). However, when bars 99 

form on managed rivers, they may block the channel, cause navigation difficulties, and 100 

pose future flood risks to riverine societies (Petit et al., 1996). The flood risk can 101 

increase when riparian vegetation colonization on the bar surface induces additional 102 

resistance to the flow, thus cause sediment aggregation around the bar during the next 103 

flood event (Church et al., 2001; Rood et al., 2019), resulting in a “vicious circle” of 104 

bar and vegetation growth.  105 

Since the late 19th century, instream gravel extraction and bar removal has been widely 106 

applied as a cost-effective way to supply aggregate to the construction industry as well 107 

as mitigate flood risks and ensure channel navigation (Church et al., 2001; Kondolf, 108 

1997; Sear & Archer, 1998; Wishart et al., 2008). However, gravel removal may 109 

generate a deficit in the active fluvial sediment balance, such that the flow becomes 110 

sediment-starved (Kondolf, 1997), resulting in consequences such as channel incision, 111 

bed coarsening, undermining of structures, and destruction of aquatic habitat (e.g. 112 

Brown et al., 1998; Collins & Dunne, 1989, 1990; Pauley et al., 1989; Petit et al., 1996; 113 

Sear & Archer, 1998; Surian, 1999; Kori & Mathada, 2012). A field study done by 114 

Wishart et al. (2008) suggested that removing sediment from vegetated bars (indicative 115 

of long-term storage) is considered to be less likely to generate a deficit in the active 116 

fluvial sediment balance and possibly a safe method to mitigate flood risk, yet not 117 

proven. 118 

Bar realignment could be an alternative bar management plan as opposed to bar removal. 119 

Bar realignment refers to the modification of the layout of instream bars within the 120 

channel without significantly changing the total volume of bars. Theoretically, bar 121 

realignment could have the following advantages compared with bar removal:  122 

 Bar realignment can preserve the volume of instream bars, which brings no 123 

disturbance to the reach-scale sediment budget. Thus, it is reasonable to speculate 124 

that appropriate bar realignment is less likely to cause downstream incision 125 

compared to bar removal; 126 

 By realigning instream bars, the local flow field and sediment transport patterns 127 

will be altered. This alteration could result in a favorable condition in terms of 128 

inhibiting future bar growth and channel stabilization, and possibly, lowering the 129 
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future flood level; 130 

 Appropriate bar realignment has the potential to increase the diversity of river flow 131 

& channel bed conditions. This diversity can potentially provide an ideal condition 132 

for new habitat as well as the realization of river recreation (e.g. swimming, surfing, 133 

kayaking, etc.);  134 

However, to the best of the authors’ knowledge, the practice of bar realignment has not 135 

been addressed in the literature and is therefore unproven. In summary, there are still 136 

research gaps and also opportunities in the evaluation of instream gravel management 137 

in terms of flood mitigation, morphology, aquatic/riparian habitat, and recreation. 138 

Morphodynamic modelling could be an efficient tool to study those impacts of instream 139 

gravel management. Once properly calibrated and validated, morphodynamic 140 

modelling has the potential to predict future consequences of different gravel 141 

management plans under different flow conditions. Nonetheless, the morphodynamic 142 

studies on gravel management are extremely scarce (e.g. Li et al., 2008; Parsapour-143 

Moghaddam et al., 2019b; Yuill et al., 2016) and preliminary: first, those models are 144 

not properly calibrated/validated due to the lack of reliable field data. In addition, those 145 

models have very limited ability to evaluate downstream channel response due to gravel 146 

management. In summary, the powerful tool of morphodynamic modelling hasn’t been 147 

fully exploited in the field of instream gravel management.  148 

The objective of this study is to evaluate the performance of three instream gravel bar 149 

management plans in Bow River, Calgary in terms of morphological impacts, future 150 

flood risks, aquatic habitat protection, and possible river recreation use through 151 

morphodynamic modelling.  152 

The major novelty of this study is that we propose a new instream bar management 153 

strategy of bar realignment and demonstrate its promising applications in river 154 

engineering. This study demonstrates that manipulations on long-term vegetated gravel 155 

bars have little morphological impacts to downstream areas, which fills a research gap 156 

in instream bar management. This study also implies that a more efficient strategy in 157 

fluvial flood mitigation is to create a uniform, less obstructed river bed, compared to 158 

river bed widening or lowering. 159 

This study was carried out using the Delft3D platform. A hydrodynamic model was 160 

first developed and calibrated against existing velocimetry data. Then, a 161 

morphodynamic model was developed to simulate a large flood event and validated 162 

against the post-flood bathymetric survey data. Afterwards, three bar management 163 

plans: “do nothing”, “bar removal”, and “bar realignment” were implemented 164 

respectively by altering the river bed DEM (Digital Elevation Model). Following that, 165 

future performances of those plans were evaluated numerically and compared in terms 166 

of flood peak levels as well as morphological impacts.  167 

2. Study area and data 168 

The Bow River, located in southern Alberta, Canada, originates from Canadian Rocky 169 

Mountains and ends at the confluence with the Oldman River (Figure 1a & 1b). It has 170 

a length of approximately 645 km. It flows through three geographic regions: the 171 

mountains, the foothills, and the prairies (Veiga et al., 2015). The reach that passes 172 
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through the City of Calgary (will be noted as “the Calgary reach” hereafter) is situated 173 

at the geological transition region between foothills and prairies. According to the 174 

“conveyor belt” model raised by Kondolf (1994), the Calgary reach is the “zone of 175 

transport”, which is characterized by gravel-sized bed sediment, channel meandering, 176 

and distinct instream bar formation. Several upstream reservoirs have cut off gravel 177 

transport, resulting in some surface armoring in the Calgary reach.  178 

 179 

Figure 1. (a) The location of Bow River watershed in Canada. (b) The topography (courtesy of Dr. Atakan Erdem, 180 
University of Calgary) along the Bow River flow path (the blue line) and the location of the study area (the green 181 
area). (c) The model domain (the yellow polygon) and important landmarks. Background satellite image was taken 182 
in the year 2021, © Maxmar technologies, Google Image. 183 

In late June 2013, with continuous heavy rainfall and rapidly melting alpine snow, the 184 

Bow River witnessed the highest flow of the century-long records (Pomeroy et al., 185 

https://people.ucalgary.ca/~ljackson/cchung.html
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2016). The flood inundated the downtown Central Business District (CBD) of Calgary, 186 

and resulted in the evacuation of 26 communities in Calgary and a total cost of $5 billion 187 

across southern Alberta, which makes the 2013 flood one of costliest flood events in 188 

