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Abstract

The structure of the bottom boundary layer (BBL) in aquatic flows influences a range of biophysical processes, including

sediment transport, hyporheic exchange, and biofilm formation. While the structure of BBL above bare sediment beds has been

well studied, little is known about the complex near-bed flow structure within canopies of aquatic vegetation. In this study,

we used high-resolution laboratory measurements and numerical Large Eddy Simulations to investigate the near-bed mean

and turbulent flow properties within staggered-ordered emergent canopies under a wide range of flow and canopy conditions.

There is strong horizontal variability of key near-bed flow characteristics on the scale of the vegetation elements. Measurement

locations that provide single-point flow characteristics closest to the spatially-averaged values were identified. The spatially-

averaged BBL thickness is influenced strongly by canopy density. This impact of canopy density is engendered through its direct

control of near-bed turbulent kinetic energy (TKE), which in turn is negatively correlated with BBL thickness, both locally in

a given flow and across the range of flow conditions studied here. A model based on the near-bed TKE is developed to predict

the BBL thickness and, ultimately, the bed shear stress. The strong agreement between model predictions and experimental

data may explain why both TKE and bed shear stress may be seen as drivers of sediment transport processes in vegetated

flows. These findings provide new insights into the physical links between near-bed flow variables and therefore contribute to

the understanding of some of the complex biophysical processes present in vegetated flows
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Key Points 9 

• Vegetated flows are characterized by strong spatial variability of key near-bed flow 10 

characteristics on the scale of the vegetation elements. 11 

• The thickness of the bottom boundary layer (locally and in the mean) is strongly controlled 12 

by the near-bed turbulent kinetic energy (TKE). 13 

• Spatial changes of near-bed TKE induce changes in the BBL thickness, which in turn 14 

generates strong spatial variability of bed shear stress 15 
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Abstract 18 

The structure of the bottom boundary layer (BBL) in aquatic flows influences a range of 19 

biophysical processes, including sediment transport, hyporheic exchange, and biofilm formation. 20 

While the structure of BBL above bare sediment beds has been well studied, little is known about 21 

the complex near-bed flow structure within canopies of aquatic vegetation. In this study, we used 22 

high-resolution laboratory measurements and numerical Large Eddy Simulations to investigate the 23 

near-bed mean and turbulent flow properties within staggered-ordered emergent canopies under a 24 

wide range of flow and canopy conditions. There is strong horizontal variability of key near-bed 25 

flow characteristics on the scale of the vegetation elements. Measurement locations that provide 26 

single-point flow characteristics closest to the spatially-averaged values were identified. The 27 

spatially-averaged BBL thickness is influenced strongly by canopy density. This impact of canopy 28 

density is engendered through its direct control of near-bed turbulent kinetic energy (TKE), which 29 

in turn is negatively correlated with BBL thickness, both locally in a given flow and across the 30 

range of flow conditions studied here. A model based on the near-bed TKE is developed to predict 31 

the BBL thickness and, ultimately, the bed shear stress. The strong agreement between model 32 

predictions and experimental data may explain why both TKE and bed shear stress may be seen as 33 

drivers of sediment transport processes in vegetated flows. These findings provide new insights 34 

into the physical links between near-bed flow variables and therefore contribute to the 35 

understanding of some of the complex biophysical processes present in vegetated flows. 36 

1 Introduction 37 

Canopies formed by aquatic vegetation provide numerous ecosystem services in riverine 38 

and coastal environments. For instance, these canopies can help to stabilize mobile sediment beds 39 

by transforming an erosional bed into a depositional one (Shields et al., 1995). The enhanced drag 40 

forces induced by the canopy can also modify circulation and sediment transport pathways, which 41 

over time can shape the morphological evolution of riverine and coastal systems (Ward et al., 42 

2000; Hooke, 2007; van Katwijk et al., 2010; Vargas-Luna et al., 2015). Moreover, canopies can 43 

mitigate the impact of coastal hazards (i.e. coastal erosion, flooding, etc.) by dissipating wave 44 

energy (Massel et al., 1999; Türker et al., 2006; Lowe et al., 2007). Finally, aquatic canopies help 45 

shape a wide range of environmental and ecological processes, such as improving water quality 46 
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(Cundy et al., 2005) and promoting biodiversity by creating sheltered habitats (Hemminga & 47 

Duarte, 2000).  48 

The interaction between hydrodynamics and sediment processes in aquatic systems is 49 

controlled by the layer of water adjacent to the bed, the bottom boundary layer (BBL) (Nowell & 50 

Jumars, 1984; Wüest & Lorke, 2003; Trowbridge & Lentz, 2018). The physical structure of this 51 

layer governs several critical physical, chemical, and biological processes, such as sediment 52 

transport (Yalin, 1977; van Rijn, 2007a, 2007b), hyporheic exchange (Grant et al., 2018; Roche et 53 

al., 2018; Voermans et al., 2018) and biofilm formation (Beer & Kühl, 2001). Due to its 54 

importance, the structure of the BBL above bare beds has been widely investigated, with the 55 

vertical structure of mean velocities, turbulence levels, and shear stresses well-known. However, 56 

the influence of vegetation on BBL characteristics is poorly understood due to the fine-scale 57 

variability of the flow within aquatic vegetation and the difficulties associated with obtaining high-58 

resolution measurements within this layer. Thus, studies that directly resolve near-bed velocities, 59 

stresses, and turbulence intensities in vegetated flows are of paramount importance in 60 

understanding the variation of near-bed hydrodynamic parameters (including those relevant to 61 

sediment transport) with canopy characteristics.  62 

This study aims to characterize the near-bed mean and turbulent flow structure within the 63 

BBL in emergent canopies. By combining laboratory measurements and numerical simulations for 64 

a wide range of canopy densities and flow conditions, we determine BBL thickness (𝒪(mm)) and 65 

its variation with flow and canopy characteristics. In addition, we examine the vertical and 66 

horizontal structure of the mean velocity, near-bed stresses, and turbulent kinetic energy within 67 

the BBL. Finally, we elucidate the link between bed shear stress and turbulent kinetic energy, 68 

which explains why both have been used as predictors of sediment transport in vegetated systems.  69 

1.1 Flow and vegetation interaction 70 

Given the vast diversity of plant morphology in natural environments, canopies are often 71 

modelled simply as arrays of rigid dowels (Nepf & Ghisalberti, 2008; Abdolahpour et al., 2018) 72 

arranged in different configurations (e.g. squared, staggered or randomly). The key geometric 73 

characteristics of such a model canopy are the diameter (d) and the height (h) of the vegetation 74 

elements, as well as the number of elements per bed area (𝑛). A nondimensional measure of the 75 
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canopy density is the solid volume fraction occupied by the canopy elements 𝜙, equal to (𝜋/4)𝑎𝑑 76 

for cylindrical dowels, with a (= 𝑛𝑑) being the frontal area per canopy volume. The variation of 77 

these canopy properties can greatly affect the mean and turbulent velocity structure within 78 

canopies by controlling the drag exerted on the flow (Nepf & Vivoni, 2000; Nepf, 2012a).  79 

 80 

 81 

Figure 1. Typical structure of the mean streamwise velocity (𝑢̅) field in an emergent canopy normalized by 82 

the local maximum velocity (𝑢̅𝑚𝑎𝑥), obtained here from numerical Large Eddy Simulation. Element wakes, and the 83 

tortuous nature of the flow within the canopy create high spatial variability at the element scale. 84 

