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The heterogeneous distribution and morphology of real vegetation in shear layer environments leads to 

significantly different flow fields and mixing properties when compared to artificial cases. Velocity profiles and 

tracer concentrations were recorded in emergent, artificial vegetation and winter growth Typha between the free 

flow and the vegetation. While the velocity shear and concentration distribution skew were less apparent in the 

Typha than the artificial vegetation, the overall mixing, in terms of increase in variance, was greater. The 

increased mixing and deviation from the classical shear layer flow field is attributed to the spatial heterogeneity 

in vegetation distribution and a less-well defined shear layer interface due to the prevalence of sparsely 

vegetated zones.  

 

1 INTRODUCTION 

Diffuse, or non-point source, contamination is the most significant contributor to surface water pollution in the 

UK and Europe [1]. Pond environments are becoming popular methods of providing appropriate pre-treatment 

before the contaminated water enters sensitive watercourses [2,3]. As well as offering amenity to local residents 

and ecological habitat, ponds provide an integrated approach to sustainable water resource management. 

Prevalent vegetation in ponds is a habitat for organisms [4] and encourages bio-chemical degradation of 

contaminants [5,6,7,8]. Moreover, vegetation affects the local hydrodynamics and thus the installation’s 

detention characteristics [9,10].  

Pond systems generally comprise of border and patches of vegetation (Fig. 1). This paper considers the 

effects of emergent vegetation; although analogies between emergent and submerged are applicable and are 

discussed where appropriate. These patches lead to a lateral heterogeneity in drag, influencing the velocity field 

and creating complex, three-dimensional systems [10,11,12,13,14,15,16]. Figure 1 shows the early stage of a 

field trace study in a large treatment pond [17]. A fluorescent trace is used to highlight the spatially variable 

nature of the flow field associated with patches and borders of vegetation. The trace indicates the preferential 

flow routes around the more dense vegetation elements. The majority of the flow is deviated around the 

vegetation and can lead to the generation of vortices along the shear layer interface.  

 



Often lacking is the appropriate assessment of a pond’s treatment efficacy [18]. Field studies are a useful 

tool for performing in-situ assessments; but can fall short when attempting to isolate the hydraulic impact of 

specific variables and influences. The prevalence of controlled laboratory studies (e.g. [15][12][14]) has helped 

to better understand the influence of hydrodynamics and vegetation porosity on dispersion and pond detention 

time. Laboratory studies have also proved essential when verifying, sometimes empirical, modeling techniques 

[18, 19]. However, previous laboratory studies have failed to adequately report the influence of plant species, age 

and geometry on mixing.  

This paper compares the flow field characteristics between artificial and real emergent vegetation. The 

transverse velocity profiles of the shear layer systems are measured using ultrasound velocity profiling and 

detailed Laser Induced Fluorometry (LIF) trace studies are used to quantify the mixing properties. The data are 

presented as a preliminary study into the quantification of mixing in real, shear layer vegetation.  

 

2 BACKGROUND 

2.1 Flow Associated with Shear Vegetation 

The flow field associated with shear vegetation has been described as a three-dimensional structure 

[20,11,12,15]. Figure 2 shows the theoretical velocity field for partial, emergent vegetation. The incident flow on 

the vegetation has a depth mean velocity u0, and is deflected around the leading edge of the vegetation. The 

lateral discontinuity in drag, CD, between the vegetation and open channel leads to a velocity shear layer 

containing an inflection point and can induce Kelvin-Helmholtz vortices [21]. These vortices grow to a fixed size 

by xf and penetrate by δo, into the open flow, and δv into vegetation. The lateral extent of the vortices is 

dependent on the discharge and vegetation drag [16]. White and Nepf [15] showed that the vortex penetration 

into the vegetation and open channel are inversely proportional to the vegetation drag (CDa) and bed friction (Cf), 

respectively; where CD is the drag coefficient per unit volume and a is the stem frontal area per unit volume.  

