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 Abstract

Pollutant discharges from combined sewer overflows and wastewater treatment works can 
degrade river water quality, and their impact is strongly controlled by transverse mixing. 

Vegetated channel margins generate turbulent shear layers that can enhance this mixing, but 

the role of interacting shear layers produced by vegetation on both banks remains poorly 
quantified. This paper presents an extensive high-resolution laboratory dataset for single- 
and dual-bank emergent vegetation in shallow open-channel flow. Surface velocities and 
depth-averaged solute mixing were measured using large-scale particle image velocimetry 
and planar concentration analysis. A finite-difference solution of the advection-diffusion 
equation was used to infer transverse mixing coefficients. The datasets are used to develop 
bulk parameterisations linking vegetation projected area and the velocity contrast between 
vegetated and free flow regions to shear-layer structure and transverse mixing. For sin-
gle-bank flows, the displacement of the velocity inflection point and the inner and outer 
shear-layer thicknesses collapse to simple functions of vegetation density. Additionally, the 
maximum transverse mixing coefficient scales with the product of water depth and velocity 
difference between the vegetated region and the free flow. For dual-bank configurations, new 
empirical relationships quantify the reduction of centreline velocity and the enhancement 

of transverse mixing as shear layers interact across the free flow gap. The resulting model 
reproduces measured velocity and concentration fields with coefficients of determination 
typically exceeding 0.9 using only bulk flow and vegetation properties. These parameterisa-
tions provide a practical tool for representing transverse mixing in numerical models and for 

assessing how vegetated banks influence pollutant dispersion in rivers.

Highlights

 ● Vegetation along channel banks strongly shapes how pollution spreads across the flow.
 ● Mixing increases when shear zones from both banks meet, helping dilute pollutants 

faster.

 ● Simple measures of flow and vegetation give reliable estimates of how quickly pollution 
will disperse.

Keywords Transverse mixing · Mixing layers · Shear effects · Vegetation · Dual bank 
vegetation
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1 Introduction

The effective management of water resources is indispensable for activities such as potable 
water supply, irrigation and industry. However, societal trends such as population growth 

and urbanisation can lead to increased stress on water resources and river systems via over 

abstraction and increased pollution loadings from agriculture and industry [21, 28, 43, 45]. 

Mixing processes in surface waters have a significant effect on concentrations of pollutants 
from discharges such as wastewater treatment works and sewer overflows [2, 8], and hence 

understanding these processes is important for the management of water resources.

Aside from initial momentum and vertical mixing effects downstream of a pollutant 
discharge, transverse mixing is generally the dominant physical process affecting pollut-
ant concentrations at length scales up to approximately 300 times the channel width [37]. 

Improved understanding and enhancement of these processes to rapidly reduce peak con-
centrations may therefore offer a method to reduce the local impact of pollutant discharges. 
Existing studies considering the enhancement of transverse mixing have focused on the use 

of manufactured vanes [1, 38], whilst numerous other studies have shown how increased 

secondary currents (e.g., at confluences or in compound channels) can increase transverse 
mixing [4, 11].

Vegetated zones may also affect local transverse mixing rates by increasing velocity gra-
dients and turbulent diffusion across the vertical water/vegetation interface, creating a shear 
layer over the horizontal plane [48, 49], as well as the potential enhancement of secondary 

currents. In the shear region, transport is dominated by the presence of large-scale coher-
ent flow structures, and mixing can be characterised by the properties of the shear layer 
itself [10]. The interaction of vegetation properties, coherent flow structures and momen-
tum transport at such interfaces has been studied by Caroppi et al., [3], who considered the 

significance of vegetation morphology on the properties of the shear layer. Liu et al., [16] 

developed an exponential-based model for predicting velocity fields in partially vegetated 
channels containing finite vegetation patches located either centrally or along one side of 
the channel. Their work demonstrated how vegetation drag produces strong lateral velocity 
gradients and distinct flow regions within and outside the patch, and provided a predictive 
framework for the resulting depth-averaged velocity field.

The effects of vegetation induced horizontal shear layers on mixing were considered by 
West et al., [47], who produced a modelling framework to describe the evolution of solute 
concentrations across a shear layer in a partially vegetated channel. Transverse mixing coef-
ficients under such layers are highly heterogeneous, being enhanced within the shear layer 
but potentially reduced within the vegetation itself, relative to the main channel, due to the 

reduction in turbulent length scales caused by the vegetation stems [5, 23].

 In many open-channel flows, vegetation occurs in patches or along one or both river 
banks, often leaving relatively narrow regions of unobstructed flow. Previous studies of 
mixing within vegetated shear layers have, however, focused primarily on configurations 
with a single vegetated bank or isolated vegetation patches [18–20, 33, 46–49, 51]. While 

such configurations are highly relevant, they differ fundamentally from bank-attached veg-
etation that generates laterally developing shear layers, particularly for channels with veg-
etation on both banks where opposing shear layers may interact across the channel width. 
Consequently, models developed for isolated patches are not directly applicable to flows 
featuring interacting vegetated banks.
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Previous studies concerning interacting shear layers have focused mainly on the case 

of compound channels featuring vegetation [6, 7]. These studies confirm the presence of 
large-scale coherent structures and secondary currents within the main channel, but did not 
investigate mass transport. The interaction of shear layers, and effects on mixing, caused by 
banks on either side of the channel width has not yet been extensively studied.

Resolving the coupled velocity and transport processes associated with interacting shear 

layers requires spatially distributed observations of flow behaviour across large domains, 
which are difficult to obtain using conventional intrusive instrumentation in shallow free-
surface environments. Advances in non-intrusive, mobile and distributed measurement 
techniques have improved the ability to characterise such flows while minimising distur-
bance to the flow field [15, 26, 27, 34].

This paper aims to utilise an experimental study of mixing processes in artificial vegeta-
tion to propose analytical relationships between vegetation properties, velocity profiles and 
the resulting transverse mixing rates in open channel flows featuring both single and dual 
vegetated banks. The work develops and tests new empirical relationships linking vegeta-
tion properties, shear-layer structure, and transverse mixing. The outcome is a simplified 
predictive framework that can estimate velocity and mixing characteristics in vegetated 
channels based solely on bulk flow and vegetation parameters, providing a foundation for 
future analytical and numerical model development. For simplicity, in this case, realistic 
flexible vegetation types are not considered in this work.

The paper is structured as follows. Section 2 reviews the background on vegetated 
shear layers and existing models for velocity and transverse mixing. Section 3 describes 

the experimental setup, vegetation configuration, Large-Scale Particle Image Velocimetry 
(LSPIV) and Planar Concentration Analysis (PCA) measurements, and the finite-difference 
mixing model. Section 4 presents new parameterisations of the streamwise velocity profile 
for single- and dual-bank configurations, derived by combining the present dataset with 
those of White and Nepf [46, 48, 49]. Section 5 then uses these velocity parameterisations 

to construct and test a bulk transverse-mixing relationship based on the maximum mixing 
coefficient 𝐷𝐷𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚 , first for single-bank flows and then for dual-bank cases with interact-
ing shear layers. Section 6 discusses the implications of these results, compares them with 

previous studies, and outlines limitations and directions for future work, while Sect. 7 sum-
marises the main conclusions.

2 Background

Vegetated shear layers generated over the vertical plane, commonly by flow over submerged 
vegetation, have been extensively studied (e.g., [13, 29, 32]). Reduced velocities due to 
vegetated drag in the region close to the bed result in high velocity gradients and turbulent 

intensities around the vegetation/free flow interface, with the point of maximum Reynolds 
stress and a corresponding inflection in the profile of streamwise velocity occurring at or 
near to the vegetation boundary. Ghisalberti and Nepf, [10] and Rubol et al., [36] studied 

vertical mixing within the shear layer in submerged vegetated flows, showing that vertical 
mixing can be characterised by the properties of the shear layer, and that flow over dense 
vegetation can result in rapid decreases of peak concentrations due to enhanced mixing. 
Horizontal shear layers generated by a vegetated bank have received comparatively less 
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attention, despite the increased complexity generated by the influence of the bed on the 
resulting flow structures at the interface [25]. White and Nepf, [48, 49] conducted a detailed 

study of the flow structure and profiles of streamwise velocities across a shear layer gener-
ated using rigid artificial vegetation, producing relationships for characteristic length scales 
(Fig. 1). White and Nepf, [48] defined the inner layer (of thickness 𝛿𝛿 𝐼𝐼𝑎𝑎𝑎𝑎𝐹𝐹𝐹𝐹) as the region 
of the shear layer between the inflection point ( 𝑦𝑦𝑀𝑀) in the transverse profile of streamwise 
velocity and the region within the vegetation where the streamwise velocity becomes uni-
form. This region was considered equivalent to the penetration of the coherent structures 
generated within the shear layer into the vegetation. The outer layer (of thickness 𝛿𝛿 𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹) 
is defined as the region of the shear layer between the inflection point ( 𝑦𝑦𝑀𝑀) in the transverse 
profile streamwise velocity and the region within the free flow where the streamwise veloc-
ity becomes uniform. This was found to be related with the size of the large-scale eddies 
generated within the shear layer. No strong influence was found between the length of the 
outer region and the vegetation density, however White and Nepf [49] showed that 𝛿𝛿 𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹 
is typically around ten times larger than 𝛿𝛿 𝐼𝐼𝑎𝑎𝑎𝑎𝐹𝐹𝐹𝐹. Based on their experimental results, White 

and Nepf , [49] proposed expressions to define length scales of the inner layer ( 𝛿𝛿 𝐼𝐼𝑎𝑎𝑎𝑎𝐹𝐹𝐹𝐹) 
based on the obtaining of empirical coefficients, and depth-averaged profiles of streamwise 
velocity within the inner and outer layers. The profile of streamwise velocity within the 
inner shear layer ( 𝑈𝑈𝐼𝐼𝑎𝑎𝑎𝑎𝐹𝐹𝐹𝐹) was considered as a hyperbolic tangent shear profile.