Due to the obstructions presented by canopy elements and element wakes, the flow is 85 

forced to move around each element, such that the velocity field is spatially heterogeneous at the 86 

scale of the element diameter (Figure 1). To account for this element-scale spatial heterogeneity, 87 

the double-averaging procedure was employed, whereby instantaneous velocity statistics (𝜁) are 88 

first decomposed into a temporal average (indicated by an overbar) and deviations from it 89 

(indicated by a prime), such that 𝜁 = 𝜁̅ + 𝜁′. Time-averaged quantities are further decomposed into 90 

a spatial mean and deviation, with angular brackets denoting a horizontal average at height z over 91 

several canopy elements and double primes indicating deviations from the horizontal mean (𝜁̅ =92 

〈𝜁〉̅ + 𝜁 ′̅′) (Raupach & Shaw, 1982; Nikora et al., 2001). The double-averaged Navier-Stokes 93 
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equation in the streamwise direction for steady and uniform flow through aquatic vegetation 94 

becomes: 95 

 96 

0 = 𝑔𝑠𝑖𝑛𝜃 −
1
𝜌

𝜕〈𝑝̅〉
𝜕𝑥

−
𝜕

𝜕𝑧
[〈𝑢′𝑤′̅̅ ̅̅ ̅̅ 〉 − 〈𝑢̅′′𝑤̅′′〉 + 𝜈

𝜕〈𝑢̅〉
𝜕z

] −
1
2

𝐶𝐷𝑎
(1 − 𝜙)

〈𝑢̅〉2,

      (𝑖)           (𝑖𝑖)                 (𝑖𝑖𝑖)          (𝑖𝑣)             (𝑣)              (𝑣𝑖)        
                    (1) 97 

 98 

(Raupach and Shaw 1982) where 𝑢 and 𝑤 are the velocity components in the directions of 𝑥 99 

(streamwise direction) and 𝑧 (vertical direction), respectively, 𝜌 is the water density, 𝜈 is the 100 

kinematic viscosity, 𝜃 is the bed slope, 𝐶𝐷 is the canopy drag coefficient, 𝑔 is gravitational 101 

acceleration, and p is pressure. Term (i) is the gravity force, term (ii) is the pressure gradient, term 102 

(iii) represents the spatially-averaged Reynolds stress, term (iv) the momentum flux associated 103 

with spatial correlations of time-averaged velocity fields (termed the ‘dispersive’ stress) and term 104 

(v) the spatially-averaged viscous stress. The sum of these three terms defines the total fluid shear 105 

stress, 𝜏. Term (vi) represents the spatially averaged drag associated with the canopy elements 106 

(Nepf, 2012a).  107 

The relative importance of each term in Eq. (1) depends on the properties of the flow, 108 

vegetation, and height above the bed. In emergent canopies, the momentum equation can generally 109 

be simplified into a balance between pressure gradient and the canopy drag over most of the water 110 

column (Nepf, 2012a). However, within the strong shear of the BBL, other terms in Eq. (1) may 111 

become significant. As little is known of the complex near-bed flow structure within canopies, we 112 

aim here, using a combination of experimental and numerical approaches, to directly resolve the 113 

mean velocity structure and stress components (terms (𝑖𝑖𝑖), (𝑖𝑣) and (𝑣) in Eq. 1) in the region 114 

adjacent to the bed across a wide range of canopy densities.  115 

1.2 Interaction between hydrodynamics and sediment transport  116 

Sediment transport in unvegetated channels is typically estimated from empirical 117 

formulations based on the shear stress at the bed, 𝜏𝑏 (often expressed in terms of friction velocity,  118 

𝑢∗ = √𝜏𝑏/𝜌) (van Rijn, 1987; James et al., 2002; Jordanova & James, 2003). In sediment transport 119 

models developed for bare beds, the role of turbulence in suspending and transporting sediment 120 
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may be considered implicitly, given the inherent proportionality between the mean bed stress and 121 

turbulence intensities in the bare bed boundary layer (Stapleton & Huntley, 1995; Nepf, 1999). 122 

However, this proportionality breaks down in canopy flows, where the turbulence can be 123 

predominantly generated in plant wakes rather than at the bed (Nepf, 1999, 2012b). As a 124 

consequence, predictive models developed for bare beds are unlikely to be quantitatively 125 

applicable to vegetated environments.  126 

Despite the fundamental differences between unvegetated and vegetated flows, some 127 

studies (Jordanova & James, 2003; Kothyari et al., 2009; Larsen et al., 2009) have suggested that 128 

bed shear stress may control sediment transport within vegetation. However, it is still not well 129 

established how canopies modify bed shear stresses. To bridge this gap, several methods for 130 

estimating bed shear stress within canopies have been proposed (e.g. Jordanova & James, 2003; 131 

Kothyari et al., 2009; Yang et al., 2015; Etminan et al., 2018). In general, these methods are based 132 

on one of the following approaches: 1) estimation of the bed shear stress by the subtraction of the 133 

element drag (term (vi) in Eq. 1) from the driving forces (terms (i) and (ii) in Eq. 1) and 2) 134 

estimation of bed shear from velocity measurements in the near-bed region. The main limitation 135 

of the first approach is that both variables (drag and the driving force) are often orders of magnitude 136 

larger than the bed shear stress, resulting in potentially large errors when computing small 137 

differences. Similarly, methods based on the second approach require measurements of the 138 

velocity gradient within the viscous-stress dominated sublayer (𝐻v) in vegetated flows (region 139 

immediately adjacent to the bed where turbulence is negligible, and the viscous stress dominates 140 

the total stress). These methods are experimentally tricky, given that the thickness of this layer is 141 

typically ≲ 𝒪(mm). Despite these difficulties, Yang et al. (2015) developed a model to estimate 142 

the bed shear stress in aquatic vegetation based on the linear variation of the stress within the 143 

viscous-stress dominated sublayer (𝐻v). In this model, the temporally- and spatially-averaged bed 144 

shear stress (〈𝜏𝑏̅〉) is estimated from the streamwise velocity above the BBL 〈𝑢̅〉 and 𝐻v (taken in 145 

their study as min(
𝑑

2
, (22 ± 3)𝜈/𝑢∗)). Although this model represents a step forward in the 146 

prediction of bed shear stress in emergent aquatic vegetation, it is still limited since it does not 147 

embed the significant impact that seems to have the canopy density in 𝐻v and ultimately in the bed 148 

shear stress. To address some of the limitations found in the previous model, an alternative estimate 149 

of the thickness of 𝐻v can be inferred by assuming a balance between the production of the 150 
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turbulent kinetic energy in the cylinder wakes and the viscous dissipation of TKE near the bed 151 

(Etminan et al. 2018).  152 

Several studies of sediment dynamics in vegetated systems (Tinoco & Coco, 2014, 2016, 153 

2018; Yang et al., 2016; Yang & Nepf, 2018, 2019) have concluded that sediment transport 154 

processes are correlated with levels of near-bed turbulence (a combination of the turbulence 155 

produced in element wakes and the BBL). For instance, the threshold for sediment motion in 156 

emergent vegetation was driven by a critical value of the turbulent kinetic energy, which can be 157 

deduced from the critical velocity required for sediment motion in bare beds (Yang et al., 2016). 158 