Within the vegetation (y < b - δv) the flow velocity, u1, is set by a force balance between gravity and the 

vegetation drag [9]. The drag caused by the vegetation elements is significantly larger than that of the channel 

bed leading to a velocity profile that is considered constant with depth. In the open flow region (y > b + δo) the 

bed friction determines the shape of the profile and therefore the magnitude of the depth-mean velocity, u2. The 

shear vegetation can therefore be characterized using three zones; vegetation, mixing layer and open channel.  

2.2 Mixing in Shear Vegetation 

Mixing is here used as an aggregated term to describe the cumulative effect of shear dispersion (due to 

differential velocity), molecular diffusion (inherent particle movement), mechanical dispersion (caused by 

obstacles) and turbulent diffusion (mixing due to turbulent motion). The mixing characteristics of the three-zones 

are set by the relevant lengths scales [10]. In dense vegetation (CDah > 0.3), where the vortex penetration is 

limited, mixing in the vegetated zone is dominated by mechanical dispersion, Dw, due to stem wakes [14,10] and 

is related to the mean velocity and stem diameter, d, by Dw = 0.17 u1d [22].  Conversely, the longitudinal mixing 

in the open channel zone is dominated by shear dispersion due to a vertical differential velocity and follows the 

relation Dx = 5.93 u
*
H [23], assuming a logarithmic velocity profile. The shear layer vortices (Figure 2b) 

Figure 1. Image shows a tracer moving through a 

pond, reproduced thanks to Hart et al 2014. 



dominate mixing in the mixing zone and transport momentum between the vegetation and the open flow [11,19]. 

Nepf et al [10] showed that the renewal of water within the vegetation, and therefore the mean hydraulic 

residence time, is set by the vortex penetration and the relative contributions from longitudinal advection within 

the vegetation and the exchange across the vegetation interface. When the vegetation drag is low (CDah < 0.3) 

the water renewal is relatively fast due to deep penetration of shear layer vortices. In the dense canopy (CDah > 

0.3) shear layer turbulence is attenuated by the canopy and water renewal is determined by longitudinal 

advection.  

Murphy et al [14] built on the experimentation of Nepf et al [10] to develop a two-zone renewal model to 

describe the longitudinal dispersion and renewal due to shear vegetation in terms of transient storage. Dye trace 

and image analysis were used to predict the longitudinal dispersion for the whole system for a range of flow 

velocities and channel widths. Zong and Nepf [24] also investigated the flow dynamics of shear vegetation and 

confirmed that Reynolds stress peaked at the vegetation interface. Observations of sediment deposition within 

the vegetation were used to describe the vortex penetration.  

Nepf [9] characterized the transverse mixing associated with emergent, saltwater vegetation (Spartina 

alterniflora) for three stem densities; n = 96, 196 and 370 stems m
-2

. Steady state dye injections were used to 

enable transverse concentration distributions to be recorded. Field results were successfully predicted using a 

turbulent intensity model for the combined contributions from turbulent and mechanical diffusion. Lightbody 

and Nepf [22] later used the velocity results presented by Nepf [9] to predict the vertical velocity profiles for 

real, emergent vegetation based on their morphology; while Tanino and Nepf [25] measured the transverse 

mixing coefficient, Dy, in random arrays of emergent cylinders. In the random array, Dy shows a non-linear 

dependence on the stem-diameter to stem-distance ratio and only the turbulent eddies that are larger than the 

stem diameter, d, significantly contribute to Dy.  

Flow velocity and mixing have been well documented for artificial emergent vegetation. There is also a 

good understanding of the flow dynamics and mixing associated with shear layer artificial vegetation. There is, 

however, a paucity of information regarding the flow dynamics and mixing characteristics of full and partial, real 

vegetation and the subsequent impact on system residence time and efficacy. This paper presents the 

morphological, flow and mixing characteristic results comparing two types of shear vegetation; artificial stems 

and Typha.  