 
𝑈𝑈𝐼𝐼𝑎𝑎𝑎𝑎𝐹𝐹𝐹𝐹 = 𝑈𝑈𝑉𝑉𝐹𝐹𝑉𝑉 + 𝑈𝑈𝑆𝑆 (𝑥 + 𝑝𝑝𝑎𝑎𝑎𝑎ℎ (𝑦𝑦 − 𝑦𝑦𝑀𝑀𝛿𝛿 𝐼𝐼𝑎𝑎𝑎𝑎𝐹𝐹𝐹𝐹 )) (1)

where 𝑈𝑈𝑆𝑆  is slip velocity, defined as 𝑈𝑈𝑆𝑆 = 𝑈𝑈 (𝑦𝑦𝑀𝑀) − 𝑈𝑈𝑉𝑉𝐹𝐹𝑉𝑉 and determined via regression to 

experimental data. 𝑈𝑈𝑉𝑉𝐹𝐹𝑉𝑉 is the depth averaged velocity in the vegetation (commonly evalu-
ated by considering the drag resistance of an array of vegetation e.g. Jordanova et al., [14]. 

Fig. 1 Scheme describing the profile of streamwise velocity in a partially vegetated channel adapted from 
White and Nepf [49]. Note that y0 is the inflection point in the transverse profile of streamwise velocity, 
while ym is the point at which the gradient of Eq. 1 matches that of Eq. 2

 



1 3

Page 5 of 33    51 Environmental Fluid Mechanics           (2026) 26:51 

The profile of streamwise velocity within the outer shear layer ( 𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹) was considered 
as a balance between the pressure gradient and the surface slope assuming a constant eddy 

viscosity.

 
𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹 = 𝑈𝑈𝑥𝑥 + (𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 − 𝑈𝑈𝑥𝑥) [𝑦𝑦 − 𝑦𝑦𝑥𝑥𝛿𝛿 𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹 − 𝑥𝑎(𝑦𝑦 − 𝑦𝑦𝑥𝑥𝛿𝛿 𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹 )2] (2)

where 𝑦𝑦𝑥𝑥 is the model matching point at which the inner and outer velocity profiles are 
joined with matching gradients and 𝑈𝑈𝑥𝑥 = 𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹 (𝑦𝑦𝑥𝑥). 𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 is the depth averaged veloc-
ity of the free flow region, commonly evaluated using Manning’s or Darcy-Weisbach equa-
tions (Fig. 1).

 

Beyond this framework, Tang et al., [41, 42] extended the classical Shiono and Knight 
[39] method to predict the lateral distribution of depth averaged velocity in partially vege-
tated channels. Their analytical solution to the depth-integrated Reynolds-averaged Navier–
Stokes equation incorporates vegetation drag as a momentum-sink term and accounts for 
bed friction, lateral turbulence, and secondary flows. This work provides a theoretical basis 
for predicting velocity profiles in compound and vegetated channels, although it requires 
specification of several empirical coefficients (bed friction, lateral eddy viscosity, secondary 
flow, vegetation drag).

In addition, White and Nepf [49] showed that in banks with lower veg-
etation densities, i.e. 𝑎𝑎 ≤ 3.9 𝑚𝑚−1 where 𝑎𝑎 was defined as the mean pro-
jected area per unit volume 𝑎𝑎 = 𝑎𝑎𝑎𝑎𝑚 𝑎𝑎 is the stem diameter and  𝑎𝑎 is the number of stems per unit area; the inflection point and the position of maximum 
Reynolds stress are displaced away from the interface point by a distance of 2𝑎𝑎. This dis-
placement was also noticed by Meftah and Mossa [18, 19] for sparse vegetation densities. 

West et al., [47] conducted experiments using both artificial and real vegetation to study 
the variable profile of transverse mixing coefficient in partially vegetated flows. A Finite 
Difference Model (FDM) was used to solve the Advection-Diffusion Equation (ADE) for a 
steady-source and vertically well-mixed condition.

 
𝑈𝑈 (𝑦𝑦) ℎ (𝑦𝑦) ∂ 𝐶𝐶 (𝑥𝑥𝑚 𝑦𝑦)∂ 𝑥𝑥 = ∂∂ 𝑦𝑦 [ℎ (𝑦𝑦)𝐷𝐷𝑦𝑦 (𝑦𝑦) ∂ 𝐶𝐶 (𝑥𝑥𝑚 𝑦𝑦)∂ 𝑦𝑦 ] (3)

where 𝐷𝐷𝑦𝑦 is the transverse mixing coefficient, ℎ is the water depth, 𝑥𝑥 is the lengthwise 

coordinate, 𝑦𝑦 is the spanwise coordinate and 𝐶𝐶 is the solute concentration. West et al., [47] 

proposed both continuous (semi-Gaussian) and stepped distributions of transverse mixing 
coefficient over the shear layer region, and the parameterisation of the distribution proper-
ties was performed using the measured profiles of streamwise velocity by optimising the 
fit between measured and predicted concentration profiles using Eq. 3. This resulted in five 
parameters for the continuous distribution and two for the simpler step distribution. The 
model was found to give a good representation of mixing processes across the water/vegeta-
tion interface using both the continuous and step distributions, however considerable vari-
ability was observed in the resulting parameters needed to describe the distribution.

Further work is therefore needed to better characterise transverse mixing across veg-
etated shear layers and to relate velocity profiles and mixing behaviour to easily measurable 
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flow and vegetation properties. The experiments described below were designed to address 
this need for both single and dual vegetated bank configurations.

3 Methodology

Experiments were conducted in the hydraulic laboratory of the University of Sheffield, 
within a flume of working length 𝑥𝑎.5 𝑚𝑚 and width 𝑥.2 𝑚𝑚, set at a fixed bed slope of 𝑔𝑔𝑀𝑀 = 0.00𝑥23. Vegetation was simulated using artificial plastic cylinders with a stem diame-
ter 𝑎𝑎 = 0.005 𝑚𝑚 arranged in a staggered configuration, similar to those used in Hirschowitz 
and James [12] and in White and Nepf [49]. The height of the cylinders exceeded the water 
depth in all cases (i.e. emergent conditions). Uniform flow conditions were achieved by con-
trolling both the tailgate weir at the downstream end of the channel and the flow rate valve 
until the same water depth was achieved within the entire measurement area (see Fig. 2). 
Uniform flow in the measurement area was verified from constant depth and surface veloc-
ity over the 4.48 m window. The vegetated bank extended continuously from the upstream 
baffle to the downstream tailgate, providing a sufficiently long vegetated reach for flow 
development consistent with previous studies [48, 49]. The water depth was measured using 
Vernier gauges with accuracy of 0.1 mm, installed 0.25 m upstream of the measurement 

area, 0.25 m downstream of the measurement area, and at the midpoint of the measurement 

area. A flow baffle was installed at the upstream end of the channel to dissipate turbulent 
structures produced during the flow injection.

An initial set of experiments was conducted with a single vegetated bank of width 0.𝑎2 m 

along the full length of the channel from the flow baffle to the flume tailgate (Fig. 2a). The 
4.48 m long measurement area was situated 6 m downstream of the flow baffle to allow for 
a fully developed shear layer to be produced, in line with previous researchers with similar 

flow conditions [48, 49]. The vegetated width was designed to allow the full development of 
both inner and outer layers within shear layer according to the experimental results and the 

relationships proposed in White and Nepf ([48], [49]). Each flow condition was maintained 
under steady-state conditions, and repeat measurements were conducted for selected tests 
to verify the reproducibility of the velocity and concentration fields, showing negligible 
variation between runs.

Fig. 2 Test setups for a) single vegetated bank and b) dual vegetated banks
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Three different vegetation bank densities were considered with 𝑎𝑎 = 6.3𝑎9 𝑚𝑚−1𝑚 𝑥.587 𝑚𝑚−1
and 0.397 𝑚𝑚−1. For each density, the vegetation consisted of a uniformly spaced, staggered 
array of cylindrical stems extending continuously along the length of the flume. The cor-
responding streamwise spacing between successive rows of stems was 𝑥𝑥𝑠𝑠𝑂𝑂𝐹𝐹𝑥𝑥 = 0.0525 𝑚𝑚, 0.𝑥050 𝑚𝑚 and 0.2𝑥 𝑚𝑚; with a spanwise spacing between stems in each row of 𝑦𝑦 𝑠𝑠𝑂𝑂𝐹𝐹𝑥𝑥 = 0.03  

m, 0.06 𝑚𝑚 and 0.𝑥2 𝑚𝑚 for each vegetation density respectively. Moreover, for each vegeta-
tion density four different uniform flow depths were tested with ℎ = 0.036 𝑚𝑚, 0.05𝑎 𝑚𝑚, 0.072 𝑚𝑚 and 0.090 𝑚𝑚, obtaining a total of 12 different flow conditions (Table 1).

Based on results from this configuration, a second set of experiments was designed to 
study interacting shear layers with dual banks of vegetation separated by a free flow region 
of varying widths (𝑊𝑊 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) under the same vegetation densities and uniform flow depths. 
To keep approximately equivalent depth/discharge relationships within the flume as in the 
single bank tests for a given density, the width of each bank was fixed as 0.2𝑥 𝑚𝑚. To enable 
different values of 𝑊𝑊 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑚 the measurement area was artificially narrowed by creating tem-
porary flume walls on the outer sides of the vegetated banks, with flow on either side, as 
Fig. 2b shows. Five different free flow widths were designed, with 𝑊𝑊𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 0.7 𝑚𝑚, 0.6 𝑚𝑚 0.5 𝑚𝑚, 0.𝑎 𝑚𝑚 and 0.3 𝑚𝑚 resulting in a total of 60 different testing conditions considering all 
densities and flow depths. For each experiment, the steady flow rate was measured using a 
volumetric measuring tank.

Rhodamine WT dye was used as a soluble tracer for all tests. A steady release of dye 
was injected into the flow at a single transverse location via a vertical line source uniformly 
drilled within its length and supplied using a constant head tank. The injector was located 
at 𝑎 𝑚𝑚 upstream of the measurement area to encourage vertically well-mixed conditions 
within the recorded area. Ten different injection positions were considered for each water 
depth and each vegetation density for tests with single vegetated bank condition, whilst for 
dual vegetated banks the dye was injected at the centreline of the free flow region (Fig. 2).