In a subsequent study, a reinterpretation of the bed-shear-stress-based Einstein-Brown bed-load 159 

transport model in terms of the turbulent kinetic energy was proposed to improve predictions of 160 

bed-load transport within aquatic vegetation (Yang & Nepf 2018). Finally, improvements in the 161 

prediction of suspended sediment concentrations within aquatic vegetation were found when the 162 

effect of wake-generated turbulence was incorporated into traditional sediment transport models 163 

developed for bare beds (based on the Shields parameter) (Tinoco & Coco, 2016). Despite the 164 

evidence of the strong role of the TKE on sediment transport within vegetated regions, from a 165 

mechanistic perspective, turbulent kinetic energy does not represent a force on sediment grain, 166 

whereas bed shear stresses do (as by definition represent the force exerted on the bed). 167 

Previous studies have suggested that sediment transport models based on the bed shear 168 

stress fail within vegetated regions because they do not account for the vegetation-generated 169 

turbulence. In other words, they suggest that the ‘external’ turbulence from the plants and the bed 170 

shear stress are decoupled in these flows (Tinoco & Coco, 2018; Yang & Nepf, 2018). However, 171 

we believe that the complete unlink between the TKE and bed shear stress within vegetated flows 172 

is not necessarily valid.  173 

Here, we examine the links between bed shear stresses and near-bed TKE levels in 174 

emergent canopies and hypothesize that the TKE generated by the vegetation increases vertical 175 

momentum transport, which in turn creates a thinner boundary layer and ultimately an increase in 176 

the bed shear stress. Accordingly, one of the priorities of this integrated experimental and 177 

numerical study is to look at the extent to which the near-bed turbulent kinetic energy controls the 178 

BBL thickness and, ultimately, the bed shear stresses within aquatic vegetation. 179 
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2 Methodology 180 

 2.1 Experimental configuration  181 

Experiments were carried out in a 20-m-long, 0.6-m-wide, and 0.45-m-deep recirculating 182 

flume in the Coastal and Offshore Engineering Laboratory at the University of Western Australia 183 

(Figure 2a). 184 

 185 

 186 

Figure 2. (a) Side view of the experimental setup. The flow depth was fixed at  𝐻 =  26.5 cm. (b) Top view 187 

of the staggered canopy array, with PIV measurements taken at the four transects indicated by the coloured lines. S is 188 

the distance between the elements. 189 

The flow, from 6.4- 27.5 L/s, was generated by a recirculating pump. A honeycomb flow 190 

straightener was installed on the upstream side of the flume to promote uniform parallel flow. 191 

Experiments were designed to elucidate the impact of canopy density and flow speed on the near-192 

bed flow structure in emergent aquatic vegetation. Given that most emergent aquatic vegetation is 193 

characterized by rounded shoots of high stiffness (Nepf, 2012a), simplified rigid elements 194 

(cylindrical wooden dowels with a diameter 𝑑 = 0.65 cm and height of 30 cm) were used as an 195 

idealized proxy for emergent canopies. The dowels were fixed to a perforated PVC baseboard in 196 

a staggered pattern (Figure 2b) across the channel width. To ensure fully-developed canopy flow, 197 
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the total length of the canopy model (𝐿𝑐) was at least five times the drag length scale 𝐿𝑑, defined 198 

as 𝐿𝑑 = (𝐶𝐷𝑎)−1 (Lowe et al., 2005; Morse et al., 2002). To fully cover typical field ranges, four 199 

canopy densities (𝜙) ranging from 0.016 to 0.098 were studied. For each canopy density, five flow 200 

conditions (𝑈𝑏) were tested. Here 𝑈𝑏 is the bulk channel velocity, defined as 𝑄/(𝑊𝐻), with W the 201 

flume width and 𝐻 the water depth (which was kept constant at 26.5 cm for all cases). This 202 

experimental program is summarized in Table 1.  203 

Table 1. Experimental conditions 204 

Density,  

𝝓 

Frontal area, 

a [m-1] 

Bulk channel velocity, 

𝑼𝒃 [m/s] 

0.016 3.1 

0.04, 0.06, 0.09, 0.13, 0.18 
0.025 5.2 

0.044 9.3 

0.098 20.8 

 2.2 Particle Image Velocimetry 205 

Velocity measurements were obtained using particle image velocimetry (PIV) at four 206 

locations within the array (Figure 2b). The PIV system consisted of a 300 mW continuous-wave 207 

(CW) 532 nm DPSS laser with a 60° fan angle and a light sheet thickness of 1 mm. Images were 208 

recorded for 7 min with a 12-bit, 1024 x 1024, CMOS camera (Photron FASTCAM SA3), 209 

equipped with a Nikon AF Nikkor 50mm f/1.4d lens. The frame rate of the camera was adjusted 210 

to ensure that maximum particle displacement was always less than a quarter of the interrogation 211 

window (Raffel et al., 2012) and ranged from 125-500 fps. Polyamide particles with a nominal 212 

diameter of 43 – 55 µm and a specific gravity of 1.04 were used as tracer particles.  213 

The analysis of recorded images was carried out using the open software PIVlab (Thielicke 214 

& Stamhuis, 2014). Before the PIV analysis, all images were pre-processed to enhance the 215 

contrast. Velocity fields were determined indirectly by finding the displacement of particles 216 

between two consecutive frames through a multi-pass window deformation scheme with 217 

decreasing interrogation window sizes. Depending on the experiment, two or three successive 50% 218 

size passes with 50% overlapped interrogation windows (64 × 64 to 16 × 16 pixels or 32 × 32 to 219 

16 × 16 pixels) along with a Gaussian sub-pixel interpolation scheme (Nobach & Honkanen, 2005; 220 

Raffel et al., 2012) were used to obtain high-resolution velocity maps near the bed. However, due 221 
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to the finite number of particles, fewer particles in each window are cross-correlated as the 222 

interrogation area gets smaller, creating more spurious velocity vectors (Raffel et al., 2012). To 223 

overcome this, an ensemble correlation approach was implemented (Santiago et al., 1998; 224 

Meinhart et al., 2000;), whereby cross-correlation for several image pairs is computed, with 225 

correlation maps then averaged for peak detection and calculation of velocity components. This 226 

approach increases the SNR (as more image pairs are ensemble-correlated), allowing to obtain 227 

high-resolution velocity fields even with low particle densities. In each experiment, the number of 228 

images for the ensemble correlation was chosen to provide velocity data at a minimum frequency 229 

of 25 Hz, which, for the frame rate used, were between 5-20 image pairs. Erroneous velocity 230 

vectors (outliers) were identified and eliminated through a combination of a global standard 231 

deviation filter and a local median filter, which evaluates the velocity fluctuation with respect to 232 

the median in 3 x 3 neighbourhoods around a central vector (Westerweel & Scarano, 2005).  233 

2.3 Numerical model 234 

Three-dimensional Large Eddy Simulations (OpenFOAM v2.3.0) of flow through 235 

emergent vegetation using the numerical methodology of Etminan et al. (2018) were employed in 236 

this study. A detailed description can be found in Etminan et al. (2017, 2018), and therefore, only 237 

a summary is provided herein. A set of four cylinders (𝑑 = 0.01 m) in a staggered arrangement 238 

was used to represent emergent vegetation. To simulate an infinite array of cylinders, cyclic 239 

boundary conditions were imposed in the streamwise and spanwise directions of the computational 240 

domain, formed by four sets of an O-grid block and a Cartesian H-grid block (refer to Figure 2 in 241 