3 METHODOLOGY 

The 24 m long, recirculating flume at the University of Warwick, UK, was used to conduct the controlled 

laboratory experiments (Figure 3).  The flat bed flume was 0.99 m wide and was connected to a 20,000 litre 

sump. Water was pumped directly into the upstream channel inlet and the discharge was controlled manually 

with a value and measured ultrasonically. The upstream flow was straightened using an array of small holes 

drilled into an aluminum sheet positioned at the channel inlet; and a second set of 5 mm diameter, 50 mm long 

straighteners were positioned 500 mm downstream. The two emergent vegetation types were investigated 

separately within the controlled laboratory flume.  

3.1.1 Artificial Vegetation 

An 8.0 m long emergent vegetation test section was constructed using plastic rods. The vegetation was installed 

to cover 60% of the channel creating a 0.40 m wide open channel region. The leading edge of the vegetation was 

Figure 2. Profile and plan views of the shear layer vegetation. The vortices reach a fixed size at a distance xf – 

dependent on the density. 

(a) (b) 



located 6.0 m downstream of the channel inlet. The vegetation stems had a diameter and stem spacing of 

0.004 m and 0.05 m, respectively. The stem density, n, solid volume fraction, φ, and stem frontal area per unit 

volume, a (≡ nd), were 398 stems/m
2
, 0.005 and 0.016 cm

-1 
respectively. The test section is shown schematically 

in Figure 3 while Figure 4a shows an image of the artificial vegetation (where the flow travels left to right in the 

image). 

3.1.2 Real Vegetation - Typha 

A 10 m long vegetated test section was constructed 5 m downstream of the channel inlet using Typha and 

covered 50% of the channel width. The vegetation was grown in a natural wetland environment – representing 

actual growth for that time of year – and was delivered in maneuverable sections of matting.  After installation, 

the vegetation was given approximately one week before testing began. This allowed the dead leaves to be taken 

out and ensured that the plants were still alive. The vegetation was then cropped along the channel centerline to 

create a shear environment. Figure 4b shows the cropped Typha during its winter/spring phase of growth. 

Vegetation characteristics were collected in and ex-situ. Cross-section images were collected in front of a plain 

white board and scale in order to calculate a mean frontal area per unit volume. Mean vegetation stem diameter 

was calculating by measuring the diameter of over 100 samples at the channel mid-depth. Stem density per unit 

area was calculated by manually counting the number of vegetation elements in 8, 1.0 m x 0.5 m randomly 

selected test areas. Finally, the mean solid volume fraction was measured using volumetric displacement in a 

container. The results are provided in Table 1.  

3.1.3 Velocity and Fluorescent Tracing 

The flow depth was set to 0.1500 m with the use of a tailgate at the channel outlet and the depth was 

measured using a Vernier gauge, accurate to 0.1 mm, zeroed using the glass windows seen in Figure 4a. The 

inlet channel discharge was set to 5.25 l/s. Transverse and vertical profiles of primary velocity were recorded 

using Metflow UVP Ultrasound (US) probes. Four probes were inserted within the channel walls and recorded 

transverse velocity profiles at both sides of the channel at an upstream (4.0 m into the array) and downstream 

(5.0 m into the array) location. Vertical profiles of velocity were recorded at y = 0.135, 0.385, 0.660 and 0.880 m 

Figure 3. The flat flume test system at the University of Warwick, UK. The UVP 

probes are located at the blue circles and the dye injection is at the red circle. 

Figure 4. The shear layer test cases are shown for a) the artificial stems and b) the winter 

growth Typha.  

(a) (b) 



(Figure 3) at 5.0 and 6.0 m downstream of the vegetation leading edge for the artificial and Typha tests, 

respectively. Velocity was recorded at 20 Hz using 4 MHz transducers for 5 minutes. The velocity probes were 

mounted in the channel bed (Figure 5a) mounted at 20 degrees to the vertical. The water column was seeded with 

90 μm Telamine polymer particles to act as reflective media for the ultrasound signal.  