3.1 Flow measurement

To characterise the profile of streamwise velocity and evolution of depth averaged solute 
concentration downstream of the injection, large-scale Particle Image Velocimetry (PIV) 
and Planar Concentration Analysis (PCA) were implemented using synchronised GoPro 
cameras. The measurement system allows the rapid characterising of 2D surface velocity 
profiles via the imaging of PIV particles, and depth-averaged solute concentrations via the 
measurement of light intensity, over length scales suited to the study of mixing across inter-
acting vegetated shear layers. Further details and validation of the measurement system can 
be found in Rojas-Arques et al. [34] and in Rojas-Arques [35].

Four GoPro cameras were installed above the channel and aligned with the centre of the 
channel width at a height of 𝑥.2 𝑚𝑚 and at intervals of 𝑥.2 𝑚𝑚, recording individual frames of 𝑥𝑎𝑎0 𝑖 𝑥920 𝑒𝑒𝑖𝑖𝑥𝑥𝑒𝑒𝑙𝑙𝑝𝑝 with a pixel resolution of 𝑥 𝑖 𝑥 𝑚𝑚𝑚𝑚. To enable the characterisation 
of depth averaged solute concentrations, the measurement area was illuminated with green 

LED lights. A full description of the lighting setup can be found in Rojas-Arques [35].

A spatial calibration was performed to correct the fisheye distortion produced by cam-
eras by using a standard chequerboard method. The field of view of each camera over-
lapped with the next, and a smoothing function was applied in this overlap region, stitching 

the four frames of each time step together and resulting in a combined full frame of 
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Table 1 Experimental conditions and resulting fitted velocity and mixing parameters for single vegetated bank tests. Reynolds number (Re) and Froude number (Fr) are calcu-
lated based on 𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹. y0  is measured relative to the vegetation/free-flow interface
a[1/m] h[m] λ[−] UVeg [𝑚𝑚𝑠𝑠 ] Restem [−] UFree [𝑚𝑚𝑠𝑠 ] Re[]− Fr[−] US [m/s] δInner [m] δOuter [m] y0 [m] Dymax [𝑚𝑚2𝑠𝑠 ]
6.349 0.036 0.905 0.016 80 0.322 11592 0.54 0.052 0.066 0.389 0.008 2𝑎𝑎𝑥 10−4
6.349 0.054 0.921 0.017 85 0.412 22248 0.57 0.063 0.074 0.272 −0.007 𝑎𝑎𝑥𝑎 10−4
6.349 0.072 0.934 0.017 85 0.500 36000 0.59 0.071 0.081 0.354 −0.002 7𝑎01 10−4
6.349 0.090 0.927 0.020 100 0.529 47610 0.56 0.078 0.083 0.334 −0.003 1𝑎1𝑥 10−3
1.587 0.036 0.746 0.038 190 0.261 9396 0.44 0.075 0.076 0.295 0.016 2𝑎2𝑎 10−4
1.587 0.054 0.774 0.048 240 0.377 20358 0.52 0.099 0.098 0.365 0.027 𝑥𝑎𝑎𝑎 10−4
1.587 0.072 0.791 0.051 255 0.438 31536 0.52 0.109 0.141 0.400 0.053 𝑎𝑎𝑥𝑎 10−4
1.587 0.090 0.766 0.064 320 0.482 43380 0.51 0.129 0.136 0.346 0.023 8𝑎8𝑎 10−4
0.397 0.036 0.303 0.129 645 0.241 8676 0.41 0.190 0.010 0.281 0.046 1𝑎𝑥1 10−4
0.397 0.054 0.385 0.156 780 0.351 18954 0.48 0.235 0.042 0.280 0.108 2𝑎1𝑎 10−4
0.397 0.072 0.404 0.166 830 0.391 28152 0.47 0.252 0.045 0.264 0.126 𝑥𝑎𝑥𝑎 10−4
0.397 0.090 0.407 0.180 900 0.427 38430 0.45 0.273 0.061 0.316 0.098 𝑥𝑎𝑎𝑥 10−4
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𝑥220 𝑖 𝑎𝑎80 𝑒𝑒𝑖𝑖𝑥𝑥𝑒𝑒𝑙𝑙𝑝𝑝. A LED timer consisting of 6 columns of 10 LEDS was used to syn-
chronise recorded frames. Before each experiment, the LED timer was recorded by each 
pair of cameras simultaneously over 2 𝑝𝑝 and the delay time between cameras was calcu-
lated based on the images. These images could then be used for the PCA or PIV method. 
For the PCA (only), each 𝑥0 𝑖 𝑥0 𝑝𝑝𝑒𝑒𝑙𝑙𝑙𝑙 was then averaged to give concentration frames of  𝑥22 𝑖 𝑎𝑎8, where each point represents an area of 𝑥0 𝑖 𝑥0 𝑚𝑚𝑚𝑚. Further information 
regarding this procedure is described in Rojas-Arques et al. [34].

Finally, a PCA calibration was performed. For each measurement cell and water depth, 
a polynomial function was used to fit the relationship between the measured green intensity 
and the known concentration [35].

3.2 PIV data analysis

The surface of the flow was seeded with 2 𝑚𝑚𝑚𝑚 black polypropylene particles with a density 
of 900 𝑘𝑘𝑔𝑔𝑝𝑚𝑚𝑥, obtaining a particle density of around 9 𝑒𝑒𝑎𝑎𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑙𝑙𝑒𝑒𝑝𝑝𝑝𝑝𝑝𝑚𝑚2. Individual frames 

obtained from the large-scale PIV technique were converted into black and white. A 𝑥0 𝑝𝑝 
mean background image was then obtained from each video and later subtracted from each 
individual frame. Instantaneous frames (80 Hz) for each test were analysed using PIV soft-
ware Dynamic Studio (by Dantec Dynamics Ltd.) to obtain a time series of instantaneous 
longitudinal velocity matrices for each flow condition. Based on these matrix vectors, 
the temporal mean longitudinal velocity (𝑈𝑈) and temporal standard deviation ( 𝜎𝜎 𝑈𝑈) were 
obtained and all instantaneous velocity values outside the range 𝑈𝑈 𝑈 3.𝜎𝜎 𝑈𝑈  were removed. 

Here 𝑈𝑈 denotes the time-and space-averaged surface velocity obtained from LSPIV. It is 
taken to represent the depth-averaged streamwise velocity in the shallow, relatively uni-
form flows considered here, consistent with previous LSPIV studies demonstrating good 
agreement between surface and depth-averaged velocities (Mejía-Morales et al., [17]). The 
filtering was applied independently to the temporal velocity record at each grid cell of the 
velocity field, so the threshold was based on local temporal statistics rather than spatial 
averaging across the flow domain. The Matlab code ndnanfilter.m [44] which applies a mul-
tidimensional smoothing filter while ignoring NaN values, was then applied to the time-
averaged longitudinal velocity maps to smooth transitions within the overlapping regions 

between cameras. Finally, a third-order two-dimensional median filter was applied to each 
time-averaged longitudinal velocity map to smooth any spikes produced during the previous 
processes without affecting the mean longitudinal velocity.

3.3 PCA data analysis

For each test, a time-averaged frame was obtained over 60 𝑝𝑝 during the dye injection. A 
spatial average was applied to the green component of the RGB matrix over 𝑥0 𝑖 𝑥0 𝑒𝑒𝑖𝑖𝑥𝑥𝑒𝑒𝑙𝑙𝑝𝑝 
and the calibration relationship was applied. Background concentration levels (from an 
equivalent PCA measurement with no dye present) were removed from each 𝑥0 𝑖 𝑥0 area. 

The remaining noise from the concentration maps was removed by applying a sixth-order 
two-dimensional mean filter and for each lateral transverse profile, all values smaller than 3 % of the maximum concentration value were removed to define the boundaries of the 
trace. This threshold was chosen because noise outside the dye plume reached between 2 
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and 3%. Post-filtering, a mass balance was applied to each lateral transverse profile to ensure 
mass conservation over the measurement length, with all such factors < 𝑥0 %.

3.4 Finite difference model

The finite difference solution to solve Eq. 3 proposed and validated by West et al., [47] was used 

to identify transverse mixing coefficients based on experimental data from single bank tests. To 
achieve this, the recorded channel was assumed as a rectangular grid with 𝑖𝑖 𝑖 𝑖𝑖 nodes, with ℎ (𝑦𝑦), 𝑈𝑈 (𝑦𝑦) and 𝐷𝐷𝑦𝑦 (𝑦𝑦) specified at each node. The equation was discretised using a central 
approximation for the right part of the Eq. 3 and an upwind approximation for the left part of the 

Eq. 3. The equation system was later solved using the Thomas algorithm approach, applying a 

zero-gradient lateral boundary condition ∂𝐶𝐶∂ 𝑦𝑦 = 0 at the impermeable 
sidewalls (i.e. at the outer 

edges of the measurement domain in the transverse direction).
Similar to previous work [36, 47], a four-layer transverse diffusivity profile is used to describe 

the mixing process across the vegetation/free flow interface.

 ●   In the free flow layer away from the shear layer, a constant transverse mixing coefficient 
within the free open flow region is defined as 𝐷𝐷𝑦𝑦𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 0.𝑥𝑎 ℎ𝑢𝑢∗ (where 𝑢𝑢∗ is bed shear 

velocity defined as 𝑢𝑢∗ = √𝑔𝑔ℎ𝑔𝑔𝑀𝑀, and 𝑔𝑔 is the acceleration due to gravity) based on previous 
experiments in the same facility [35].

 ●   Constant transverse mixing within the vegetated bank (𝐷𝐷𝑦𝑦𝑉𝑉𝐹𝐹𝑉𝑉) is assumed, and calcu-
lated using an expression proposed by Nepf [24] under similar experimental conditions: 𝐷𝐷𝑦𝑦𝑉𝑉𝐹𝐹𝑉𝑉 (𝑈𝑈𝑎𝑎)−1 = 0.2 for ∅ 𝑎 0.𝑥. Here ∅ = 0.25𝑎𝑎𝑎𝑎𝑎𝑎  is the solid volume fraction, which 

equates to between 0.0015 and 0.025 for the current study.