Canada’s history (Government of Alberta, 2014). The 2013 flood also produced up to 189 

100 m of bank erosion in several locations of the Bow river as well as creation or 190 

expansion of extensive, barren, gravel bars and islands (Rood et al., 2019; Slaney et al., 191 

2019). By the year of 2021, those gravel bars have been mostly vegetated, especially 192 

the largest ones that are close to the downtown CBD of Calgary: Poppy Plaza bars and 193 

10th St. Bars (Figure 1c). Those bars might pose a flood risk to the city, thus, three 194 

alternate options have been considered for their management: 195 

① “Bar removal”. Bars will be fully removed in order to reduce future flood risks; 196 

② “Do nothing”. Bars will stay in the channel in order to avoid any possible 197 

consequences brought by human intervention; 198 

③ “Bar realignment”. Bars will be realigned to new sites without changing the total 199 

volume of instream bars significantly in order to fulfill multiple needs: reduce future 200 

flood risks, restore/create aquatic habitat, minimize downstream morphological impacts, 201 

and create a river surf wave park (Surf Anywhere, 2020) near the 10th St. bar. 202 

The model domain starts from the 14 St. SW Bridge to the Center Street bar in the Bow 203 

River (See Figure 1c). The total length of this reach is about 3.3 km. The average width 204 

of this reach is about 85 m. The reasons and advantages of choosing this reach as the 205 

model domain are:  206 

 Distinct bar growth. During the 2013 flood, this reach witnessed distinct bar 207 

formation and growth (See Figure 2), which provides the basis of model validation 208 

and implementation of different bar management plans; 209 

 210 
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Figure 2. Aerial photographs of the Bow River before (Sep, 2012; Q ≈ 70 𝑚3/𝑠; sub-figure “a” & “c”) and after 211 
(Sep, 2014; Q ≈ 95 𝑚3/𝑠; sub-figure “b” & “d”) the 2013 flood for the 10th St. bar (sub-figure “a” & “b”) and the 212 
Center St. bar (sub-figure “c” & “d”). Image © Maxmar technologies, Google Image.  213 

 Complete dataset support. Abundant survey data and gauged data are available 214 

(See Table 1) in this reach, which provide essential supports to build and test the 215 

numerical model.  216 

Table 1.  217 

Summary of the available dataset in the model domain. 218 

Data type Date Coverage Spatial Resolution Source 

Survey  

data 

Bed elevation#1 

2010/9/9 
Whole model 

domain 

River bed:  

2.5 m x 40 m 

Dry land:  

0.2 m x 0.2 m 

Golder Associates 

(2011) 

2013/10/28 
Golder Associates 

(2015) 

Velocimetry 

(ADCP) 
2013/9/9 

A portion#2 of the 

model domain 
0.5 m x 100 m 

Golder Associates 

(2015) 

Bed sediment  

gradation 

Year 1986 N.A. Surface layer 

Northwest Hydraulic  

Consultants Ltd. 

(1986) 

Year 2016 
10 St. Bridge & 

Center St. Bridge 

Surface layer, 

Sub-surface layer 

Klohn Crippen  

Berger (2016) 

Gauged#3  

data 

Discharge 
1911-2019, 

Daily 

N.A. N.A. 

Water Survey of 

Canada  

(2013) 

Water level 
2012-2019, 

Daily 

Bedload rate 
1972-1978, 

Daily 

#1 Data were collected using ADCP (Acoustic Doppler Current Profiler), land-based RTK (Real-Time Kinematic) 219 

GPS, and LiDAR (Light Detection and Ranging). 220 

#2 See Figure 3 for more details of the velocimetry survey coverage. 221 

#3 See Figure 1c for the location of the hydrometric gauge station. 222 

2. Methodology 223 

This study utilized Delft3D-FLOW to simulate the flow, sediment transport, and 224 

morphological updating process. In the hydrodynamic aspects, Delft3D-FLOW solves 225 

the Navier-Stokes equations for an incompressible fluid, under the shallow water and 226 

the Boussinesq assumptions (Deltares, 2020). In the morphodynamic aspects, Delft3D-227 

FLOW solves the advection-diffusion (mass-balance) equation for suspended load 228 

transport and standard (e.g. Van Rijn, 1993) or user-defined formulations for bedload 229 

transport. The bed elevation is dynamically updated at each computational time-step by 230 

solving the Exner (1925) equation. Delft3D-FLOW has been widely used in several 231 

hydro-morphodynamic studies (e.g. Kasvi et al., 2015; Parsapour-Moghaddam et al., 232 

2017, 2019a, 2019b; Williams et al., 2016; Yuill et al., 2016) and proved its powerful 233 

and reliable performance.  234 
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2.1 Hydrodynamic model 235 

A 2-D hydrodynamic model was initially developed under a low-flow condition for 236 

which velocity data were collected following the 2013 flood, without considering the 237 

sediment transport or morphological updating process. The velocity data were used to 238 

calibrate important model variables such as background horizontal eddy viscosity (used 239 

to model 2D turbulence as well as dispersion) and Manning roughness (used to model 240 

boundary shear stress), as will be covered in the next section. 241 

The model domain covers the river channel and a portion of floodplains (See Figure 1c) 242 

in order to accommodate overbank flow and any possible bank erosion. Grid size was 243 

determined by considering the tradeoff between the computational cost and the desired 244 

model details as well as considering the dimension of instream bridge piers at the 10 St. 245 

SW Bridge (width ≈ 6 m). Given all these considerations, the initial average grid size 246 

was set as 6.9 m. The maximum orthogonality and aspect ratio of the model grid are 247 

0.009 and 1.44, respectively, which are both within the recommended range by Deltares 248 

(2020). 249 

The post-flood bed elevation survey data (surveyed on Oct 28, 2013) were used as the 250 

bathymetry input. Bridge piers were implemented by using “dry cells” in the model 251 

domain. Gauged discharge of 103 m3/s and water level of 41.27 m (referenced based 252 

on the mean sea level) were used as the model upstream and downstream boundary 253 

conditions, respectively. Steady-state flow was used in the hydrodynamic model due to 254 

the negligible variation of discharge and water level within a day. Trial runs showed 255 

that the equilibrium state could be reached in the real-event time of 3 hours, which was 256 

then set as the event duration of the hydrodynamic model. The time step was determined 257 

as 0.023 min, considering the requirement that the Courant number should be smaller 258 

than 1. The initial background horizontal eddy viscosity was set as 0.1 m2/s, which was 259 

adopted from Parsapour-Moghaddam et al. (2019b). The initial Manning roughness was 260 

set as 0.03, based on the recommended roughness for gravel-bed (0.028-0.035) in 261 