Etminan et al. (2018)). In addition, a no-slip condition was imposed around each cylinder and at 242 

the bed. The data was only collected after 15 flow-through periods to ensure a fully-developed 243 

flow condition.  244 

The ratio between the diameter of, and distance between, the elements was varied to 245 

achieve canopy densities ranging from 𝜙 = 0.016 − 0.25 (Table 2). For each density, three flow 246 

conditions (based on the pore velocity, 𝑈𝑝) were tested; this velocity is defined as that averaged 247 

over the fluid space (Tanino & Nepf, 2008b) and can be calculated as 𝑄/𝑊𝐻(1 − 𝜙), equivalent 248 

to 𝑈𝑝 = 𝑈𝑏/(1 − 𝜙). Time-averaged flow parameters were evaluated across a minimum period of 249 

45 flow-through periods. 250 

 251 
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Table 2. Numerical simulation conditions 252 

Density, 

𝝓 

Frontal area, 

a [m-1] 

Pore velocity, 

𝑼𝒑 [m/s] 

0.016 2.0 

0.05, 0.10, 0.13 

0.04 5.1 

0.08 10.2 

0.12 15.3 

0.20 25.5 

0.25 32.0 

Previous studies have extensively validated the numerical model employed here for 253 

emergent canopy flow (Etminan et al., 2017, 2018).  254 

A comparison of the time-averaged streamwise velocity and turbulence intensity profiles 255 

against experimental data reported by Liu et al. (2008) at five locations within the array showed 256 

that the model accurately reproduces the experimental profiles of streamwise velocity and 257 

turbulence intensity at all five locations (as shown in Figure 3 of Etminan et al. (2017)). In addition, 258 

to specifically investigate the capacity of the model to reproduce the near-bed flow structure, 259 

numerical profiles of both viscous and Reynolds stresses in the near-bed region were compared 260 

against experimental data reported in Yang et al. (2015). This comparison again yielded strong 261 

agreement between numerical and experimental data (𝑅2 = 0.95 and 0.81 for viscous and 262 

Reynolds stresses, respectively, Figure 3 in Etminan et al. (2018)).  263 

 2.5 Parameter definitions and data analysis 264 

2.5.1. Experimental data 265 

Traditionally, the boundary layer thickness is defined as the height above the boundary at 266 

which the velocity reaches 99% of the free stream velocity (Nowell & Jumars, 1984). This 267 

definition, however, cannot be easily applied in vegetated flows due to the generation of a 268 

secondary flow pattern (velocity overshoot) at the base of the canopy elements (Figure 3a). In the 269 

case of emergent vegetation, the velocity reaches a depth-uniform value some distance from the 270 

bed (inset figure 3a). The local thickness of the BBL (𝛿) is defined here as the height at which the 271 

temporally-averaged velocity (𝑢̅) first reaches this value (Figure 3a). For the experimental data 272 
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presented in this paper, all spatially-averaged flow statistics are averages over transects 2, 3 and 4 273 

(Figure 2b). In particular, the temporally- and spatially-averaged streamwise velocity (⟨𝑢̅⟩) in the 274 

region 𝑧/𝑑 > 4 was always within 5% of the estimated pore velocity 𝑈𝑝 (Figure 3b) across all 275 

runs. Additionally, ⟨𝑢̅⟩ at the top of the spatially-averaged BBL layer thickness (𝑧 = ⟨𝛿⟩) can be 276 

approximated to 𝑈𝑝. 277 

 278 

Figure 3. (a) Time-averaged streamwise velocity profiles normalized by the pore velocity (𝑈𝑝) at a typical 279 

location on each of the measured transects (Figure 2b) from experimental data with 𝜙 =  0.025 and 𝑈𝑝 =  0.065 cm/s. 280 

The arrow indicates the BBL thickness (𝛿) and the black dashed line represents the depth-uniform velocity. The inset 281 

shows an enlarged view. (b) The temporally- and spatially-averaged streamwise velocity (⟨𝑢̅⟩) profile normalized by 282 

the pore velocity (𝑈𝑝). The blue dashed line indicates the spatially-averaged BBL layer thickness (⟨𝛿⟩) and the red 283 

dashed line represents the depth-uniform velocity. The temporally- and spatially-averaged streamwise velocity at the 284 

top of ⟨𝛿⟩ is within 5% the estimated pore velocity (arrow).  285 

In all flows, the temporally- and spatially-averaged total stress (〈𝜏̅(𝑧)⟩): 286 

〈𝜏̅(𝑧)⟩ = ⟨𝜌𝜈
𝜕𝑢̅

𝜕𝑧
⟩ − 𝜌⟨𝑢′𝑤′̅̅ ̅̅ ̅̅ ⟩ − 𝜌⟨𝑢̅′′𝑤̅′′⟩,                                                               (2) 287 
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At the bed (𝑧 = 0), for smooth and impermeable beds, the no-slip condition requires the second 288 

and third terms in (2) to be zero, such that ⟨𝜏̅⟩|𝑧=0 = 𝜌𝜈
𝜕⟨𝑢⟩

𝜕𝑧
|

𝑧=0
; therefore, the spatially-averaged 289 

bed shear stress is simply:  290 

〈𝜏𝑏̅〉 = 𝜌𝜈
𝜕⟨𝑢̅⟩

𝜕𝑧
|

𝑧=0

.                                                          (3) 291 

The temporally- and spatially-averaged turbulent kinetic energy is defined as: 292 

〈𝑘𝑡̅〉 = 0.5(〈𝑢′2̅̅ ̅̅ 〉 + 〈𝑣′2̅̅ ̅̅ 〉 + 〈𝑤′2̅̅ ̅̅ ̅〉),                                                   (4)  293 

where 𝑢′, 𝑣′, and 𝑤′ are the turbulent velocity fluctuations in streamwise, spanwise, and vertical 294 

directions, respectively. Given that the PIV measurements do not record the spanwise component 295 

of the velocity, we are forced to assume that 𝑢′2̅̅ ̅̅  ≈  𝑣′2̅̅ ̅̅  (as in Tanino & Nepf (2008a)), such that 296 

the turbulent kinetic energy for emergent canopies can be approximated as: 297 

〈𝑘𝑡̅〉 ≈ 0.5(2〈𝑢′2̅̅ ̅̅ 〉 + 〈𝑤′2̅̅ ̅̅ ̅〉).                                                           (5)  298 

In this study, we will show the existence of a clear relationship between the BBL thickness and 299 

the near-bed TKE (section 3.2). Moreover, we will develop a TKE-based model for the BBL 300 

thickness and, ultimately, the bed shear stress (Section 4.1). Therefore, a predictive formulation 301 

for TKE is needed. Here, we employ the model of Tanino and Nepf (2008) for the turbulence 302 

intensity within an array of emergent cylinders:  303 

𝑘̅𝑡 = 𝛾2 (𝐶𝐷

𝑙𝑡

𝑑

2𝜙

(1 − 𝜙)𝜋
)

2/3

𝑈𝑝
2,                                                         (6) 304 

In (6), 𝛾 is an empirical constant, 𝐶𝐷
  is the element drag coefficient, and it was estimated as 𝐶𝐷