 ●   Similar to previous studies (e.g. West et al., [47], a skewed Gaussian function is proposed 
over the inner and outer shear regions to define the profile of mixing coefficient. This for-
mulation follows the approach proposed by Sonnenwald et al., [40] and West et al., [47], in 

which the transverse mixing coefficient is represented by a skewed Gaussian distribution 
centred at the velocity inflection point. The two variance parameters correspond to the inner 
and outer shear-layer thicknesses (𝛿𝛿𝐼𝐼𝑎𝑎𝑎𝑎𝐹𝐹𝐹𝐹 and 𝛿𝛿𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹), reflecting the asymmetric structure 
of the shear layer between the vegetated and free flow regions. The width of this region is 
assumed to match with the shear layer region, estimated using methods to be described in 

Sect. 4.1, and the position of the maximum transverse mixing coefficient was considered to 
match with the position of the inflection point of the streamwise velocity profile (𝑦𝑦0). This 
is where the shear (velocity gradient) is maximal and turbulence production is strongest. 
The variance parameters that define skewed distribution in the inner ( 𝜎𝜎 2𝐼𝐼𝑎𝑎𝑎𝑎𝐹𝐹𝐹𝐹) and the outer 
layers ( 𝜎𝜎 2𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹) are taken as: 

 

 

𝜎𝜎 2𝐼𝐼𝑎𝑎𝑎𝑎𝐹𝐹𝐹𝐹 = − 𝛿𝛿 𝐼𝐼𝑎𝑎𝑎𝑎𝐹𝐹𝐹𝐹22 𝑙𝑙𝑎𝑎 ( 𝐷𝐷𝑦𝑦𝑉𝑉𝐹𝐹𝑉𝑉𝐷𝐷𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚 )  (4)
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𝜎𝜎 2𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹 = − 𝛿𝛿 𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹22 𝑙𝑙𝑎𝑎 (𝐷𝐷𝑦𝑦𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐷𝐷𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚 )  (5)

 

Based on these assumptions, as well as transverse profiles of streamwise velocity (Sect. 4.1) 
and measured flow depth, experimental solute concentration data can be used to parametrise the 
single variable (𝐷𝐷𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚) required to define the estimated profile of transverse mixing coefficient.

To obtain 𝐷𝐷𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚  for each single vegetated bank density and flow condition, an optimisation 
routine was used to maximise the goodness of fit (coefficient of determination, 𝑃𝑃2) between the 

simulated (Eq. 3) profiles and the experimental data over the 2D measurement area. Measured 
concentration profiles at the upstream edge of the measurement area are used as a boundary con-
dition for Eq. 3. The routine equally considered data based on each of the ten injection positions 
(Fig. 2a), such that a single maximum mixing coefficient (𝐷𝐷𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚 ) was obtained for each flow 
condition which considered data obtained over the full shear layer [35].

The combination of LSPIV and PCA was selected for its ability to provide high-resolution, 
two‐dimensional measurements over a wide spatial extent without disturbing the flow, offer-
ing clear advantages over intrusive point‐sampling or Acoustic Doppler Velocimetry (ADV) 
techniques. The Finite Difference Model (FDM) was adopted for its computational efficiency 
and direct compatibility with the framework proposed by West et al., [47], enabling consistent 

comparison and extension of previous work on transverse mixing across vegetated shear layers. 
In the following sections, these measurement and modelling tools are combined to derive bulk 
parameterisations of shear-layer velocity structure (Sect. 4) and to link them to transverse mixing 
behaviour in single and dual-bank flows (Sect. 5).

4 Velocity profile results

Section 4 presents the velocity results and develops new parameterisations required for the ana-
lytical relationships describing mixing processes to be introduced in Sect. 5. Specifically, the 
section introduces (i) an empirical relationship linking vegetation projected area to the position 
of the velocity inflection point ( 𝑦𝑦0), and (ii) relationships expressing inner- and outer‐layer shear 
thicknesses ( 𝛿𝛿 𝑖𝑖𝑎𝑎𝑎𝑎𝐹𝐹𝐹𝐹 and 𝛿𝛿 𝑀𝑀𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹) in terms of vegetation density and the velocity contrast between 

vegetated and free flow regions. These allow the White and Nepf [49] shear-layer model to be 
applied using bulk vegetation and flow properties. The section then extends this approach to 
dual-bank configurations by proposing a parameterisation for the reduction in centreline veloc-
ity as shear layers interact. Throughout Sect. 4, regression fits use the combined datasets from 
the present study, White and Nepf [46, 48, 49]. West et al., [47] is also referenced for conceptual 

comparison.

4.1 Single vegetated bank velocity results

4.1.1 Shear-layer parameters

Mean transverse profiles of velocity were obtained from the time-averaged longitudinal veloc-
ity maps by averaging over the length of the recorded LSPIV area for each spanwise position. 
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Figure 3 shows the longitudinal velocity profiles from single vegetated bank flow conditions, 
with ranges based on standard deviation values considering all the time-averaged values along 
the streamwise direction. High variabilities in the mean longitudinal experimental velocity val-
ues recorded close to the right wall are likely due to a lack of PIV particles in this region during 
the experiments, however this does not affect measurements in the shear layer region. The fitted 
velocity profile model and parameterisation proposed by White and Nepf [49] is also plotted in 

Fig. 3 as described in Sect. 2 (Eq. 1 and 2). Here, R2 is used only as a comparative indicator of 

trend agreement between methods and does not necessarily reflect absolute agreement in magni-
tude where systematic offsets are present.

 

To fit the White and Nepf [49] model for each flow condition, the mean longitudinal veloc-
ity within the vegetated bank (𝑈𝑈𝑉𝑉𝐹𝐹𝑉𝑉) and within the free flow region (𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) were defined as 
the mean measured value inside those areas from where the velocity gradients were considered 

negligible (smaller than 5 % of the maximum velocity gradient). To obtain velocity within the 
inner and outer regions of the shear layer (𝑈𝑈𝐼𝐼𝑎𝑎𝑎𝑎𝐹𝐹𝐹𝐹 and 𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹), Eq. 1 and 2 were fitted to the 
experimental data using a non-linear least-squares regression whilst varying 𝑦𝑦𝑥𝑥 and 𝑈𝑈𝑥𝑥 until 

the difference between measured and predicted velocity profiles was minimised at 𝑦𝑦 = 𝑦𝑦𝑥𝑥. As a 

result, values of 𝛿𝛿 𝐼𝐼𝑎𝑎𝑎𝑎𝐹𝐹𝐹𝐹, 𝛿𝛿 𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹 𝑈𝑈𝑆𝑆  and 𝑦𝑦𝑀𝑀 were obtained (Table 1). A high level of agreement 
between Eq. 1 and Eq. 2, and the observations within the shear layer region was observed (mean 𝑃𝑃2𝑊𝑊𝑎𝑎𝑎𝑎𝑎𝑎𝑊𝑊𝑊 = 0.996). Velocities in Table 1 were also used to confirm the presence of large-scale 
Kelvin-Helmholtz vortex structures according to the velocity ratio ( 𝜆𝜆 ) proposed by Proust et al., 
[30], defined as:

 
𝜆𝜆 = 𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 −𝑈𝑈𝑉𝑉𝐹𝐹𝑉𝑉𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 +𝑈𝑈𝑉𝑉𝐹𝐹𝑉𝑉  (6)

where 𝜆𝜆 > 0.3 indicates the potential presence of Kelvin-Helmholtz vortex structures [30, 31]. 

According to this criterion, in all cases, the presence of the vegetated bank induced the genera-
tion of large-scale turbulence structures.

4.1.2 New parameterisation for 𝒚𝒚𝟎𝟎
Based on the datasets available, Fig. 4 shows the observed relationship between deflection of the 
velocity inflection point ( 𝑦𝑦0) relative to the vegetation/free flow interface point and the vegeta-
tion area parameter ( 𝑎𝑎 = 𝑎𝑎𝑎𝑎). For existing experimental data (from artificial vegetation), this 
shows that the position of the velocity inflection point is primarily influenced by the effective 
density of the vegetation, with 𝑦𝑦0 tending to 0 for higher values (𝑎𝑎 ≈ 6𝑚𝑚−1). An empirical 

relationship can therefore be proposed to estimate yo based on the mean projected area per unit 
volume of the vegetated bank, with a correlation 𝑃𝑃2 = 0.83𝑎 between the proposed relationship 

and the available empirical 𝑦𝑦0 values (Fig. 4).

4.1.3 New parameterisation for 𝜹𝜹 𝒊𝒊𝒊𝒊𝒊𝒊𝒐𝒐𝒐𝒐 and 𝜹𝜹 𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐
A similar approach is used to determine how the inner and outer shear-layer thicknesses depend 
on vegetation density and velocity contrast. Figure 5 suggests a relationship between vegetation 

projected area ( 𝑎𝑎), and relative velocity in the free flow and vegetated regions and the shear layer 
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Fig. 3 Mean and standard deviation of measured profiles of streamwise velocity in single bank configura-
tions, fitted original White and Nepf [49] model and new parameterisation. Correlation statistics based on 

fit within shear layer region
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size, based on combined datasets from the current study and those from White and Nepf [49] and 

West [46] using artificial vegetation. Empirical relationships (Eq. 7 and 8) are therefore proposed 
to describe the size of the shear layer region based on vegetation and velocity outside the shear 

region. Here ∆𝑈𝑈 denotes the velocity difference between the free flow and vegetated regions.

 

∆𝑈𝑈𝑈𝑈𝑉𝑉𝐹𝐹𝑉𝑉𝛿𝛿 𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹 = 𝑥𝑥.𝑥9 𝑎𝑎 (7)

 

∆𝑈𝑈𝑈𝑈𝑉𝑉𝐹𝐹𝑉𝑉𝛿𝛿 𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹 + 𝛿𝛿 𝐼𝐼𝑎𝑎𝑎𝑎𝐹𝐹𝐹𝐹 = 𝑥0.08 𝑎𝑎  (8)

4.1.4 Evaluation of the parameterised model

Based on the new parameterisations proposed in Fig. 4 and in Eq. 7 and 8, and the expressions 

proposed by White and Nepf [49] (Eq. 1 and 2) the profile of streamwise velocity can now be 
estimated based on the vegetated projected area and velocities within the vegetated bank and 
free flow layer.