Phillips & Tadayon (2006).  262 

2.2 Calibration & sensitivity analysis 263 

Figure 3 shows the post-flood velocimetry survey routes and velocity magnitude, which 264 

was collected on Sep 9th, 2013 using RTK-ADCP, and were post-processed using in-265 

house Matlab codes (Rennie & Church 2010). Although the velocimetry survey only 266 

covered the first 1/3 portion of the model domain, the calibration parameters determined 267 

from the first 1/3 portion could be applied to the remaining 2/3 portion of the model 268 

domain as there is the little variation of channel surface and flow properties between 269 

those two portions. 270 

Table 2 shows the scenarios of model calibration and sensitivity analysis and the 271 

associated statistical results by comparing the modelled and measured values. The 272 

background horizontal eddy viscosity, grid size, and Manning roughness are calibrated 273 

using the following approach: First, different values of background horizontal eddy 274 

viscosity were trialed while keeping the other two variables constant (E series). After 275 

the optimal value of eddy viscosity was determined, the same procedure was done for 276 

Manning roughness (M series), and then the grid size (G series). Modelled velocities 277 

were triangularly interpolated to the locations of velocimetry survey points before 278 

carrying out the statistical analysis in order to eliminate the errors induced by spatial 279 

deviation between measured and modelled velocity points. The following statistical 280 

parameters were used in the statistical analysis: 281 
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 282 

Figure 3. Post-flood (Date: 2013/9/9; Q ≈ 103 𝑚3/𝑠 ) velocimetry survey routes and depth-averaged velocity 283 
magnitude. Background satellite image was taken in year 2021, © Maxmar technologies, Google Image.  284 

𝑅𝑥𝑦 =  
∑ (𝑥𝑖 − 𝑥̅)(𝑦𝑖 − 𝑦̅)𝑛

𝑖=1

√∑ (𝑥𝑖 − 𝑥̅)2𝑛
𝑖=1 ∙ √∑ (𝑦𝑖 − 𝑦̅)2𝑛

𝑖=1

 (1) 

𝑀𝐴𝐸 =  
∑ |𝑥𝑖 − 𝑦𝑖|𝑛

𝑖=1

𝑛
 (2) 

Table 2. 285 

Model calibration and sensitivity analysis scenarios and corresponding statistical results. 286 

Scenario 

Setups Statistical results 

Grid size  

(m) 

Eddy viscosity,  

m2/s 

Manning  

roughness 
Correlation R 

MAE,  

(m/s) 

E 0.1 

6.5  

0.1  

0.030  

0.797  0.226  

E 0.5 0.5  0.790  0.219  

E 10 10.0  0.713  0.217  

M 0.03 

6.5  0.1  

0.030  0.797  0.226  

M 0.035 0.035  0.793  0.198  

M 0.04 0.040  0.785  0.194  

G1.1 1.1  

0.1  0.035  

0.804  0.190  

G3.4 3.4  0.803  0.190  

G6.5 6.5  0.793  0.198  

G10.2 10.2  0.736  0.234  
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where 𝑅𝑥𝑦  is the Correlation 𝑅  between two variables, 𝑥  and 𝑦 ; 𝑥𝑖  and 𝑦𝑖  are 287 

the measured and modelled velocity at the velocity survey point “𝑖”, respectively; 𝑥̅ 288 

and 𝑦̅ are the average measured and modelled velocity, respectively; 𝑛 is the total 289 

number of velocity survey points; 𝑀𝐴𝐸 is the mean absolute error. 290 

Table 2 shows little statistical difference among case “E0.1”, “E0.5” and “E10” in terms 291 

of the MAE, which indicates that the model results are not sensitive to background 292 

horizontal eddy viscosity. In order to pursue a higher correlation between the measured 293 

and modelled data, optimal background horizontal eddy viscosity was set as 0.1 m2/s. 294 

The case “M0.035” has signification lower errors compared to case “M0.03”, while 295 

higher correlation R compared to the case “M0.04”. Thus, the optimal Manning 296 

roughness was set as 0.035. There is little statistical difference among case “G1.1”, 297 

“G3.4” and “G6.5” in terms of correlation R and MAE, which means that a model with 298 

an average grid size of 6.5 m is sufficient to reproduce the real flow behaviours. Thus, 299 

the average grid size of 6.5 m, Manning roughness of 0.035, and background horizontal 300 

eddy viscosity of 0.1 m2/s were determined as the calibrated parameters. 301 

Figure 4 shows the comparison between the measured and modelled velocity as well as 302 

the differences at each velocimetry survey point when using the calibrated parameters. 303 

Relatively large errors can be seen in the first five cross-sections after the 14th St., which 304 

is probably because the model is unable to consider the impacts of the 14th St. bridge 305 

piers to the flow field immediately downstream. Overall, the modelled velocity matched 306 

with the measured velocity within a reasonable range, with a good correlation and a 307 

relatively low MAE. Thus, the calibration process is considered to be successful. 308 

 309 

Figure 4. Comparison between the measured and modelled velocity as well as the differences at each velocimetry 310 
survey point when using the calibrated parameters. The imbedded plot shows the direct comparison between the 311 
modelled (yellow dots) and measured (blue dots) velocity: Points are sequenced from upstream to downstream, from 312 
left bank to right bank. The color map shows the velocity difference between the measured and modelled velocity: 313 
“Difference = modelled velocity – measured velocity”.  314 
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2.3 Morphodynamic model 315 

The morphodynamic model allows for the simulation of bed elevation updating and 316 

sediment transport. Most settings were directly adopted from the hydrodynamic model. 317 

Here only the differences are elucidated:  318 

 Bathymetry. Since there were no high flows in year 2011 and 2012 that would 319 

cause significant sediment transport, the survey data on Sep 9, 2010 were used as 320 

the initial pre-flood bathymetry input for the morphodynamic model; 321 

 Roughness. Manning roughness at vegetated places (i.e. bar surface, Prince’s 322 

Island) was modified based on the suggested values in Phillips & Tadayon (2006). 323 

Places having bank protection structures were considered as none-erodible surfaces. 324 