 =305 

1 + 𝑅𝑒𝑐
2/3

, where 𝑅𝑒𝑐 = (𝑈𝑝𝑑/𝜈)((1 − 𝜙)/(1 − √2𝜙/𝜋)) (Etminan et al., 2017). The eddy 306 

length-scale 𝑙𝑡 is indicative of the scale associated with the mixing due to turbulent eddies 307 

(Tennekes & Lumley, 1972; Tanino & Nepf, 2008a).   308 

2.5.2. Numerical data  309 

To provide a statistical measure of the spatial variability of the velocities, total stress, and 310 

turbulent kinetic energy within the BBL for different canopy densities and flow conditions, the 311 

ratio between the RMS value (𝜁𝑅̅𝑀𝑆) and the temporally- and spatially-averaged value (〈𝜁〉̅) was 312 
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calculated for all numerical runs. Given the full 3D spatial coverage of the LES simulations, robust 313 

estimates of spatially-averaged quantities can be obtained from the numerical model. Furthermore, 314 

all three components of the TKE could be measured directly, as per Eq. (4). For a given flow 315 

variable (𝜁), the horizontally-averaged root-mean-squared (RMS) value (𝜁𝑅𝑀𝑆) is calculated as  316 

𝜁𝑅𝑀𝑆(𝑧) = √
1

𝑛
∑[𝜁(̅𝑥, 𝑦, 𝑧) − 〈𝜁〉̅(𝑧)]

2

,                                                      (7) 317 

where 𝜁 ̅is the temporally-averaged value, 〈𝜁〉̅ is the temporally- and spatially-averaged value, and 318 

n is the number of elements used in the sum. Flow statistics recorded in the region immediately 319 

adjacent to the cylinders (see figure 4 for further detail) were excluded from calculations of spatial 320 

averages as they are not representative of values at the canopy scale. The diameter of this excluded 321 

area (𝑑𝑒𝑥𝑐) was defined in Etminan et al. (2018) and is reported in Table 3. 322 

Table 3. Excluded area diameter of the circle around the elements. 323 

Density,  

𝝓 

Diameter of the excluded area, 

𝒅𝒆𝒙𝒄/𝒅 

0.016 2.5 

0.04 2.5 

0.08 2.0 

0.12 1.8 

0.20 1.6 

0.25 1.6 

Finally, the mean absolute percentage deviation (𝑀) was calculated to identify single-point 324 

locations that most closely match the spatial average value of the flow characteristics for a 325 

staggered-ordered emergent array of canopies: 326 

𝑀(𝑥, 𝑦) =
100

𝑚
∑ |

𝜁(̅𝑥, 𝑦, 𝑧) − 〈𝜁〉̅(𝑧)

〈𝜁〉̅(𝑧)
 |

𝑚

1

,                                                (8) 327 

where m is the number of vertical values used in the sum.  328 
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3 Results 329 

3.1 Horizontal variability of the flow characteristics within the BBL 330 

Direct local estimates of near-bed flow characteristics from numerical simulations show 331 

variations of the same order as the temporally and spatially averaged values, revealing the high 332 

spatial variability at the element scale (Figure 4). The highest values of BBL thickness (𝛿(𝑥, 𝑦)) 333 

and temporally averaged streamwise velocity (𝑢̅(𝑥, 𝑦)) are mostly confined to the area between 334 

element rows, whereas the smallest values are found in the element wakes (Figure 4a,b). Such 335 

regions of diminished and elevated velocities are a direct consequence of the sheltering and 336 

channelling effect produced by the canopy elements. Conversely, the highest values of local 337 

turbulent kinetic energy (𝑘̅𝑡(𝑥, 𝑦)) are found in cylinder wakes with the smallest values in the 338 

channel between rows (Figure 4c). This variability indicates the major influence of element wakes 339 

on local values of 𝑘̅𝑡 and, ultimately, on the temporally- and spatially-averaged value (〈𝑘̅𝑡〉).  340 

 341 

Figure 4. Horizontal variability of the dimensionless (a) BBL thickness, along with (b) streamwise velocity; 342 

(c) turbulent kinetic energy and (d) total stress, all vertically-averaged over the local BBL thickness 𝛿(𝑥, 𝑦) for the 343 

numerical case with 𝑅𝑒𝑝,𝑑 = 500 and density 𝜙 = 0.04. The flow is from left to right. The dashed line represents the 344 

area excluded from horizontal average calculations. Over a scale of an element diameter, variations of more than twice 345 

the temporally- and spatially- averaged value can be observed in near-bed flow characteristics, indicating the 346 

significant horizontal variability of flow through emergent vegetation. As negative values of streamwise velocity and 347 

total stress are possible, the lower limit of the colour bar differs between panels.  348 
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 349 

The horizontal variability of the total stress reveals areas of extreme stress (𝜏̅(𝑥, 𝑦)/〈𝜏̅〉 ≫350 

2) on the sides of the cylinders (Figure 4d). These areas of enhanced stress are mainly generated 351 

by the compression of streamlines around canopy elements. Moreover, local values of negative 352 

stresses can be observed in the areas directly upstream and downstream of the cylinders. Regions 353 

of negative stress have been previously observed around individual cylinders, and they are linked 354 

to the development of horseshoe vortices (upstream region) and flow recirculation in the wake 355 

region (downstream region) (Schanderl et al., 2017). Further evidence of flow recirculation in the 356 

wake is seen in negative values of streamwise immediately downstream of the cylinders (Figure 357 

4b). 358 

Additionally, far from the region adjacent to the cylinders (outside the dashed line circle), 359 

the local stress values in the middle channel are close to the spatially-averaged value, and areas of 360 

reduced stress are observed in the cylinder wakes (white and blue colour in Figure 4d). The maps 361 

of near-bed flow characteristics in Figure 4 allow clear spatial correlations to be identified. For 362 

instance, locations of BBL thickness and streamwise velocity are positively correlated, whereas 363 

locations of BBL thickness and TKE are negatively correlated. The observed interplay between 364 

these variables indicates the possible impact of the streamwise velocity and near-bed TKE in 365 

controlling the BBL thickness, which we address in the next section. 366 

The influence of canopy density and Reynolds number (defined as 𝑅𝑒𝑝,𝑑 = 𝑈𝑝𝑑/𝜈) in the 367 

horizontal variability of near-bed flow characteristics is presented in Figure 5. Monotonical 368 

increases in RMS values of bottom boundary layer thickness, streamwise velocity and total stress 369 

(normalized by the temporally- and spatially-averaged values) are observed with canopy density 370 

(Figure 5a,b,d). This increase in horizontal variability with density is generated by stronger 371 

channelling and sheltering effects in denser vegetation, confirming that the element configuration 372 

largely controls spatial variability of the near-bed flow characteristics. In contrast, the horizontal 373 

variability of near-bed TKE decreases with canopy density (Figure 5c). This decrease in dense 374 

canopies results from an overall increment of the wake turbulence produced by the larger number 375 

of elements per unit area.  376 

Finally, the magnitude of normalised RMS values of near-bed flow characteristics 377 

(visualised in Figure 4, quantified in Figure 5) highlights the difficulties associated with 378 
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understanding near-bed hydrodynamic processes from single-point observations. Numerical 379 

models that can resolve this variability, or at the very least provide an indication of the 380 

measurement locations required to capture it, are helpful tools in understanding spatial variation 381 

in the near-bed flow and have been employed here. 382 

 383 

Figure 5. The ratio between the horizontally-averaged RMS values and the temporally- and spatially-384 

averaged values of (a) boundary layer thickness, (b) streamwise velocity, (c) turbulent kinetic energy, and d) total 385 

stress. The canopy density largely controls the horizontal variability of the near-bed flow characteristics. 386 