This new parameterisation, together with mean measured values of 𝑈𝑈𝑉𝑉𝐹𝐹𝑉𝑉 and 𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹, was 

used to estimate the lateral velocity profiles, which were then compared to experimental data 
(Fig. 3). The values of the coefficients of determination ( 𝑃𝑃2𝑀𝑀𝑀𝑀𝑎𝑎𝐹𝐹𝑀𝑀) between the velocity profiles 
predicted by the new model parameterisation and experimental data (over the shear layer only) 
for each flow condition show a high agreement between predicted and experimental velocity 
profiles (mean 𝑃𝑃2𝑀𝑀𝑀𝑀𝑎𝑎𝐹𝐹𝑀𝑀 = 0.96𝑎) although a slight decrease in the correlation is found for shal-
lower and sparser flow conditions. Although the fit is slightly weaker than the White and Nepf 
[49] model, the proposed new parameterisation allows the velocity profile to be determined 
solely based on bulk vegetation and velocity parameters (a, 𝑈𝑈𝑉𝑉𝐹𝐹𝑉𝑉 and 𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹), making it appli-

Fig. 4 Relationship between the mean projected area per unit volume of the vegetated bank ( 𝑎𝑎 𝑥 𝑎𝑎𝑎𝑎) and 
the position of inflection point relative to vegetation/free flow interface ( 𝑦𝑦0)
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cable in practical situations without requiring detailed velocity measurements within the shear 

layer.

4.2 Dual vegetated banks velocity results

The velocity parameterisation is now extended to dual-bank configurations by introducing a 
simple scaling for the reduction in centreline velocity as a function of free flow width relative 
to shear-layer thickness, and by prescribing a parabolic form for the velocity profile between 
interacting shear layers.

Experimental profiles of streamwise velocity in dual bank conditions with different free flow 
gaps (𝑊𝑊 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 0.7 𝑚𝑚𝑚 0.5 𝑚𝑚 and 0.3 𝑚𝑚) and water depths are plotted in Fig. 6 for all vegetation 

densities studied. Error bars represent the standard deviation of time averaged measurements 

over the lengthwise direction. The lateral position 𝑦𝑦 has been normalised by the width of the 

central vegetation free area 𝑊𝑊 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹.

Fig. 5 Relationship between velocity increment, normalised by vegetated velocity and shear layer length, 

and vegetation density for: a outer region length; b total shear layer length
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Figure 6 shows that as 𝑊𝑊 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 is reduced, the shear layers generated by the two vegetated 

banks start to overlap and interact, with a resulting strong gradient in streamwise velocity over 
the entire free flow area. The value of maximum velocity in each case occurs approximately at 
the channel centreline, however in cases of strong shear layer overlap, the maximum velocity is 

reduced when compared to the equivalent maximum velocity in free flowing conditions (𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
). In the narrowest free flow configurations, particularly at higher water depths, the outer regions 
of the shear layers generated by each vegetated bank occupy a large proportion of the available 
gap width. When the outer shear-layer thickness becomes comparable to or larger than half of the 
free flow region, the layers cannot fully develop towards an open-channel velocity profile before 
interacting. The resulting overlap suppresses velocity development in the centre of the channel, 
producing the pronounced drop in centreline velocity visible in the upper subplots of Fig. 6.

To consider the interaction of shear layers and the associated reduction in maximum velocity 
the following non-dimensional relationship is proposed by the authors, based on an evaluation 
of the experimental data.

 

𝑊𝑊 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹2 𝛿𝛿 𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹 = 𝑓𝑓 (𝑈𝑈𝑥𝑥𝑎𝑎𝑥𝑥𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 ) (9)

Fig. 6 Lateral profiles of mean and standard deviation of time-averaged streamwise velocity, for 𝑊𝑊𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑥 0𝑎7 𝑥𝑥𝑚 0𝑎𝑥 𝑥𝑥 and 0𝑎𝑥 𝑥𝑥 and each water depth for dual bank cases and all vegetation densities. 
The horizontal axis shows the lateral position from the flume centreline, normalised by free-flow width. 
Legend entries identify the flow condition by mean depth in mm, along with the lateral position of the 
vegetation edges and flume walls
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where 𝑈𝑈𝑥𝑥𝑎𝑎𝑥𝑥 is the maximum longitudinal velocity recorded at the centre of the channel and 𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 is the expected free flow longitudinal velocity in equivalent open channel flow without 
vegetation. In this case, 𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 was obtained from equivalent LSPIV measurements in the same 
channel with no vegetation, averaged over the region outside the influence of the channel side-
walls [35]. Table 2 shows the test conditions (mean projected area 𝑎𝑎 and depth ℎ), measured 
experimental parameters (𝑄𝑄, 𝑈𝑈𝑉𝑉𝐹𝐹𝑉𝑉𝑚 𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 and 𝑈𝑈𝑥𝑥𝑎𝑎𝑥𝑥), along with 𝛿𝛿 𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹 values estimated 

from Eq. 7 for all dual bank tests.
Similar to single vegetated bank conditions, velocity ratios ( 𝜆𝜆 ) between free flow and veg-

etated velocities were calculated, suggesting the presence of large-scale coherent structures in 
all cases.

Experimental derived ratios within Eq. 9 are plotted for each test condition in Fig. 7. 
Based 

on the assumption of a horizontal asymptote for 
𝑊𝑊𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹2 𝛿𝛿 𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹 > 𝑥, where 𝑈𝑈𝑥𝑥𝑎𝑎𝑥𝑥 ≈ 𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (i.e., outside 

the shear region the maximum velocity is unchanged); an empirical function was fitted to the 
experimental data to define the degree of reduction in the observed maximum velocity as a func-
tion of the degree of overlap in the vegetated shear layers by considering the vegetation projected 
area (Eq. 10).

 
𝑥 − 𝑈𝑈𝑥𝑥𝑎𝑎𝑥𝑥𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 52.𝑥𝑎𝑥00 (𝑥 − 0.0039𝑎𝑎)−𝑥2𝑎1𝑎 (𝑒𝑒𝑥𝑥𝑒𝑒 [(𝑥 − 𝑊𝑊 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹2𝛿𝛿𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹 )2] − 𝑥) (10)

This proposed relationship and observed values are plotted in Fig. 7, as well as the coef-
ficient of determination 𝑃𝑃2 between the proposed relationship for each vegetation density. 

It should be emphasised that Eq. 10 is fitted solely against the present dual-bank laboratory 
dataset; comparable datasets for interacting vegetated shear layers are not yet available in 

the literature. As such, the relationship should be applied cautiously outside the tested range 

of vegetation densities, flow depths, and free flow widths, and it is best viewed as a first 
empirical approximation rather than a universal law. The proposed relationship performs 
strongly in denser cases; however, the predictive power is reduced in the sparsest vegetated 

condition, underpredicting the reduction in centreline velocity in some cases.

Fig. 7 Fitted relationship between free region/shear width ratio, longitudinal velocity ratio and proposed 
predicted relationships (Eq. 10) for all experimental cases
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Given this empirical relationship to estimate 𝑈𝑈𝑥𝑥𝑎𝑎𝑥𝑥 in dual bank conditions, the existing 
model to predict profiles of longitudinal velocity across one shear layer can be adapted to 
dual vegetated banks flows with overlapping shear layers. In this case a parabolic profile 
is assumed between velocity inflection points ( 𝑦𝑦0). This parabola has a maximum at the 
centre of the free flow region equal to the estimated 𝑈𝑈𝑥𝑥𝑎𝑎𝑥𝑥 given by Eq. 10. The longitudinal 
velocity profile within the outer shear layer region (i.e. the area outside the vegetation) can 
be expressed as:

 𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹 = 𝐶𝐶1𝑏𝑏𝑦𝑦2 + 𝐶𝐶2𝑏𝑏𝑦𝑦 + 𝐶𝐶𝑥𝑏𝑏 (11)

where:

 
𝐶𝐶1𝑏𝑏 = 𝑈𝑈(𝑦𝑦0) − 𝑈𝑈𝑥𝑥𝑎𝑎𝑥𝑥(𝑦𝑦0 − 𝑦𝑦𝑐𝑐)2  (12)

 𝐶𝐶2𝑏𝑏 = −2𝐶𝐶1𝑏𝑏𝑦𝑦𝑐𝑐 (13)

 𝐶𝐶𝑥𝑏𝑏 = 𝑈𝑈𝑥𝑥𝑎𝑎𝑥𝑥 + 𝐶𝐶1𝑏𝑏𝑦𝑦2𝑐𝑐  (14)

where 𝑦𝑦𝑐𝑐 is the position of the centre of the channel and 𝑦𝑦0 is estimated using the equation 

obtained in Fig. 4. This proposed method was used to predict velocity profiles as shown in 
Fig. 8 and compared against experimental data for water depth ℎ = 0.05𝑎 𝑚𝑚 and a mean 

projected area 𝑎𝑎 = 6.3𝑎9 𝑚𝑚−1 over different 𝑊𝑊 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 values. In this case, 𝑈𝑈𝑉𝑉𝐹𝐹𝑉𝑉 was obtained 

averaging experimental values for the different 𝑊𝑊 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 obtained in Table 2 for each water 

depth and vegetation density. More comparisons between predicted and experimental veloc-
ity profiles for other flow conditions can be found at Rojas-Arques [35].

Coefficients of determination ( 𝑃𝑃2) were calculated to compare the mean measured and 

predicted velocity profiles over the full width for each projected area 𝑎𝑎 and 𝑊𝑊 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹. Results 

show a mean 𝑃𝑃2of 0.92, 0.96 and 0.98 for 𝑎𝑎 = 0.397 𝑚𝑚−1, 𝑥.587 𝑚𝑚−1 and 6.3𝑎9 𝑚𝑚−1 
respectively (averaged over all water depths).