 Bed stratigraphy. Bed armouring was modelled by means of the bed stratigraphy 325 

module in Delft3D-FLOW, which consists two bed layers: the surface layer and the 326 

bookkeeping layer. Only sediments in the surface layer can directly interact with 327 

the flow. Once the surface layer is eroded, it gets replenished by the sediments from 328 

the bookkeeping layer below. Redundant sediments in the surface layer are pushed 329 

down to the bookkeeping layer if sediment deposits at the surface layer (Deltares, 330 

2020). As such, the thickness of the surface layer is kept constant while the 331 

thickness of bookkeeping layer changes accordingly.  332 

 Sediment transport. The thickness and sediment composition in each bed layer 333 

are shown in Table 3, which was based on the 1986 and 2016 bed surveys (see 334 

Table 1). Gauged data showed that sediments were mainly transported in the form 335 

of bedload in the model domain (Water Survey of Canada, 2013), which makes 336 

bedload the key control on the river morphology (Leopold, 1992; Williams et al., 337 

2016). Thus, the suspended loads were not modelled. During the bedload transport 338 

process, small grains could be hidden from a current by larger, more exposed grains, 339 

known as the hiding-exposure effect. This effect is taken into account in this study 340 

by modifying the effective critical shear stress for different grain classes, using the 341 

formulation proposed by Parker et al. (1983). Bedload transport is also affected by 342 

bed level gradients. This effect is considered using the formulation proposed by 343 

Koch & Flokstra (1980). Different bedload transport formulas were trialed in the 344 

model validation stage, which will be covered in the next section.  345 

Table 3. 346 

Sediment composition in each bed stratigraphy layer 347 

Layer 
Initial 

thickness (m) 

Sediment  

fractions 

Median diameter 

(mm) 

Mass fraction 

in the layer 

Surface layer 0.3#1 

No. 1 22.6  33% 

No. 2 89.4  33% 

No. 3 172.9  34% 

Bookkeeping layer 4.0  

No. 4 1.2  33% 

No. 5 30.9  33% 

No. 6 101.3  34% 

 Boundary conditions. The hydrograph of the 2013 flood (See Figure 5) was used 348 

as the boundary conditions of the morphodynamic model. Due to the lack of 349 

measured bedload transport data at model boundaries during the flood, Neumann 350 
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boundary condition (i.e. sediment concentration gradient perpendicular to an open 351 

boundary equals to zero) was applied at the model boundaries to calculate the 352 

input/output bedload transport rate. This means that the bedload entering or leaving 353 

the model boundaries will be near-perfectly adapted to the local flow conditions 354 

(Deltares, 2020), which is mostly the case in the Bow River based on the historical 355 

gauged data (Water Survey of Canada, 2013). 356 

 357 

Figure 5. Hydrograph of the Calgary 2013 flood. Data were collected at the river gauge station 05BH004 (Water 358 
Survey of Canada, 2013) 359 

2.4 Validation & sensitivity analysis 360 

In this section, the influences of different sediment transport formulas, model 361 

dimension, and the location of the inflow boundary to the model performance were 362 

assessed by running several model scenarios. Results of those scenarios were evaluated 363 

by comparing the modelled and measured post-flood bed elevation in terms of MAE 364 

(Table 4). 365 

Table 4. 366 

Model validation and sensitivity analysis scenarios and corresponding statistical results. 367 

Case 

Setups Statistical results 

Sediment transport  

formula 

Model  

dimension 

Inflow 

boundary location 

Overall 

MAE, m 

MAE at 

bars, m 

Case 1 Van Rijn (1993) 2D 
Broadview  

Park 
0.688  0.593  

Case 2 Van Rijn (1993) 2D 
14 St. SW  

Bridge 
0.692  0.371  

Case 3 Van Rijn (1993) 3D#1 
14 St. SW  

Bridge 
1.483  0.734  

Case 4 Soulsby/Van Rijn (1997) 2D 
14 St. SW  

Bridge 
0.607  0.446  

Case 5 Meyer-Peter-Muller (1948) 2D 
14 St. SW  

Bridge 
0.643  0.478  

#1 the developed 3D model has 4 flow layers and uses k-Epsilon model for 3D turbulence closure 368 
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Three bedload transport formulas were trialed: Van Rijn (1993), Soulsby/Van Rijn 369 

(1997), and Meyer-Peter-Muller (1948) (case 2, 4, & 5 in Table 4). It could be seen that 370 

Van Rijn (1993) produced the closest prediction in terms of the bar formation while 371 

Soulsby/Van Rijn (1997) produced the closest overall prediction. Since bar 372 

management and accurate prediction of subsequent bar formation are the major 373 

concerns in this study, Van Rijn (1993) was used in the following modelling works. 374 

There was some concern that the upstream boundary (at 14 St. SW Bridge) is very close 375 

to the Poppy Plaza bars as well as the 10th St. bars (See Figure 1c). This proximity might 376 

result in inaccurate sediment transport predictions at those bars, with the 377 

implementation of Neumann boundary condition. Thus, the model sensitivity to the 378 

upstream boundary location was analyzed by moving the original upstream boundary 379 

900 m further upstream to the Broadview Park (See Figure 1c) and compared the results 380 

(case 1 & 2 in Table 4). The model sensitivity to the model dimension was also analyzed 381 

by changing the dimension from 2D to 3D and comparing the results (case 2 & 3 in 382 

Table 4). It could be seen that changing the upstream boundary location or the model 383 

dimension didn’t bring better results. Thus, the original upstream boundary and a model 384 

dimension of 2D were adopted in the following modelling works. 385 

Figure 6 shows the measured pre-flood bed elevation, measured post-flood bed 386 

elevation, modelled post-flood bed elevation using the validated settings, and the 387 

difference between the modelled and measured post-flood bed elevation. It can be seen 388 

that the model overestimated the post-flood bed elevation at the ice anchor site (dashed 389 

circle in Figure 6a) and near the outer bend. The model also overestimated the volume 390 

of the 10th St. bar. Nonetheless, the developed model successfully reproduced the bar 391 

growth during the 2013 flood with respect to both location and height. The overall bed 392 

form produced by the model was also similar to the measured one, especially around 393 

the 10th St. bar and Poppy Plaza bars. From our perspective, the developed model was 394 

considered to be valid and ready for the simulations of bar management plans. However, 395 

the overestimation of deposition needs to be considered when interpreting the 396 

simulation results. 397 
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 398 