3.2 The bottom boundary layer thickness  387 

In this section, experimental and numerical data are integrated to quantify the thickness of 388 

the bottom boundary layer across different canopy densities and highlight how turbulence levels 389 

regulate this thickness. Bottom boundary layer thickness with different canopy and flow properties 390 
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showed that this layer is primarily controlled by the canopy density (decreasing on denser 391 

canopies) and the element diameter (Figure 6a). This result is consistent with previous 392 

observations of the linear-stress region (a sublayer within the BBL) decreasing with canopy density 393 

(Yang et al., 2015; Etminan et al., 2018). The Reynolds number has a secondary influence on the 394 

BBL thickness (BBL thickness decrease with Reynolds number), but it is generally minor 395 

compared to the impact of the canopy density. It can be observed from Figure 6a that as the canopy 396 

density increases, the boundary layer thickness becomes less sensitive to changes in density. 397 

Conversely, the dimensionless spatially-averaged TKE (⟨𝑘̅𝑡⟩/⟨𝑢̅⟩2) monotonically increases with 398 

canopy density (Figure 6b), as a result of the increase in wake turbulence produced by a larger 399 

number of cylinders per unit area.  400 

 401 

Figure 6. (a) The strong correlation between the dimensionless spatially-averaged BBL thickness (〈𝛿〉/𝑑) 402 

and the canopy density (𝜙). There is strong agreement between numerical and experimental estimates of BBL 403 

thickness. The solid line represents the line of best fit, 〈𝛿〉/𝑑 = 0.06/𝜙0.5. (b) variation of dimensionless spatially-404 

averaged turbulence intensity ⟨𝑘̅𝑡⟩/⟨𝑢̅⟩2with the canopy density for the experimental and numerical data. The solid 405 

black line represents the curve given by Eq. 6. 406 

As suggested in Figure 6, there is a strong negative correlation between the dimensionless 407 

spatially-averaged thickness of the BBL and the dimensionless temporally- and spatially-averaged 408 

turbulent kinetic energy at the top of the BBL (𝑧 = 〈𝛿〉) (Figure 7). This relationship takes the 409 

form 410 
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〈𝛿〉

𝑑
= 0.022

〈𝑢̅〉2

⟨𝑘̅𝑡⟩
|

𝑧 = ⟨𝛿̃⟩

.                                                         (9) 411 

 412 

 413 

Figure 7. The inversely proportional relationship between the dimensionless spatially-averaged BBL 414 

thickness (〈𝛿〉/𝑑) and dimensionless TKE (⟨𝑘𝑡̅⟩/⟨𝑢̅⟩2) at the top of the bottom boundary layer. The blue markers 415 

represent numerical data and the red markers experimental data. The solid black line represents the best fit curve given 416 

by Eq. 9. The inversely proportional relationship supports the notion of a direct influence of the TKE on the thickness 417 

of the BBL for the spatially-averaged values. 418 

In addition to the correlation between spatially-averaged values, there is a strong spatial 419 

correlation between BBL thickness and near-bed TKE within a given canopy (Figure 8). Notably, 420 

even though there is some scatter, most of the locally-measured data (red patches) follow the trends 421 

of the spatially-averaged value (the line in Figure 8, shown in Eq. 9).  422 

The inversely proportional relationship of boundary layer thickness and turbulence 423 

intensity with canopy density suggests the possibility of a causal link between these two variables, 424 

where the increase in the vertical moment transport generated by the ‘external’ turbulence from 425 

the plants creates a thinner boundary layer. It is noteworthy that within each patch, where the 426 

density is not changing, the local values of BBL thickness and the near-bed TKE have an inverse 427 
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relationship within a given flow, i.e., local values of high TKE generates a thinner local BBL. This 428 

observed local agreement further indicates a causal link between near-bed TKE and BBL 429 

thickness.  430 

 431 

 432 

Figure 8. Local values of dimensionless bottom boundary layer thickness as a function of the dimensionless 433 

turbulent kinetic energy (evaluated at the top of the BBL) for three canopy densities = 0.016, 𝜙 = 0.08, 𝜙 = 0.25 434 

and 𝑅𝑒𝑝,𝑑 = 500. The solid black line represents the best fit curve given by Eq. 9. The colour bar indicates the data 435 

density normalized by the total data in the domain. 436 

3.3 Vertical structure of stresses within BBL 437 

The significant spatial variability of the near-bed flow characteristics (Figure 4) indicates 438 

that dispersive stresses may contribute significantly to momentum transport in the near-bed region. 439 

The vertical structure of the stress components (terms i, ii and iii in Eq. 1) and the total shear stress 440 

within the BBL are presented in Figure 9 for a flow through a canopy with a density of 0.04. This 441 

vertical structure defines three important sublayers within the BBL. In the sublayer closest to the 442 

bed, 𝑧 ≲ 〈𝛿〉/4 (ranging from 0.25-1.5 mm in this study), the viscous stress is the dominant 443 

component of the total shear stress, and the Reynolds and dispersive stresses are both negligible. 444 

The second sublayer, in which all three stress components are significant, lies between 〈𝛿〉/4 and 445 



Manuscript submitted to Water Resources Research 
 

21 
 

3〈𝛿〉/4. Finally, within the third sublayer  3〈𝛿〉/4 ≲ 𝑧 ≲ 〈𝛿〉, the dispersive and Reynolds stresses 446 

dominate. Note that this vertical structure of the normalized stresses within the bottom boundary 447 

layer was qualitatively similar in shape across all densities and flows. Of particular significance is 448 

that the BBL in emergent canopies is a region of roughly constant total shear stress related to the 449 

bed shear stress.  450 

 451 

Figure 9. Vertical structure of spatially averaged stress components within the BBL for the numerical case 452 

with density 𝜙 = 0.04 and 𝑅𝑒𝑝,𝑑 = 500 (for which 〈𝛿〉 = 0.34 cm). Stress components have been normalized by 〈𝜏𝑏̅〉, 453 

the value at the bed (z = 0). Roman numerals define three important sublayers across the BBL. Although the 454 

contributions of the components vary with height above the bed, the BBL in emergent canopies is seen to be a region 455 

of approximately constant shear stress.  456 

The vertical variation of the stress components emphasises the fact that direct 457 

measurements of bed shear stress require either velocity gradient measurements within the region 458 

adjacent to the bed (Region I) or measurements across the horizontal plane to accurately capture 459 

the dispersive stresses. Either requirement is likely to prove impractical in experimental studies. 460 

Therefore, we propose a simple scaling approach to estimate the spatially-averaged bed shear 461 

stress in emergent canopies. Assuming self-similarity of the velocity profile in the BBL, the 462 

velocity gradient at the bed scales upon 𝑢̅|𝑧=𝛿̃/𝛿 and therefore, it is possible to approximate the 463 

temporally- and spatially- averaged bed shear stress (Eq. 3) as: 464 

  spers  e  tress  eynolds  tress   scous stress  otal stress
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⟨𝜏𝑏̅〉 = 𝜇
𝜕⟨𝑢̅⟩