The predicted profiles plotted in Fig. 8 and 𝑃𝑃2 values obtained for each flow condition 
suggest a generally good fit to the experimental velocity profiles, with some deviations due 
to differences in predicted and observed 𝑈𝑈𝑉𝑉𝐹𝐹𝑉𝑉 values. Results for 𝑎𝑎 = 6.3𝑎9 𝑚𝑚−1 show a 

strong agreement between the prediction and experimental data, whilst the largest differ-
ences were found for the lowest 𝑎𝑎 values, in which most of the experimental data exhibit 

a constant free flow velocity region ( 𝑈𝑈𝑥𝑥𝑎𝑎𝑥𝑥 ≈ 𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) in the centre of the channel, even for 

relatively small 
𝑊𝑊𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹2 𝛿𝛿 𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹  ratios. This is likely due to the reduced predictive performance of 

Eq. 10 in sparsely vegetated conditions.

It should be noted that the model is designed to capture the dominant features of the shear 

layers and free flow region rather than detailed flow variations within the vegetated banks. 
In the widest free flow case ( 𝑊𝑊 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹= 0.7 m), measured velocities inside the vegetation 
show increased spatial variability and measurement uncertainty due to stem-scale wakes 
and wall effects, leading to larger local deviations from the simplified prediction. Neverthe-
less, the model reproduces the overall shear-layer position and outer-region velocities well.
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a [1/m] WFree [m] h [m] λ [−] UVeg [𝑚𝑚𝑠𝑠 ] Restem [−] UFree [𝑚𝑚𝑠𝑠 ] Umax [𝑚𝑚𝑠𝑠 ] Re [−] Fr [−] δOuter [m]

6.349 0.7 0.036 0.882 0.015 76.99 0.251 0.246 8870.51 0.41 0.195

6.349 0.6 0.036 0.891 0.015 72.90 0.251 0.253 9121.57 0.43 0.195

6.349 0.5 0.036 0.876 0.016 81.09 0.251 0.244 8797.12 0.41 0.195

6.349 0.4 0.036 0.858 0.019 93.47 0.251 0.244 8774.58 0.41 0.195

6.349 0.3 0.036 0.831 0.02 98.33 0.251 0.213 7679.97 0.36 0.195

6.349 0.7 0.054 0.913 0.017 84.59 0.364 0.373 20139.95 0.51 0.267

6.349 0.6 0.054 0.910 0.016 82.27 0.364 0.35 18924.16 0.48 0.267

6.349 0.5 0.054 0.898 0.017 86.91 0.364 0.325 17552.15 0.45 0.267

6.349 0.4 0.054 0.879 0.021 103.43 0.364 0.322 17407.52 0.44 0.267

6.349 0.3 0.054 0.830 0.02 98.91 0.364 0.213 11518.21 0.29 0.267

6.349 0.7 0.072 0.917 0.017 84.00 0.386 0.39 28057.64 0.46 0.287

6.349 0.6 0.072 0.911 0.016 82.18 0.386 0.353 25400.96 0.42 0.287

6.349 0.5 0.072 0.910 0.017 85.82 0.386 0.366 26380.05 0.44 0.287

6.349 0.4 0.072 0.878 0.02 99.47 0.386 0.305 21979.73 0.36 0.287

6.349 0.3 0.072 0.835 0.02 99.22 0.386 0.221 15920.28 0.26 0.287

6.349 0.7 0.09 0.907 0.02 99.27 0.410 0.407 36607.07 0.43 0.269

6.349 0.6 0.09 0.910 0.018 88.65 0.410 0.376 33864.99 0.40 0.269

6.349 0.5 0.09 0.887 0.022 109.89 0.410 0.368 33103.80 0.39 0.269

6.349 0.4 0.09 0.860 0.022 108.25 0.410 0.288 25932.31 0.31 0.269

6.349 0.3 0.09 0.827 0.021 104.11 0.410 0.219 19730.93 0.23 0.269

1.587 0.7 0.036 0.718 0.037 183.66 0.251 0.223 8043.30 0.38 0.320

1.587 0.6 0.036 0.764 0.036 177.79 0.251 0.266 9574.67 0.45 0.320

1.587 0.5 0.036 0.723 0.038 189.54 0.251 0.236 8499.90 0.40 0.320

1.587 0.4 0.036 0.713 0.041 205.04 0.251 0.245 8814.02 0.41 0.320

1.587 0.3 0.036 0.710 0.036 180.85 0.251 0.213 7663.17 0.36 0.320

1.587 0.7 0.054 0.785 0.043 216.02 0.364 0.36 19412.38 0.49 0.419

1.587 0.6 0.054 0.797 0.042 207.56 0.364 0.367 19804.51 0.50 0.419

1.587 0.5 0.054 0.774 0.045 224.49 0.364 0.352 19016.25 0.48 0.419

Table 2 Experimental parameters for each flow condition for dual vegetated bank tests. Reynolds number (Re) and Froude number (Fr) are calculated based on𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
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a [1/m] WFree [m] h [m] λ [−] UVeg [𝑚𝑚𝑠𝑠 ] Restem [−] UFree [𝑚𝑚𝑠𝑠 ] Umax [𝑚𝑚𝑠𝑠 ] Re [−] Fr [−] δOuter [m]

1.587 0.4 0.054 0.756 0.045 225.36 0.364 0.324 17488.83 0.44 0.419

1.587 0.3 0.054 0.705 0.041 206.35 0.364 0.239 12904.73 0.33 0.419

1.587 0.7 0.072 0.797 0.048 239.40 0.386 0.423 30449.74 0.50 0.420

1.587 0.6 0.072 0.793 0.044 219.65 0.386 0.381 27452.87 0.45 0.420

1.587 0.5 0.072 0.772 0.047 233.57 0.386 0.363 26156.40 0.43 0.420

1.587 0.4 0.072 0.749 0.044 219.47 0.386 0.306 22055.29 0.36 0.420

1.587 0.3 0.072 0.668 0.045 226.52 0.386 0.228 16417.67 0.27 0.420

1.587 0.7 0.09 0.792 0.048 239.23 0.410 0.411 37022.94 0.44 0.391

1.587 0.6 0.09 0.753 0.055 274.24 0.410 0.389 34965.02 0.41 0.391

1.587 0.5 0.09 0.740 0.059 292.91 0.410 0.393 35360.23 0.42 0.391

1.587 0.4 0.09 0.762 0.045 224.11 0.410 0.332 29903.64 0.35 0.391

1.587 0.3 0.09 0.633 0.052 258.51 0.410 0.23 20699.52 0.24 0.391

0.397 0.7 0.036 0.389 0.093 465.04 0.251 0.211 7604.51 0.36 0.298

0.397 0.6 0.036 0.343 0.102 507.76 0.251 0.206 7469.26 0.35 0.298

0.397 0.5 0.036 0.364 0.11 550.47 0.251 0.236 8500.32 0.40 0.298

0.397 0.4 0.036 0.347 0.113 565.35 0.251 0.233 8397.69 0.39 0.298

0.397 0.3 0.036 0.317 0.123 615.01 0.251 0.237 8546.24 0.40 0.298

0.397 0.7 0.054 0.422 0.134 669.18 0.364 0.329 17771.99 0.45 0.374

0.397 0.6 0.054 0.382 0.141 702.82 0.364 0.314 16956.73 0.43 0.374

0.397 0.5 0.054 0.392 0.147 736.47 0.364 0.337 18191.12 0.46 0.374

0.397 0.4 0.054 0.398 0.128 637.88 0.364 0.297 16013.65 0.41 0.374

0.397 0.3 0.054 0.348 0.136 677.58 0.364 0.28 15137.90 0.39 0.374

0.397 0.7 0.072 0.432 0.146 728.47 0.386 0.368 26467.41 0.44 0.389

0.397 0.6 0.072 0.448 0.138 691.64 0.386 0.363 26155.28 0.43 0.389

0.397 0.5 0.072 0.465 0.131 654.82 0.386 0.358 25807.46 0.43 0.389

0.397 0.4 0.072 0.387 0.146 730.18 0.386 0.33 23764.62 0.39 0.389

0.397 0.3 0.072 0.347 0.146 727.99 0.386 0.3 21607.01 0.36 0.389

0.397 0.7 0.09 0.417 0.163 815.39 0.410 0.397 35702.80 0.42 0.350

Table 2 (continued)
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a [1/m] WFree [m] h [m] λ [−] UVeg [𝑚𝑚𝑠𝑠 ] Restem [−] UFree [𝑚𝑚𝑠𝑠 ] Umax [𝑚𝑚𝑠𝑠 ] Re [−] Fr [−] δOuter [m]

0.397 0.6 0.09 0.408 0.164 817.97 0.410 0.389 35034.29 0.41 0.350

0.397 0.5 0.09 0.400 0.164 820.55 0.410 0.383 34486.81 0.41 0.350

0.397 0.4 0.09 0.377 0.158 792.13 0.410 0.35 31528.52 0.37 0.350

0.397 0.3 0.09 0.329 0.153 764.16 0.410 0.303 27261.17 0.32 0.350

Table 2 (continued)
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5 Transverse mixing results

This section first utilises experimental data to relate the 𝐷𝐷𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚  parameter to the prod-
uct of water depth and the velocity difference between vegetated and free flow regions, ℎ(𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 −𝑈𝑈𝑉𝑉𝐹𝐹𝑉𝑉). This parameterisation and the associated mixing-profile assumptions 
described in Sect. 3.4 are evaluated against measured concentration fields for single-bank as 
well as dual-bank configurations with interacting shear layers.

5.1 Parameterisation of the profile of transverse mixing coefficient

Calculated concentration distributions for each single bank case were derived based on the 
assumed profile of transverse mixing coefficient fitted to the experimental data (as described 
in Sect. 3.4 based on measured water depth and profiles of streamwise velocity obtained 
using the proposed velocity model parameterisation described in Sect. 4.1). Resulting 𝐷𝐷𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚  

values for each condition are shown in Table 1. A strong non-dimensional relationship 
( 𝑃𝑃2 = 0.962) was found between the value of 𝐷𝐷𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚and the product of the velocity differ-
ence ( 𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 −𝑈𝑈𝑉𝑉𝐹𝐹𝑉𝑉) and the water depth ( ℎ) over all single bank tests considered (Fig. 9). 
Based on these results, a new relationship (Fig. 9) is proposed.