Figure 6. (a) Measured pre-flood bed elevation map (triangular interpolated from the ADCP survey points). 399 
Polygons mark the observed locations of channel bars. Dashed circle marks the ice anchor site; (b) Measured post-400 
flood bed elevation map (triangular interpolated from the ADCP survey points). Polygons mark the observed 401 
locations of channel bars; (c) Modelled post-flood bed elevation map using the validated settings. Polygons mark 402 
the modelled locations of channel bars; (d) Difference between the measured and modelled maps (Difference = 403 
modelled value – measured value). Floodplains are excluded from the map for better illustration. 404 

2.5 Bar management plans 405 

Bar management was carried out for the 10th St. bar and the Poppy Plaza bars (see 406 

Figure 1c). The measured post-flood DEM was modified to reflect the implementation 407 

of different bar management plans. Those original vegetated and non-erodible places 408 

will be kept by using the same Manning roughness unless they are modified or removed 409 

in the proposed management plans. Three bar management plans (see Figure 7) were 410 

implemented and modelled in this study: 411 

(1) “Do nothing”. The river bars were not modified (Figure 7a). This plan was 412 

designed to avoid any possible negative consequences brought by human 413 

intervention. It is also a reference option to the other two bar management plans. 414 
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 415 

Figure 7. Bed elevation map of bar management plans: (a) no management; (b) bar removal; (c) bar realignment. 416 
Polygons mark the locations of channel bars. Black and white crosses mark the modelled velocity inspection sites 417 
during the long-term simulation (see Figure 12 for details). Black crosses: left side channel; white crosses: right side 418 
channel. 419 

(2) “Bar removal”. All gravel bars around the 10th St. Bridge as well as the Poppy 420 

Plaza were removed from the channel (Figure 7b) to lower the future flood peak to 421 

the largest extent. A constant stream-wise bed surface slope was assigned at the 422 

removal sites in order to smoothly connect the upstream and downstream edge of 423 

the removal sites. 424 
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(3) “Bar realignment”. The bar realignment plan was designed (Figure 7c) in order to 425 

① restore the active channel width, ② reduce flow blockage due to the bars, ③ 426 

create new aquatic habitat, ④ create a river recreation park for surfing and kayaking. 427 

In order to minimize the possible negative consequences brought by human 428 

intervention, the total instream sediment volume before and after the bar 429 

realignment action is maintained. First, 10th St. bars will be cleared. Some of the 430 

cleared volume will be piled up to construct a wall at the middle of the channel, 431 

functioning as a flow guider and a divider. The surface of the dividing wall will be 432 

covered with riprap to prevent erosion (i.e. non-erodible). The south side of the wall 433 

will be used to construct a recreation park. Then, a side channel will be excavated 434 

at the north side of the Poppy Plaza bars, functioning as a shallow channel for fish 435 

spawning habitat. Finally, the removed gravels were realigned to the top and the tail 436 

of the bars near the Poppy Plaza. 437 

2.6 Design hydrographs 438 

A future flood hydrograph is required for the morphodynamic model to simulate the 439 

performance of different bar management plans. In order to make the future 440 

hydrography closer to the reality, the hydrography was designed based on the historical 441 

daily instantaneous flow records from 1911 to 2021 (Water Survey of Canada, 2013). 442 

First, according to the study done by Slaney et al. (2019), significant bedload transport 443 

is expected to begin at around an 8-year flood (𝑄 ≈ 700 𝑚3/𝑠) for the Bow River. 444 

Thus, those floods with the peak discharge less than 700 𝑚3/𝑠 were filtered out from 445 

the records. The remaining floods were two 10-year floods, one 25-year flood, one 35-446 

year flood, and one 100-year flood. Then, the hydrograph of those floods was directly 447 

adopted and arranged together in 16 days (See Figure 8). Two 10-year floods were 448 

compacted in the first 4 days to represent an equivalent simulation of about 20 years, 449 

which will be noted as the “short-term” period hereafter. The entire hydrograph (i.e. 16 450 

days) is equivalent to a simulation of about 100 years, which will be noted as the “long-451 

term” period hereafter. 452 

In Delft3D-FLOW, the morphological updating process could be accelerated by using 453 

the “morphological time scale factor”, MorFac, in order to save the computational cost. 454 

MorFac has been used by a number studies to model the time-consuming long-term 455 

morphological process (e.g., Lesser et al., 2004; Moerman, 2011; Mool et al., 2017; 456 

Parsapour-Moghaddam et al., 2019b; Schuurman et al., 2013; Williams et al., 2016). 457 

Morfac is implemented in the sediment continuity equation of Delft3D-FLOW:  458 

∆𝑆𝐸𝐷
(𝑚,𝑛)

=
∆𝑡 ∙ 𝑓𝑀𝑜𝑟𝐹𝑎𝑐

𝐴(𝑚,𝑛)
∙ [𝑄𝑢

(𝑚−1,𝑛)
− 𝑄𝑢

(𝑚,𝑛)
+ 𝑄𝑣

(𝑚,𝑛−1)
− 𝑄𝑣

(𝑚,𝑛)
] (3) 

where ∆𝑆𝐸𝐷
(𝑚,𝑛)

is the change in quantity of bottom sediment at computational cell (𝑚, 𝑛) 459 

[ 𝑘𝑔/𝑚2 ;; ∆𝑡  is the computational time step [s;; 𝑓𝑀𝑜𝑟𝐹𝑎𝑐  is the user-defined 460 

morphological time scale factor, MorFac [-;; 𝐴(𝑚,𝑛) is the area of cell (𝑚, 𝑛) [𝑚2;; 461 

𝑄𝑢
(𝑚,𝑛)

  is the computed bedload sediment transport rate in the 𝑢  direction at cell 462 

(𝑚, 𝑛) [kg/s;. 463 
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 464 

Figure 8. The designed future hydrograph. The lighting bolt symbols represent the flood peaks that are going to be 465 
investigated and compared between different bar managements in terms of flood mitigation. 466 