𝜕𝑧
|

𝑧=0
~𝜇

⟨𝑢̅〉|𝑧=⟨𝛿̃⟩ 

⟨𝛿⟩
.                                                  (10) 465 

There is a strong agreement (𝑅2  =  0.89) between measured bed shear stresses and those 466 

predicted by the scaling relationship in Eq. 10 (Figure 10). This strong agreement supports the 467 

self-similarity assumption of the mean velocity profile in the BBL as well as the validity of Eq. 10 468 

in predicting bed shear stress in aquatic vegetation. Despite the strong agreement, the model 469 

underestimates the bed shear stress at low canopy densities (𝜙 < 0.04) and high Reynolds 470 

numbers (𝑅𝑒𝑝,𝑑>1000). Ultimately, the validity of Eq. 10 depends upon a self-similarity of mean 471 

velocity profiles in the BBL of vegetated flows, a self-similarity which appears to break down at 472 

low canopy density and high Reynolds numbers. Thus, this underestimation can be explained by, 473 

at low density and high Reynolds number, there is a reduced impact of the vegetation on the mean 474 

velocity structure; in the limit of zero density, the vertical velocity gradient will tend towards that 475 

observed in flow over a bare bed. Indeed, in low-density canopies, the thicknesses of the viscous-476 

stress-dominated sublayer (Layer I in Figure 9) in vegetated (𝐻v) and unvegetated (𝐻v,unveg) beds 477 

are equivalent (Yang et al., 2015). The scaling relationship in Eq. 10 was modified to reflect this 478 

change in velocity structure at low canopy density: 479 

⟨𝜏𝑏̅〉 = 𝜇
𝜕⟨𝑢̅⟩

𝜕𝑧
|

𝑧=0
~𝜇

⟨𝑢̅〉|𝑧=𝛿̃𝑒

𝛿𝑒

,                                                  (11) 480 

where 𝛿𝑒 is the effective BBL thickness given by 𝛿𝑒 = min (〈𝛿〉, 𝐻v,unveg) with 𝐻v,unveg taken as 481 

25𝜈/⟨𝑢̅∗⟩, as for bare channel flows, 𝐻v,unveg⟨𝑢̅∗⟩\𝜈 =25 (see Figure 2 in Yang et al., 2015). When 482 

considering the effective BBL thickness as the length scale that governs the velocity gradient at 483 

the bed (i.e. Eq. 11), the prediction of bed shear improves significantly (𝑅2 = 0.96, Figure 10b).  484 
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 485 

Figure 10. Agreement between measured bed shear stresses and those predicted by the scaling relationship 486 

in (a) Eq.10, the solid line represents the linear fit  〈𝜏𝑏̅〉 = 2.0𝜇〈𝑢̅〉|𝑧=⟨𝛿̃⟩/⟨𝛿⟩, and (b) Eq. 11, the solid line represents 487 

the linear fit  〈𝜏𝑏̅〉 = 2.0𝜇〈𝑢̅〉|𝑧=𝛿̃𝑒
/𝛿𝑒. The blue markers represent the numerical data, and the red markers represent 488 

experimental data. The blue and red colour bar indicates the 𝑅𝑒𝑝,𝑑 for numerical and experimental data, respectively. 489 

4. Discussion 490 

4.1. Developing a predictive model of bed shear stress 491 

Given the high correlation between ⟨𝜏𝑏̅〉 and 𝜇⟨𝑢̅〉|𝑧=𝛿̃𝑒
/𝛿𝑒  (Figure 10b), a model to predict 492 

the bed shear stress can be obtained from Eq.11. Defining the friction velocity 〈𝑢̅∗〉 through 〈𝜏𝑏̅〉 =493 

𝜌〈𝑢̅∗〉2, and substituting 〈𝑢̅〉|𝑧=𝛿̃𝑒
= 𝑈𝑝 and 𝛿𝑒 = min(〈𝛿〉, 𝐻v,unveg) into Eq. 11, a model for 494 

friction velocity (〈𝑢̅∗〉𝑚𝑜𝑑) can be written as 〈𝑢̅∗〉𝑚𝑜𝑑 = max (√2𝜈𝑈𝑝/⟨𝛿⟩ , √2𝜈𝑈𝑝/𝐻v,unveg). 495 

Using the TKE-dependent relationship for BBL thickness in Eq. 9, √2𝜈𝑈𝑝/⟨𝛿⟩  can be rewritten 496 

as: 497 

𝐶√
⟨𝑘̅𝑡⟩|

𝑧=⟨𝛿̃⟩

𝑅𝑒𝑝,𝑑
,                                                                      (12) 498 

with 𝐶 =  8. Furthermore, by characterising 𝐻v,unveg in terms of a bed drag coefficient, 499 

𝐶𝑓(defined as ⟨𝑢̅∗⟩2/𝑈𝑝
2), such as 𝐻v,unveg  = 2𝜈/𝐶𝑓𝑈𝑝, we can express √2𝜈𝑈𝑝/𝐻v,unveg as: 500 
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√𝐶𝑓𝑈𝑝.                                                                            (13) 501 

Therefore, the model for the friction velocity becomes  502 

〈𝑢̅∗〉𝑚𝑜𝑑 = max ( 𝐶√
⟨𝑘̅𝑡⟩|

𝑧=⟨𝛿̃⟩

𝑅𝑒𝑝,𝑑
, √𝐶𝑓𝑈𝑝).                                                      (14) 503 

This model (Eq. 14) requires a priori knowledge of the temporally- and spatially-averaged TKE 504 

at the top of the BBL (〈𝑘̅𝑡〉|
𝑧 = 〈𝛿̃〉

) and the bed drag coefficient (𝐶𝑓). The model for predicting 505 

TKE in Eq. 6 can be employed here for estimating ⟨𝑘̅𝑡⟩|
𝑧=⟨𝛿̃⟩

; if we assumed Eq 6 to be valid at 506 

every vertical position (as in Xu & Nepf (2020)), then  507 

〈𝑘̅𝑡〉|
𝑧=〈𝛿̃〉

= γ2 (𝐶𝑑
 

〈𝑙𝑡〉

𝑑

2𝜙

(1 − 𝜙)𝜋
)

2/3

⟨𝑢̅〉|
𝑧=⟨𝛿̃⟩
2 .                                       (15) 508 

Given the wide range of densities in this study, the characteristic eddy length scale (𝑙𝑡) depends on 509 

the ratio of element diameter (𝑑) to element spacing (𝑠𝑛). Following Tanino & Nepf (2008), we 510 

used a length scale of 〈𝑙𝑡〉 = 𝑑 for 𝑑/𝑠𝑛  < 0.53 and 〈𝑙𝑡〉 = 𝑠𝑛 for 𝑑/𝑠𝑛  ≥ 0.53. The velocity at 511 

the top of the BBL 〈𝑢̅〉|𝑧=〈𝛿̃〉 was replaced by the cross-sectional average fluid velocity, 𝑈𝑝 (Figure 512 

3b)  The empirical coefficient 𝛾2 in Eq. 15 was estimated from the least-squares fitting between 513 

〈𝑘̅𝑡〉|𝑧=〈𝛿̃〉 and γ2 (𝐶𝑑
 〈𝑙𝑡〉

𝑑

2𝜙

(1−𝜙)𝜋
)

2/3
⟨𝑢̅〉|

𝑧=⟨𝛿̃⟩
2  using both experimental and numerical data (Figure 514 

11).  515 
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 516 

Figure 11. Least-squares fitting between the measured value of TKE at the top of BBL vs that predicted by 517 