The mixing characteristics caused by the vegetation shear layer were investigated by performing Rhodamine 

6G trace injection at the vegetation-open/channel interface. A continuous vertical source of Rhodamine was 

made for 10 minutes using a copper pipe with 13, 10 mm spaced, 0.8 mm diameter holes located 1.0 m upstream 

of the velocity measurement site. Dye concentration was recorded using a 1D Laser Induced Fluorometry (LIF) 

system at two locations – 1.0 and 2.0 m – downstream of the vertical injection. A 532 nm green laser beam was 

projected perpendicular through the flow at the channel mid-depth. The laser beam caused the dye to fluoresce as 

it propagated down the channel and the intensity of fluorescence was recorded using a camera situated beneath a 

glass window in the channel bed. The 1D-LIF technique allowed the transverse concentration distribution to be 

temporally recorded simultaneously at the two measurement locations. The entire channel was covered in a light 

tight wooden cladding to minimize the effects of background noise. The LIF windows and vertical injection pipe 

are shown in Figure 5a & b respectively. 

4 RESULTS 

The mean stem diameter (d ± σd) measured in the Typha was 8.38 ± 7.50 mm; the mean stem density per unit 

area (n ± σn) was 161 ± 75 stems/m
2
; the solid volume fraction was 0.013; and the frontal area per unit volume 

was calculated as 0.027 cm
-1

. Vegetation characteristics were also taken for the specific test section in question 

(Figure 6a) and were; d = 8.97 mm, n = 130 stems/m
2
, φ = 0.009; and a = 0.02 cm

-1
. 

The raw temporal mean transverse velocity profile recorded in the shear artificial vegetation showed an 

attenuation of the ultrasound signal due to the vegetation elements. A hyperbolic tangent profile function – 

propose by [22] – was, therefore, fitted to replace the erroneous data found in the middle portion of the channel 

(300 < y < 600 mm). The mean transverse velocity profile was calculated as the average of the fitted upstream 

and downstream profiles. The final profile is presented in Figure 6a. Note that the data has be smoothed using a 

running mean calculator operating over the scale of the stem spacing.  

The mean transverse velocity profile recorded in the shear Typha vegetation was also calculated as the 

average of the upstream and downstream velocity profiles. Only the velocity in the region of 150 < y < 900 mm 

could be recorded in the Typha test due to physical restraints within the laboratory. The mean transverse velocity 

profile in the Typha vegetation was smoothed using a running average over 10 cm – the approximate stem 

spacing between elements – and is plotted in Figure 6b. The green vertical lines in Figure 6 denote the location 

of the vegetation interface for which y < 0.5 m is vegetation and y > 0.5 m is open channel.  

The mean concentration distributions recorded in artificial vegetation are presented in Figure 6c. The 

distributions are the temporal average of the continuous injection at the steady state concentration i.e. averaged 

over the time period where the concentration remains at a plateau concentration. The corresponding distribution 

for the Typha vegetation is given in Figure 6d. Both distributions were calibrated taking into consideration the 

attenuation of laser power along the laser beam’s length and the dependence on local Rhodamine concentration. 

Note that, due to physical constraints in the laboratory, the locations of the interface are different for the two test 

cases.  

Figure 5. a) Ultrasound velocity probe inserted in the channel bed. b)  Velocity was recorded 

at the locations of the LIF windows constructed either side of the test section. 

(a) (b) 



5 DISCUSSION 

Table 1 presents the comparison between the mean vegetation velocity, u1, and mean open channel velocity, u2, 

including the magnitude of the velocity shear and the vegetation characteristics. The vegetation and open channel 

velocities for the Typha is approximately 40% slower than the velocity in the artificial vegetation. Overall, the 

lower magnitude velocities in the Typha test may be attributed to the increased drag caused by the rough 

vegetation bed. However, the shear velocity, when presented as a percentage difference, (u2-u1)/u2, for the both 

tests is 78% (77.7% and 77.8% for the artificial and Typha tests, respectively). The transverse velocity profiles 

were normalized by u2 and collapse onto a common ratio of u1/u2
 
confirming the percentage difference described. 