The model sensitivity to MorFac needs to be analyzed prior to use, as recommended 467 

by Delft3D (Deltares, 2020). To do this, we designed three model scenarios with 468 

different combinations of MorFac and the simulated event time while keeping the total 469 

equivalent event time as well as the time step the same: ① MorFac = 1, simulated event 470 

time = 16 days, equivalent event time = 16 × 1 = 16 days; ② MorFac = 5, simulated 471 

event time = 3.2 days, equivalent event time = 3.2 × 5 = 16 days; ③ MorFac = 10, 472 

simulated event time = 1.6 days, equivalent event time = 1.6 × 10 = 16 days. We ran 473 

those three scenarios with the bar management plan of “do nothing”. Results showed 474 

very little differences between case ① and case ② in terms of the developed bed 475 

morphology (See Figure Sup1a & Sup1b in the Supporting Information). In contract, 476 

no bed level change were found in case ③ (See Figure Sup1c), which indicates the 477 

large model instability when using MorFac = 10. Thus, MorFac = 5 was adopted in 478 

subsequent simulations. 479 

3. Results 480 

In all three bar management plans, the morphological evolution pattern of the short-481 

term and long-term simulations was similar. In addition, a similar pattern of flood 482 

mitigation could be found between the 35-year flood and the 100-year flood for all bar 483 

management plans. Thus, only the results of long-term morphological evolution as well 484 

as the 100-year flood of different bar management plans are presented herein. The 485 

results of short-term morphological evolution as well as the 30-year flood peak level of 486 

different bar management plans can be found in the Supporting Information from 487 

Figure Sup2 & Sup3. 488 

3.1 Morphological impacts 489 

Figure 9 & 10 shows the cumulative deposition (or erosion) map and bed elevation map 490 

of different bar management plans after the long-term simulation, respectively. The 491 

simulation results show that: 492 
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 493 

Figure 9. Cumulative deposition (red) and erosion (blue) map of different bar management plans after the long-494 
term simulation: (a) Do nothing; (b) bar removal; (c) bar realignment. Polygons show the channel boundary and 495 
the channel bars before the run. 496 

 Do nothing. If nothing is done on the instream bars, deposition will keep occurring 497 

at the tip and the right side of the 10th St. bar while erosion will happen at the left 498 

side of the 10th St. bar (Figure 9a) after the long-term simulation, which will result 499 

in a total occupancy of the right side of the river channel and a deep scour hole near 500 

the bridge piers (Figure 10a). 501 

 Bar removal. As for the bar removal plan, abundant deposition happens at the bar 502 

removal sites. If comparing with the original bars, it can be seen that the new bars 503 

deposit at similar locations but with smaller dimension and lower height, compared 504 

to the original bars (Figure 7a and 10b). Different from the “do nothing” plan, the 505 

overall bed form will be nearly uniform and flat after the long-term simulation 506 

following bar removal. 507 

 Bar realignment. In the bar realignment plan, minor deposition is predicted to 508 

happen around the tip of the dividing wall as well as at the entrance of the side 509 

channel near the Poppy Plaza bars (Figure 9c). The overall bed form at the bar 510 

management site does not change too much, compared with the other two 511 
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management plans. No deep scour hole or high-elevated bars are observed in the 512 

results of bar realignment. 513 

 514 

Figure 10. The bed elevation map of different bar management plans after the long-term simulation. (a) Do nothing; 515 
(b) bar removal; (c) bar realignment. Polygons show the channel bars after the run. 516 

Noteworthy, similar downstream morphological impacts are predicted by the model 517 

regardless of the choice of bar management plans, which are: deposition is predicted to 518 

happen at the beginning and the end of the river bend while slight erosion will happen 519 

at the channel bed within the river bend. The long-term simulation results did not show 520 

any clear bank erosion for all three bar management plans. 521 
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3.2 100-year flood peak level 522 

Figure 11 shows the flood mitigation performance of bar removal and bar realignment 523 

in terms of the modelled 100-year flood peak level. The mitigation performance was 524 

evaluated by calculating the 100-year flood peak level difference between the 525 

manipulation plans (i.e. bar realignment and bar removal) and the “do nothing” plan. 526 

Bar removal is predicted to lower the 100-year flood peak by 0.26 m on average at the 527 

bar management site (dashed rectangle in Figure 11a). In contrast, bar realignment 528 

lowers the flood peak by 0.07 m on average at the bar management site (dashed 529 

rectangle in Figure 11b). Noteworthy, the flood peak level is predicted to be increased 530 

by about 0.15 m near the dividing wall in the bar realignment plan. No obvious flood 531 

level change is found for the downstream reaches in either case. In addition, by 532 

investigating the overbank flood extent, it can be seen that bar removal is predicted to 533 

result in a slightly smaller overbank flood extent compared to bar realignment (red 534 

arrows in Figure 11). 535 

 536 

Figure 11. The 100-year flood peak level difference (a) between “bar removal” and “do nothing” (Difference = bar 537 
removal – do nothing), (b) between “bar realignment” and “do nothing” (Difference = bar realignment – do nothing). 538 
Red arrows show the locations of flood extent differences between bar removal and “do nothing”. Dashed rectangles 539 
represent the “bar management site” 540 

4. Discussion 541 

4.1 Morphological impacts 542 

If nothing is done to the instream bars around the 10th St. Bridge, deposition is predicted 543 

to happen at the tip of the 10th St. bar in the following flood events. The deposition site 544 

is right ahead of the site of dense vegetation at the 10th St. bar surface, which confirms 545 

that riparian vegetation colonization on the bar surface would induces additional 546 

resistance to the flow, thus cause sediment aggregation around the bar during the next 547 

flood event. Deposition is also observed in the right side channel (looking from 548 
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upstream) near the 10th St. bar, which is probably owing to the low flow velocity in the 549 

right side channel (the orange dashed line in Figure 12). Figure 10a shows the 550 

deposition at the right side channel would block the right side channel, which makes 551 

the floodwater mostly go through the left side channel. As a result, velocity in the left 552 

side channel dominates (the blue dashed line in Figure 12), which further causes 553 

significant scour at the left side channel (about 1.5 m deep, see Figure 9a). This scour 554 

would impact the stability of the bridge piers and also the left channel bank. In summary, 555 

the “do nothing” plan is predicted to result in a narrower and deeper river channel at 556 

the bar management site after a long-term period, compared to the original river channel. 557 

 558 

Figure 12. Time-series of modelled velocity at the right side channel (orange lines) and left side channel (blue lines) 559 
near the 10th St. bar/dividing wall for the “do nothing” plan (dashed lines) and bar relocation plan (solid lines) during 560 
the long-term simulation. Velocity inspection sites are marked by black (left side channel) and white crosses (right 561 
side channel) in Figure 7. 562 

In the bar removal plan, bars are predicted to reoccur at the bar management site after 563 

several flood events. This is probably because the channel widens when flow enters the 564 

bar management site, which makes the flow velocity drop and thus causes deposition. 565 