5.2 Single vegetated bank results

The empirical relationship for 𝐷𝐷𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚  proposed in Fig. 9, the assumptions considered in 

Sect. 3.4 and the predicted longitudinal velocity profile obtained by the analytical model 
explained in Sect. 4.1 were applied to predict the concentration maps using Eq. 3. Results 

are compared against experimental data for each injection position. Figure 10a shows the 

comparison between the predicted and experimental transverse concentration profile for 
two longitudinal positions located at 𝑥𝑥 = 𝑥.5 𝑚𝑚 and 𝑥𝑥 = 3 𝑚𝑚 respectively for a mean 

projected area of 𝑎𝑎 = 6.3𝑎9 𝑚𝑚−1, a water depth of ℎ = 0.072 𝑚𝑚 and an injection located 
at 𝑥𝑥 = 0.52 𝑚𝑚. More visual comparisons between experimental and predicted concentra-
tion profiles for different densities, water depth and injection points can be found in Rojas-
Arques [35]. In addition, Fig. 10b shows the relative differences in concentration between 
the predicted and the experimental concentration maps for each cell based on the maximum 

concentration value recorded for the entire concentration map, where positive values mean 

an over-prediction of the concentration values and negative values mean an under-predic-
tion of the concentration values.

Comparison between experimental and predicted data plotted in Fig. 10 suggests a good 

prediction of the overall concentration distribution using the proposed predictive model. 

Table 3 presents the mean coefficient of determination ( 𝑃𝑃2) between experimental and pre-
dicted concentrations over the 2D measurement area, with statistics calculated based on 
results from all the different injection conditions tested (see Fig. 2). In addition, the mean, 
maximum and minimum relative decreases of the experimental peak concentration over the 
measurement area ( 𝑃𝑃𝑃𝑃) are shown.

Differences between experimental and predicted data shown in Fig. 10 suggest a dis-
placement of the solute mass towards the vegetation boundary relative to the model predic-
tions. More displacement was observed for experimental data with the densest vegetation 

and the highest flow depths. This movement may be produced by secondary currents gener-
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Fig. 8 Experimental and predicted time-averaged mean longitudinal velocity profiles for dual vegetated 
banks flow condition for a water depth of 0.054 m and a vegetation density of 𝑎𝑎 𝑥 𝑎𝑎𝑥𝑎𝑎𝑥𝑥−1. Correlation 

statistics based on fit over the full width
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ated along the water depth close to the vegetation boundary, which seem to be dependent 

on the velocity difference ( 𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 −𝑈𝑈𝑉𝑉𝐹𝐹𝑉𝑉) and the water depth. These three-dimensional 
motions are not explicitly represented in the present depth-averaged modelling framework 
and therefore may contribute to the remaining discrepancies between predicted and mea-
sured concentration fields. Moreover, experimental peak reductions (PR) shown in Table 3 

suggest an increase of mixing (i.e., larger reduction in peak concentration) with vegetation 
projected area (as may be expected from the relationship shown in Fig. 9).

5.3 Dual vegetated banks concentration results

Based on a similar procedure to the above, Fig. 11a, c and e, presents example comparisons 

between experimental and predicted concentration profiles for different free flow widths 
( 𝑊𝑊 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 0.7 𝑚𝑚𝑚 0.6 𝑚𝑚 and 0.5 𝑚𝑚 respectively) shown for ℎ = 0.072 𝑚𝑚 and 𝑎𝑎 = 6.3𝑎9 𝑚𝑚−1. 
In addition, relative differences between both predicted and experimental concentration 
maps divided by the maximum concentration value were plotted in Fig. 11b, d and f.

Relative differences between predicted and measured values are plotted in Fig. 11b, d 

and f, where positive values mean an over-estimation of concentration values and negative 
values mean an under-estimation of concentration values. Similarly, to single bank tests, 
experimental results suggest a displacement of concentration mass toward the vegetation 

boundaries relative to the predictions.

Note that the transects shown in Fig. 11 represent cross-channel concentration profiles 
extracted at a single downstream position for each configuration. The mean 𝑃𝑃2 values 

reported in Table 4, by contrast, quantify the overall agreement between measured and pre-
dicted concentration fields across the full measurement domain. Local deviations visible 
in the transects, particularly for the widest free flow cases, reflect spatial variations and 
secondary flow effects not captured by the one-dimensional framework.

Fig. 9 Relationship between maximum transverse mixing coefficient ( 𝐷𝐷𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚 ) and the product of velocity 
difference ( 𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 −𝑈𝑈𝑉𝑉𝐹𝐹𝑉𝑉) and water depth ( ℎ) in single bank tests
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The values of the coefficients of determination 𝑃𝑃2 between modelled and experimental 

concentration maps were calculated for each flow condition over the measurement area. 
Table 4 shows the mean, max and min 𝑃𝑃2 obtained over each vegetation density and 𝑊𝑊 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 
flow condition (i.e., statistics are calculated based on results for the range of flow depths). 
The calculated 𝑃𝑃2 values suggest a generally good prediction of mixing processes for 

each flow condition. The highest differences were observed for the densest scenarios and 𝑊𝑊 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 0.7 𝑚𝑚 and 0.6 𝑚𝑚. In addition, the mean, maximum and minimum relative reduc-
tion of the experimental peak concentration (𝑃𝑃𝑃𝑃) over the measurement area is shown. For 𝑎𝑎 = 0.397 𝑚𝑚−1, observed peak reductions in concentration tend to increase as the 𝑊𝑊 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 
is reduced, whilst the opposite trend is observed for 𝑎𝑎 = 6.3𝑎9 𝑚𝑚−1. The results also dem-
onstrate a significant increase in overall mixing/ peak concentration reduction compared 
to single vegetated bank scenarios with equivalent projected areas. Full results and com-
parisons between experimental and predicted concentration profiles can be found in Rojas-
Arques [35].

Fig. 10 Comparison between time-averaged predicted and experimental concentration data for a ℎ 𝑥 0𝑎072𝑥𝑥, 𝑎𝑎 𝑥 𝑎𝑎𝑥𝑎𝑎𝑥𝑥−1 and injection at 𝑥𝑥 𝑥 0𝑎𝑥2 𝑥𝑥 for a transverse profiles located at 𝑥𝑥 𝑥 1𝑎𝑥 𝑥𝑥 and 𝑥𝑥 𝑥 𝑥𝑥𝑥 and b relative differences between predicted and experimental concentration 
values
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The reduced agreement for dense vegetation and large free flow widths (Table 4) may 
reflect processes not represented in the simplified one-dimensional transverse mixing 
framework used here. Previous studies have shown that shear-layer dynamics and sec-
ondary motions can influence transverse momentum and scalar transport in vegetated or 
compound-channel flows (e.g. Dupuis et al. [6, 7]). Such mechanisms may contribute to 
the observed displacement of the concentration plume towards the banks, even though the 
underlying velocity profiles remain well reproduced.

Table 3 Mean, max and min coefficients of determination ( 𝑅𝑅2) between predicted and experimental con-
centration maps across dye injection positions, and reduction in experimental peak concentration over the 
measurement length for single bank tests
a[1/m] h[m] Mean R2 Max R2 Min R2 Mean PR[%] Max PR[%] Min PR[%]

0.397 0.036 0.98 0.98 0.96 25.44 29.23 20.93

0.397 0.054 0.98 0.98 0.98 42.90 49.53 35.34

0.397 0.072 0.96 0.98 0.96 37.73 44.81 30.40

0.397 0.09 0.92 0.94 0.90 32.46 38.77 28.59

1.587 0.036 0.96 0.98 0.92 34.69 48.25 19.08

1.587 0.054 0.96 0.98 0.94 45.36 54.80 35.72

1.587 0.072 0.98 0.98 0.96 44.36 49.79 40.53

1.587 0.09 0.96 0.98 0.94 44.35 51.23 36.73

6.349 0.036 0.94 0.96 0.92 43.10 50.44 30.68

6.349 0.054 0.94 0.96 0.90 49.75 57.47 41.10

6.349 0.072 0.94 0.98 0.90 48.91 53.13 41.79

6.349 0.09 0.92 0.96 0.88 44.52 51.87 38.08

Fig. 11 Time-averaged concentration results for ℎ 𝑥 0𝑎072𝑥𝑥 and 𝑎𝑎 𝑥 𝑎𝑎𝑥𝑎𝑎𝑥𝑥−1for (a-c-e) experi-
mental and predicted profile comparison at 𝑥𝑥 𝑥 𝑥𝑥𝑥, and (b-d-f) differences between experimental and 
predicted maps divided by the maximum concentration at each transverse profile
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6 Discussion

6.1 Velocity profiles

Observed flow structures in single bank systems are in general agreement with previous find-
ings [48, 49]. This includes movement of the velocity profile inflection point away from the 
vegetation boundary for lower projected areas of bank vegetation ( 𝑎𝑎 𝑎 6 𝑚𝑚−1), and increas-
ing shear layer size as the relative difference between the mean velocity in the vegetated 
and free flow regions increases. This is despite differences in measurement techniques used 
in the studies (LSPIV vs. ADV) and the use of surface rather than depth averaged veloci-
ties. By combining datasets from the present study with those from White and Nepf [48, 

49] and West et al. [46], a new parameterisation based on measurable bulk vegetation and 
channel properties is presented. This allows full transverse profiles of streamwise velocity 
in similar rigid arrays to be obtained based either on direct measurements of UVeg and UFree 

or using existing relationships (e.g. Jordanova et al., [14] to define flow conditions in the 
vegetation layer, and channel properties (such as slope and roughness) to estimate free flow 
velocity and hence relative velocity difference ( 𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 −𝑈𝑈𝑉𝑉𝐹𝐹𝑉𝑉). It should however be noted 
that such parameterisations assume rigid emergent vegetation with drag characteristics that 

can be represented using established bulk drag formulations. In contrast, natural vegeta-
tion often exhibits flexibility and flow-induced reconfiguration, which modifies the effective 
drag coefficient as a function of flow velocity and vegetation morphology. Caroppi et al., [3] 

demonstrated that vegetation structure and reconfiguration influence coherent shear-layer 
dynamics and momentum exchange at the vegetation-free flow interface. In such cases, the 
drag coefficient cannot be treated as constant, so incorporating flow-dependent drag formu-
lations would likely improve the predictive performance in field applications. The analytical 
framework proposed here is compatible with such extensions, provided that appropriate 
relationships for effective vegetation drag are specified.