The transverse velocity profile measured in the artificial vegetation is very similar to a classical shear velocity 

profile; showing a near constant velocity within the vegetation and a rise to a peak value in the open channel 

region. The velocity inflection point is located at, or near, the vegetation interface as expected.  The Typha, in 

contrast, shows a considerable deviation from the classical shear layer velocity profile depicted in Figure 2. 

Despite the application of a running average to the Typha velocity profile, the effects of a heterogeneous stem 

distribution are visible. A significant dip in the velocity at the interface is attributed to a large stem causing a 

deceleration of velocity directly behind it and an acceleration either side. The offset of the approximate inflection 

point also indicates that the vortex penetration is much deeper into the Typha than the artificial case; the vortices 

penetrate into the artificial vegetation is approximately 0.30 m while the penetration into the Typha is at least 

0.40 m.  

The steady state concentration distributions measured in the artificial vegetation show a skew towards the 

open channel flow. At the upstream site (red line) the area under the curve within the vegetation and open 

channel is 16.7% and 83.2% respectively. At the downstream site (blue line) the percentage area within the 

vegetation increases to 22.3% of the total profile area, showing an increase of 33%; whereas the percentage area 

under the curve in the open flow reduces to 77.8% of the total profile area, a decrease of 6.5%. The velocity 

shear and subsequent shear layer turbulence increase the relative mixing with the vortex region; this combined 

with the relative size of u1 causes the trace to spread more into the vegetation than the open channel – where the 

rapid advection leads to relatively slow mixing. This can be seen in the relatively large reduction in profile 

gradient in the region 0.40 – 0.60 m compared to the minimal reduction in the region 0.80 – 0.90 m. 

In contrast, the steady-state concentration profiles recorded in the Typha show a distinctly different profile 

shape. The upstream distribution is also skewed towards the open channel but is less apparent than the artificial 

equivalent; and the downstream distribution does not indicate a significant variation in mixing across the 

vegetation interface. At the upstream site the area under the curve within the vegetation and open channel is 

60.4% and 39.9% respectively. At the downstream site the percentage area within the vegetation decreases to 

56.5% of the total profile area – a decrease of 6.7% – whereas the percentage area under the curve in the open 

flow increases to 43.6% of the total profile area – an increase of 9.2%. The area under the curve occupied by the 

vegetated region does not change significantly from upstream to downstream. The absence of an obvious skew 

Figure 6 The mean transverse velocity profiles for a) the artificial vegetation and b) the Typha vegetation are 

compared to their respective steady state concentration profiles in c and d.   

artificial Typha 
(a) (b) 

(c) (d) 

vegetation vegetation open channel open channel 



towards either the vegetation or open channel in the Typha may be attributed to the more porous nature of the 

real vegetation; where the heterogeneous distribution of sparse patches could reduce the effects of the velocity 

shear by allowing water to enter more freely. The magnitude of the velocity shear (Table 1) within the Typha is 

smaller than the artificial, suggesting that the sparse regions of vegetation reduce the shear.  

The increase in profile spread is, however, more noticeable in the Typha than the artificial vegetation; where 

the downstream distribution measured in the Typha occupies approximately 90% of the channel reach compared 

to 65% in the artificial. The increase in variance from upstream to downstream was calculated for the two test 

cases using the method of moments employing a profile cut-off of 5% of peak value. In the artificial vegetation, 

the variance increased by 60.4% while, in the Typha, the variance increased by 148.9%. This difference does 

indicate that the overall mixing associated with the Typha is greater than the artificial vegetation. The contrasting 

changes in the fractional area of the profiles – where the area of the profile in the vegetated region of the 

artificial vegetation increases more than the Typha case – indicate that, despite the larger overall mixing caused 

by the Typha (approximately 2.5 times the increase in variance) the artificial vegetation leads to a stronger 

exchange between the vegetation and the open channel.  