The bar recurrence phenomenon has been widely observed both from field works (e.g. 566 

Church et al., 2001; Collins & Dunne, 1990; Yuill et al., 2016) and numerical studies 567 

(e.g. Li et al., 2008; Yuill et al., 2016; Parsapour-Moghaddam et al., 2019b), which 568 

reflects the resilience of alluvial river channels to an external disturbance. However, 569 

uncertainty remains in terms of the size of the reoccurred bars compared to the original 570 

bars: the reoccurred bar in Li et al. (2008) was lower in height compared to the original 571 

bar after a simulation of 10 years. In contrast, the reoccurred bars in Parsapour-572 

Moghaddam et al. (2019b) were found to be bigger than the original bars. In this study, 573 

the reoccurred bars were both smaller and lower compared to the original bars before 574 

the bar removal after the long-term simulation, which coincides with the finding in Li 575 

et al. (2008) but different with Parsapour-Moghaddam et al. (2019b). This is probably 576 

because the MorFac used in Parsapour-Moghaddam et al. (2019b) was 20, which could 577 

result in significant model instability issues, as reported by Williams et al. (2016).  578 

Similar to the plan of “do nothing”, the dividing wall in the bar realignment plan also 579 

induces blockage to the flow, which results in deposition at the tip of the dividing wall. 580 

However, the deposition amount at the tip in the bar realignment plan is much smaller 581 

compared to that in the “do nothing” plan (Figure 9a & 9c). This is because the blockage 582 

effect of the thin dividing wall to the flow is smaller than the effect of a wide 10th St. 583 
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bar. After constructing the dividing wall, the channels on each side of the dividing wall 584 

have similar width and thus similar flow velocity (see Figure 12), which prevents 585 

significant erosion/deposition from happening at both side channels. Overall, the bar 586 

realignment plan is predicted to produce the most stable bed form at the bar 587 

management site after a long-term simulation compared with the other two plans. 588 

In terms of downstream morphological impacts, both the bar realignment plan and the 589 

“do nothing” plan resulted in similar downstream bed morphology between the short-590 

term (Figure Sup 2a & 2c) and long-term simulation (Figure 9a & 9c). This is because 591 

both of these two plans preserve the instream sediment volume, which brings little 592 

impact to the overall bedload transport pattern at the reach scale. Different from the bar 593 

realignment plan and the “do nothing” plan, very little deposition is found at the ice 594 

anchor site in the bar removal plan after the short-term simulation (Figure Sup 2b). This 595 

is because bar removal clears and widens the river channel and create a large area of 596 

“sediment-starving” regions at the beginning of the simulation. These regions capture 597 

most of the sediment coming from upstream and prevent them from going further 598 

downstream during the two 10-year floods. As the sediment accumulates in these 599 

regions, the “sediment-starving” situation is mitigated. Thus, after the two 10-year 600 

floods, much less subsequent deposition happens at the bar removal site, compared to 601 

the depostion during the two 10-year floods (i.e. not much difference at the bar removal 602 

site between Figure Sup 2b & Figure 9b). Excessive sediment is transported further 603 

downstream to the ice anchor site and deposits (Figure 9b). Excessive sediment is 604 

transported further downstream to the ice anchor site and deposits (Figure 9b). It could 605 

be seen that although bar removal may generate a short-term sediment deficit to the 606 

downstream reach, this deficit could be mitigated or even eliminated in a long-term 607 

period. As for the further downstream places (i.e. around Prince’s Island and Center St. 608 

Bridge), the morphological evolution pattern is similar among all three management 609 

plans, both in short-term and long-term, which demonstrates the impact range of such 610 

intervention is very limited (about 1 km). In the end, the downstream morphological 611 

patterns of the three different bar management are predicted to be similar, which agrees 612 

with the filed work results in Wishart et al., (2008). Thus, it could be concluded that 613 

manipulation on vegetated bars has little morphological impacts to downstream reach.  614 

4.2 Flood mitigation  615 

Figure 11 indicates that the “do nothing” plan has the highest 100-year flood peak level 616 

at the bar management site among all three bar management plans, which confirms the 617 

hypothesis that the existing bars pose a high flood risk to the city. Figure 11 also shows 618 

that the bar removal plan results in a lower 100-year flood peak level at the bar 619 

management site and a slightly smaller downstream flood extent, compared to the bar 620 

realignment plan. Similar results could be found for the 30-year flood peak level (see 621 

Figure Sup3). Thus, based on the simulation results, the bar removal plan performs the 622 

best in terms of flood risk mitigation among the three bar management plans. However, 623 

the constructability and impacts of wholesale dredging in bar removal are significant 624 

and likely not practice in this case. As for the bar realignment plan, in order to preserve 625 

the volume of instream bars, some excessive sediment is piled up to form the dividing 626 

wall at the design stage. This high-elevated dividing wall is considered to increase the 627 

100-year flood peak level near the dividing wall. Regardless, the designed bar 628 

realignment plan in this study does mitigate the flood risk at most places of the bar 629 

management site, which demonstrates the potential of generic bar realignment actions 630 

in terms of flood mitigation. In other words, if instream bars are realigned in a different 631 
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way, it is reasonable to believe that the new plan will result in an even better flood 632 

mitigation effect. In addition, some combination of the bar removal and realignment 633 

options might also present a good option in terms of flood mitigation.  634 

There is an interesting phenomenon in the relation between flood peak mitigation and 635 

bed elevation change: bar removal is predicted to lower the 100-year flood peak by 0.26 636 

m on average at the bar management site (Figure 11a), compared with the “do nothing” 637 

plan. However, the average bed elevation difference at the bar management site 638 

between bar removal and “do nothing” at the time of 100-year flood peak is only 0.0029 639 

m (see Figure 13). This high inconsistency indicates that the quantitative bed elevation 640 

difference between those two cases at the time of 100-year flood peak is not the 641 

fundamental cause of the flood peak reduction. To the authors’ point of view, this 642 

reduction is because the bar removal case brings a more uniform and less obstructed 643 

bed form compared to the “do nothing” case at the time of 100-year flood peak, which 644 

resulted in a lower flow resistance and thus greater ability to convey flood water. In 645 

comparison, the average bed elevation difference at the bar management site between 646 

bar realignment and “do nothing” at the time of 100-year flood peak is 0.07 m (Figure 647 