Table 4 Mean, max and min coefficients of determination ( 𝑅𝑅2) between predicted and experimental concen-
tration maps over each depth condition for each vegetation density and free flow width, and percentage of 
peak reduction over the measurement area
a[1/m] WFree [m] Mean R2 Max R2 Min R2 Mean PR[%] Max PR[%] Min PR[%]

0.397 0.7 0.96 0.98 0.92 54.45 58.83 49.77

0.397 0.6 0.96 0.98 0.94 45.89 49.02 43.10

0.397 0.5 0.96 0.98 0.94 36.92 44.93 30.55

0.397 0.4 0.98 0.98 0.96 41.74 51.19 34.02

0.397 0.3 0.98 0.98 0.98 34.06 43.36 24.33

1.587 0.7 0.96 0.98 0.96 59.44 64.86 52.85

1.587 0.6 0.98 0.98 0.96 65.13 69.32 61.54

1.587 0.5 0.98 0.98 0.98 61.25 67.41 55.73

1.587 0.4 0.98 0.98 0.96 62.04 72.64 52.43

1.587 0.3 0.94 0.98 0.94 56.00 66.08 32.64

6.349 0.7 0.88 0.94 0.85 51.45 55.86 48.38

6.349 0.6 0.88 0.92 0.87 52.65 61.79 49.30

6.349 0.5 0.96 0.98 0.94 62.35 63.61 60.42

6.349 0.4 0.96 0.98 0.94 58.22 63.36 54.09

6.349 0.3 0.98 0.98 0.96 67.25 71.35 63.32



1 3

   51  Page 28 of 33 Environmental Fluid Mechanics           (2026) 26:51 

In dual bank systems featuring interacting shear layers, strong gradients in streamwise 
velocity over the transverse profile and a reduction in the maximum channel velocity (rela-
tive to a freely flowing channel) are observed. A new empirical relationship is proposed to 
relate the degree of overlap of the shear layers and the reduction of the maximum stream-
wise velocity expected in the free flow region (relative to a fully unobstructed channel), with 
a decrease of maximum streamwise velocity for narrower free flow regions and denser veg-
etation. A new parabolic relationship is used to describe transverse profiles of streamwise 
velocity in these systems, with the resulting estimated profiles showing a generally good 
agreement with experimental data. The largest differences between predicted and recorded 
longitudinal velocity profiles were found for the sparsest vegetated density cases. Comple-
mentary large-eddy simulation and particle-based modelling studies of shallow free-surface 
flows over rough beds have similarly demonstrated that bed-generated coherent structures 
strongly influence free-surface dynamics and turbulence statistics ([9, 50]), underscoring 
the wider relevance of capturing coherent motions when interpreting shear-layer interac-
tions at the free-surface of partially vegetated channels. For a more detailed understanding, 
further work considering how the interaction of shear layers affects the formation or large-
scale coherent flow structures, and their effect on the streamwise velocity profile, would be 
of value.

It should be noted that the velocities in the vegetation and the main channel are required 

model inputs. In practical applications, the representative velocities in the main channel and 

vegetated regions can be estimated using established open-channel flow relations and veg-
etation resistance formulations, rather than requiring direct velocity measurements.

6.2 Transverse mixing

The work in this paper extends the framework proposed by West et al., [47] for mixing in 

partially vegetated channels, which emphasises heterogeneity in transverse diffusion coeffi-
cients across shear layers. The empirical relationships presented here provide a complemen-
tary predictive tool that incorporates vegetation and flow parameters into a simplified form 
compatible with their model. The new equations offer a directly usable parametric relation-
ship for 𝐷𝐷𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚  from which the profile of transverse mixing coefficient over the shear layer 
can be derived, suitable for predictive modelling applications. This assumes that mixing 
rates and velocities in the free flow and vegetated regions can be reasonably well described 
by established relationships and that mixing rates in free and vegetated flow regions are 
significantly lower than within the shear layer itself.

Based on the datasets collected here, this approach gives reasonably good representation 

of solute evolution in single bank tests. However, model results for some test conditions 
show a mismatch with observed data. This mismatch is represented by a movement of the 
observed main body of the tracer concentration toward the vegetated bank, which the pro-
posed model does not predict. This movement would be produced by secondary currents as 
was discussed in Dupuis et al., [6, 7]. Similar free-surface manifestations of coherent turbu-
lence structures have been reported in shallow flows without vegetation [22], reinforcing the 

central role of shear-layer dynamics in shaping the transverse mixing behaviour observed 
here. Such secondary motions generate lateral momentum exchange and cross-channel cir-
culation that can advect tracer mass towards the vegetation boundary, producing deviations 

from the transverse diffusion assumption adopted in the present model. However, this effect 
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was only observed for test conditions with the highest vegetation density ( 𝑎𝑎 = 6.3𝑎9 𝑚𝑚−1) 
and water depth ( ℎ = 0.072 𝑚𝑚 and ℎ = 0.090 𝑚𝑚).

This approach has also been applied to dual bank systems with interacting shear layers, 
accounting for the expected reduction in the maximum velocity as previously described. 

Both modelled results and experimental data show an overall increase in mixing rate over 

the channel width relative to single bank cases for the equivalent volume of vegetation, 
showing the potential of dual vegetated bank systems to rapidly disperse pollutants. This 
increase is due to the two shear layers generated for these new flow conditions increasing 
the overall region affected by the enhanced turbulence and thus mixing. However, relative 
peak reductions obtained for narrower free flow regions ( 𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 0.3 𝑚𝑚) suggest a decrease 
of the overall mixing rate compared with other dual bank scenarios because of the restricted 
free velocity region allowed between both vegetated banks (this decreasing the magnitude 
of the overall channel velocity shear effects), which is also coupled with an increase of the 
overall drag and thus a reduction of the channel capacity. The effectiveness of dual bank 
systems in reducing peak concentration is therefore also a function of the velocity difference 
between free and vegetated regions, with larger shear layer overlaps resulting in reduced 

peak and differential (UFree – UVeg) velocities.
Comparison between predicted and experimental concentration profiles in dual bank 

configurations show an over-estimation of concentration values in the centre of the free 
flow region for the densest and deepest flow conditions, while an under-estimation is pro-
duced close to the vegetation edge. This effect is more relevant for wider free flow regions 
( 𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 0.7 − 0.6 𝑚𝑚). Similarly to the single bank tests this mismatch is linked with the 
lateral displacement of the main concentration body towards the vegetated banks. Observa-
tions of lateral displacement of tracer mass into the vegetated bank region suggest that the 
enhanced shear layer may promote pollutant entrainment into vegetation, increasing poten-
tial treatment or retention, whereas wider free flow regions may delay lateral entrainment 
and thus extend plume residence in the main channel. These findings thus point to the value 
of embedding vegetation-induced shear-layer dynamics into predictive models for pollutant 
dispersion and retention in vegetated waterways.

6.3 Limitations and opportunities for future work

Further investigations are required to study how the proposed models work in different veg-
etation types including flexible and natural stems, including the effects of complex turbulent 
structures and more significant variations in drag [3]. The present study is limited to emer-
gent rigid vegetation; extending the proposed relationships to flexible and natural vegetation 
represents an important topic for future work.

7 Conclusions

This paper presents a novel set of experimental data for different scenarios with emergent 
rigid vegetated bank flows in single and dual configurations, obtaining the time-averaged 
longitudinal velocity and the concentration distribution downstream of steady state injec-
tions. Measurement techniques used in this paper allow a relatively large number of experi-
mental conditions to be tested, which includes numerous transverse injection positions to 
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define mixing over the full shear layer. From this extensive experimental dataset together 
with results from previous work, empirical relationships were proposed to relate different 
parameters with the bulk vegetation characteristic data. As a result, an empirically parame-
trised modelling framework was developed to predict the longitudinal velocity profile and 
the variable transverse mixing coefficient in vegetated bank flows.

Experimental data revealed that the overlapping of the shear layers produced a decrease 

of the maximum longitudinal velocity achieved in the centre of the free flow region and 
an increase in overall transverse mixing when the shear layer produced by each vegetated 

bank overlaps. For an equivalent volume of vegetation, overall mixing is increased in dual 
bank systems compared to single bank arrangements, due to the increased size of the total 
shear layer region. However different and complex behaviours are observed, with density, 
flow depth and degree of shear overlap resulting in different velocity differential between 
vegetated and free flow regions affecting the shear layer characteristics and resultant mixing 
coefficients.

The proposed model was employed to predict the streamwise velocity profile and the 
mixing rate in dual vegetated bank flows, demonstrating a good agreement with exper-
imental data in most cases, however further datasets are required to improve the model 

for sparsely vegetated conditions. The new relationships require fewer parameters/input 
data than existing models to define velocity profiles and mixing processes in flows with 
vegetated banks. Predictions are possible based solely on vegetated characteristics, bulk 
flow rate and water depths (which can be estimated based on existing relationships) in the 
absence of more detailed datasets. As such the relationships proposed here may form a use-
ful tool for the initial estimation of the effects of vegetated banks on hydrodynamic and pol-
lutant transport processes. However, further testing is required in more realistic vegetation 

and at field scale, including experiments with flexible and real vegetation.
The new parameterisations developed in this study provide a practical means of estimat-

ing velocity and mixing characteristics in partially vegetated channels using only bulk flow 
and vegetation properties. These relationships can be directly incorporated into analytical 
or numerical models to represent sub-grid scale mixing in larger-scale river or floodplain 
simulations. In field applications, they could support the preliminary assessment of pollut-
ant dispersion or habitat connectivity in channels with vegetated margins, without the need 

for detailed local velocity measurements.
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