 The concentration and velocity profiles recorded in the artificial vegetation support the distinction in mixing 

zones observed in shear layer vegetation – such as wake, shear layer and open flow – suggesting that the eddy 

scales of the three regions are of distinguishable sizes.  The concentration and velocity profiles recorded in the 

Typha are not supportive of such distinct mixing zones, suggesting that the length scales of mixing are 

comparable for the wake, shear layer and open channel zones. The vegetation characteristics are comparable for 

the two types; most notably the solid volume fraction and frontal area per unit volume (φ = 0.005, 0.009 and a = 

0.016, 0.027 cm
-1

 for the artificial and Typha respectively). However, the artificial vegetation is 3 times as dense 

as the Typha in terms of population density (n = 398, 130 stems/m
2
) suggesting that, despite the comparable 

frontal area per unit volume and solid volume fraction, the sparse distribution of stems leads to stronger bulk 

mixing due to the heterogeneous distribution of real stems leading to stronger stem shear dispersion. 

 

6 CONCLUSION 

The transverse velocity and steady-state concentration distributions associated with shear layer emergent, 

artificial and real Typha vegetation were compared for the same flow rate. The two vegetation types had 

comparable characteristics, such as solid volume fraction and frontal area per unit volume, but differed in their 

population density per unit area. The shear was greater in the artificial test (Δu = 5.81 cm/s) and is attributed to 

the presence of more porous regions where the real vegetation was sparsely populated; permitting water to enter 

more freely. Both the vegetation and open channel velocities in the Typha were lower than the artificial and is 

attributed to the increased bed drag caused by the plant matting. The transverse velocity profile recorded in the 

Typha differed from the more classical shear layer profile – as recorded in the artificial – with the presence of 

peaks and troughs. This non-conformity to an expected profile shape gives insight into the heterogeneous flow 

nature of real vegetation.  

Steady-state concentration distributions were recorded downstream of a continuously injecting vertical line 

source at the vegetation/open-channel interface. The mean upstream and downstream distributions were notably 

different for the two test cases. The concentration profiles recorded in the artificial vegetation were clearly 

skewed towards the open channel region and showed a spread into the vegetated region at the downstream site. 

Qualitatively, this spread into the vegetation confirms that mixing is increased within the shear layer region. The 

concentration distributions for the Typha did not show such a distinct skew or a region of higher mixing across 

the interface. The larger spread in the downstream profile showed that the overall mixing in the typha was 

Table 1. Vegetation and hydrodynamic characteristic are presented for 

the artificial and Typha vegetation tests. 

Parameter Artificial Typha 

u1 (cm/s) 1.68 0.95 

u2 (cm/s) 7.49 4.28 

Δu (cm/s) 5.81 3.33 

n (stems/m
2
) 398 130 

d (cm) 0.400 0.897 

φ 0.005 0.009 

a (cm
-1

) 0.016 0.027 



greater than the artificial vegetation. A bulk increase in variance was compared between the two cases and 

showed that the concentration profile variance increase was approximately 2.5 times greater in the typha than the 

artificial vegetation.  The greater mixing in the Typha is credited to the heterogeneous stem distribution found in 

real vegetation causing stronger shear dispersion at the stem scale. These results provide a useful comparison 

between artificial and real shear layer vegetation and indicate that the spatial heterogeneity in vegetation 

distribution, local density, and morphology lead to more complex flow regimes and mixing characteristics. 

Further work needs to be conducted in order to quantify the difference in mixing properties between the real and 

artificial test cases. The characterization of spatially variable mixing coefficients, such as [19], will help to 

understand the mixing of shear layer real vegetation.  
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