11b). Since the sediment volume in the bar realignment case is preserved, the mitigation 648 

to the flood water blockage is limited. Thus, the quantitative bed elevation difference 649 

becomes dominant in the determination of the flood peak reduction, which is 0.07 m in 650 

average at the bar management site (Figure 13). It could be learned that simply relating 651 

the lowering of flood peak level to the lowering of river bed level could be misleading. 652 

Because the propagation of floodwater is a continuous and highly dynamic progress. 653 

Flood peak could still be lowered through altering the river bed form and lowering flow 654 

resistance, with or without lowering of river bed level. The approach of creating a 655 

uniform, less obstructed river bed form needs to be paid more attention in terms of 656 

fluvial flood mitigation. 657 

 658 

Figure 13. The average flood peak difference and bed elevation difference at the bar management site between bar 659 
removal (or bar realignment) and “do nothing” at the 100-year flood peak. Difference = “do nothing” - “bar removal” 660 
(or “bar realignment”). 661 

4.3 Aquatic habitat & river recreation 662 

Figure Sup 2b shows that after total bar removal, it will likely require several bed 663 

mobilizing flood events and thus possibly decades for the bars to reform. During those 664 
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years, the bed morphology at the bar removal site will be relatively flat and uniform, 665 

which is generally unfavorable for fish habitat. Even after the recurrence of the instream 666 

bars, the overall bed morphology is still more uniform and lower in variety compared 667 

to the bar realignment plan or “do nothing” plan. In contrast, after the long-term run of 668 

using the bar realignment plan, although the entrance to the designed fish-spawning 669 

side channel near the Poppy Plaza bar is blocked, the side channel is still accessible 670 

during high-flow, which could provide refuge for fish during floods. In addition, the 671 

bed form variety in the bar realignment plan is quite high and remains relatively stable 672 

without significant deposition or erosion after a quite long term. This provides a 673 

favorable condition for aquatic ecosystem development for fish, water birds, as well as 674 

aquatic plants. In summary, the bar realignment plan performs better in terms of the 675 

protection of aquatic habitat compared to the bar removal plan. 676 

At the design stage of different bar management plans, a river recreation park was 677 

proposed at the right side of the dividing wall in the bar realignment plan. According to 678 

the long-term simulation results (Figure 11c), no significant deposition or erosion 679 

occurs at the right side channel, which indicates that the river recreation park could 680 

maintain its normal functionality for a long time without maintenance works such as 681 

dredging. In contrast, this site was both filled with sedimentation in the bar removal 682 

plan and the “do nothing” plan. In conclusion, the bar realignment performs the best in 683 

terms of the realization of river recreation purpose among all three bar management 684 

plans. 685 

4.4 Limitations and future concerns 686 

The use of numerical models always involves a compromise between the computational 687 

cost and model details. In addition, numerical models also require a series of 688 

assumptions to represent and simplify the actual physical process and properties, which 689 

brings additional uncertainties to the results. Limitations of this study are addressed 690 

herein for further improvement: 691 

 In order to save computational cost, the model domain only includes a part of the 692 

dry land, which prevents the floodwater to propagate further across the inland 693 

model boundary. Nonetheless, the modelled flood inundation areas match with the 694 

observed flood extent (Zhang & Crawford, 2020). Thus, this limitation was not 695 

considered to influence the model results, especially the morphodynamic aspect. 696 

Future study could extend the model domain so that the overall flood extent could 697 

also be used as a validation parameter. 698 

 Impact from climate change is not considered in the design hydrograph, which 699 

limits the application of the projection results. Nonetheless, this study mainly 700 

focuses on the comparative study of the performance of different bar management 701 

plans. Thus, results are still meaningful to understand instream bar management 702 

and guide engineering practice. Climate change could be introduced in future 703 

studies to study the resulted bed form of a pre-selected bar management plan in a 704 

more accurate manner. 705 

 Delft-3D is not capable of modelling the colonization process of bar surface 706 

vegetation during a series of flood events. In reality, the bar removal option might 707 

create new bars that quickly vegetate and become permanent, they may be even 708 

more stable, grow even faster, and result in even higher flood levels at the bar 709 

management site than the model assumes. Thus, the actual flood mitigation effect 710 
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of bar removal might not be that good. Again, since this study is mainly a 711 

comparative study and the colonization process is not considered for all three cases, 712 

results are still meaningful. 713 

5. Conclusion 714 

In this study, we developed a high-resolution morphodynamic model to reproduce the 715 

flood-induced morphological change in the Bow River, Calgary. We then utilized the 716 

developed morphodynamic model to evaluate the performance of three gravel bar 717 

management plans in terms of morphological impacts, flood mitigation, aquatic habitat 718 

protection, and possible river recreation use. This study demonstrates the consequences 719 

of instream bar management to the riverine environment and shows the great potential 720 

of a morphodynamic model as an impact and risk assessment tool. Several conclusions 721 

could be drawn herein: 722 

 If no management action is taken to deal with the flood-induced instream bars in 723 

Bow River, the river channel is predicted to become narrower and deeper near those 724 

bars, which brings instability issues to the bridge piers and a high flood risk to the 725 

riverine neighborhood. 726 

 Bar removal may bring a sediment deficit at the removal site, which induces bars 727 

recurrence. The reoccurred bars are predicted to be both smaller and lower 728 

compared to the original bars. Although bar removal presents the best flood 729 

mitigation effect among all three plans, the constructability and ecological impacts 730 

of wholesale dredging should not be overlooked. 731 

 Bar realignment plan can stabilize the channel bed thus performs better in terms of 732 

aquatic habitat protection as well as the realization of river recreation. Although 733 

the proposed bar realignment plan in this study has limited ability to mitigate flood 734 

risk due to the construction of a dividing wall, it is reasonable to speculate that a 735 

different realignment strategy could have better mitigation effects.  736 

 The downstream morphology could be affected in a short-term if the bar 737 

management plan brings sediment deficit to the river reach (i.e. bar removal). 738 

However, no matter which plan is applied, the downstream morphological patterns 739 

are predicted to be similar in a long-term. Thus, manipulation on vegetated 740 

instream gravel bars does not have obvious morphological impact to the 741 

downstream river reach.  742 

 Simply relating the lowering of flood peak level to the lowering of river bed level 743 

could be misleading because the propagation of floodwater is a continuous and 744 

highly dynamic progress. Creating a uniform, less obstructed river bed is believed 745 

to be the fundamental strategy in flood mitigation. 746 
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