Eqn. 13. The solid black line represents the line of best fit given by 𝑦 = γ2𝑥 with γ2 = 0.70. Markers are as in Figure 518 

7. 519 

The bed drag coefficient required in Eq. 14 was found using the relation for 𝐻v,unveg 520 

(𝐻v,unveg⟨𝑢̅∗⟩\𝜈 =25) found by Yang et al. (2015), leading to  521 

𝐶𝑓 =
2𝜈

𝐻v,unveg𝑈𝑝
= 0.08

⟨𝑢̅∗⟩

𝑈𝑝
.                                               (16) 522 

Since by definition 𝐶𝑓 =  ⟨𝑢̅∗⟩2/𝑈𝑝
2, it must therefore take a value of approximately 0.0064. 523 

Substituting ⟨𝑘̅𝑡⟩|
𝑧=⟨𝛿̃⟩

, 𝐶𝑓, 𝑅𝑒𝑝,𝑑 and 𝑈𝑝 in Eq.14, the agreement between the measured 〈𝑢̅∗〉 and 524 

modelled friction velocities (〈𝑢̅∗〉𝑚𝑜𝑑) is shown in figure 12. The strong agreement (R2 = 0.90) 525 

between measured and modelled (Eq. 14) values of friction velocity (Figure 12) demonstrates the 526 

robust predictive capacity of the model, which only requires bulk properties of the system (i.e., the 527 

pore velocity, the canopy density and the bed drag coefficient) as inputs. 528 

 529 
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 530 

Figure 12. Comparison between measured spatially-averaged values of friction velocity with those predicted 531 

from Eq. 14 (〈𝑢̅∗〉𝑚𝑜𝑑). The solid line represents perfect agreement. Markers are as in Figure 7.  532 

 533 

4.2. Implications for interpreting experimental measurements of flow properties  534 

Given the significant spatial variability of near-bed flow characteristics in vegetation 535 

canopies, it is paramount to identify the locations that can be targeted in experimental studies to 536 

provide representative values of the spatially-averaged values. The horizontal locations where the 537 

mean absolute percentage deviation (𝑀, Eqn. (8)) for streamwise velocity (𝑢̅), turbulent kinetic 538 

energy (𝑘𝑡̅) and total stress (𝜏̅) is less than 5% within the BBL are shown in Figure 13.  539 

The horizontal distributions of 𝑢̅, 𝑘𝑡̅  and 𝜏̅ show that the regions with significant deviations 540 

from spatial means (white regions in Figure 13) are concentrated around the wakes of the elements 541 

and are found to vary significantly with canopy density. As the density increases, these regions 542 

become narrower (relative to 𝑆/𝑑), mainly due to the intensification of the flow channelling 543 

created by a staggered-ordered canopy model, along with the more complex wake interactions 544 

produced in dense canopies. Furthermore, in the near-bed region, the average deviation from 545 

spatially-averaged values (𝑀 >  5%) across the total plan area for the bed shear stress is enhanced 546 

due to the strong interaction of the flow with the bed. As in this region, the local changes of near-547 
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bed TKE induce changes in the BBL thickness (Figure 8), which in turn generates strong spatial 548 

variability of bed shear stress.  549 

 550 

Figure 13. Horizontal distribution of locations with 𝑀 ≤  5% for the streamwise velocity, 𝑢̅ (red markers), 551 

the turbulent kinetic energy, 𝑘𝑡̅ (blue markers) and the total stress, 𝜏̅ (yellow markers) within the BBL (𝑧 ≤ 〈𝛿〉) for 552 

three canopy densities. The dashed circle around the cylinders represents the excluded area for all the statistics. 553 

Spatially representative statistics can be obtained in the region encompassed by a measurement volume that extends 554 

from one side of an upstream cylinder to the same side of a downstream cylinder in the same row.  555 

While the previous maps of M suggest the existence of local preferred measurement regions 556 

(low values of M), we caution that their generalization to more heterogeneous and complex 557 

canopies requires further research to understand the spatial variability of the flow characteristic.  558 

 559 

4.3 Implications for predicting sediment transport 560 

Current models can use either stress or TKE as an assumed driver of sediment motion & 561 

transport. On the one hand, models based on TKE as the main driver of sediment transport (e.g. 562 

Tinoco & Coco, 2014, 2016, 2018; Yang et al., 2016; Yang & Nepf, 2018, 2019) suggest that bed 563 

shear stress-based sediment transport models (developed for bare beds) fail within vegetated 564 

regions because they do not account for the vegetation generated turbulence. In other words, the 565 
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‘external’ turbulence from the plants and the bed shear stress are decoupled in these flows. 566 

However, our results (Figures 7, 8 and 12) indicate the opposite, i.e., higher values of vegetated 567 

generated TKE create a thinner BBL thickness, which in turn increases the bed shear stress. The 568 

strong link between the bed shear stress and the near-bed TKE may explain why predictive models 569 

using TKE are seen to excel in predicting sediment transport in vegetation canopies. On the other 570 

hand, previous approaches based on predicting the thickness of the viscous-stress dominated 571 

sublayer within the BBL (e.g. Nepf, 2012b; Yang et al., 2015) have taken it to be proportional to 572 

the element diameter, d, such that 𝜏̅ = 𝜇𝑈/𝑑, (with 𝑈 the depth-averaged velocity). As a result, 573 

these models are unable to capture a dependence of boundary layer thickness on canopy density. 574 

The results of this study suggest, however, that for constant element diameter, both the viscous 575 

sublayer and the total BBL thickness vary significantly with canopy density (Figure 6), which may 576 

be one reason why robust sediment transport predictions for vegetation canopies using the bed 577 

shear stress have proven elusive.  578 

In section 4.1 (Eq.14), a new method (validated in Figure 12) is proposed to estimate bed 579 

shear stresses in emergent canopies based on the thickness of the boundary layer, the bed drag 580 

coefficient and the temporally- and spatially-averaged velocity. This model incorporates the effect 581 

of the near-bed TKE on the bed shear stress. Notably, the model presented in this study (Eq.14) 582 

represents an alternative method for bed shear stress prediction, without requiring high-resolution 583 

flow measurements near the bed, by directly linking the bed shear stress with the near-bed turbulent 584 

kinetic energy. Finally, further research is needed to precisely assess the capacity of this model to 585 

drive predictions of the onset of sediment motion and transport rates in vegetated environments. 586 

 587 

5 Conclusions 588 

Flows through emergent canopies are characterised by significant horizontal variability in 589 

the thickness of the bottom boundary layer, velocities, stresses, and turbulent kinetic energy within 590 

the layer. It is shown here that canopy density and element diameter control the boundary layer 591 

thickness through its direct control of near-bed turbulent kinetic energy (TKE). Locally and in a 592 

given flow, the near-bed turbulent kinetic energy (TKE) was negatively correlated with BBL 593 

thickness across the studied flow conditions. Accordingly, a model for prediction of bed shear 594 

stress is presented here that is based upon evaluation of this BBL thickness, and requires only 595 
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canopy density, bed drag coefficient and bulk velocity as further inputs. There is excellent 596 

agreement between model predictions and direct bed shear stress measurements in laboratory and 597 

numerical experiments. The link between ‘external’ turbulence from the plants, the BBL thickness, 598 

and ultimately the bed shear stress may explain why stress and TKE may be seen as drivers of 599 

sediment transport processes in vegetated flows. 600 
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