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Abstract

Vegetation of various heights widely co-exists in natural rivers and wetlands, where the ecological 
environment and flow process are affected by the riparian vegetation, which has drawn great attention in river 
engineering and aquatic environmental management. The majority of studies in the past have been mainly 
focused on the understanding of flow through single-layered vegetation. However, in natural riverine 
environments, vegetation with different heights often co-occurs in natural rivers, which have a different effect 
on the flow than the single-layered vegetation. In this paper, a novel experiment was designed to study the 
flow characteristics in an open-channel with vegetation of three different heights on the channel bed. 
Experiments were conducted in partially submerged conditions to understand the effect of the vegetation on 
the velocity distribution. Three heights of dowels, 10, 15 and 20 cm, were used to mimic rigid vegetation in a 
staggered pattern for each type of dowel. Velocities at various locations in a section behind the vegetation row 
were measured by mini propeller velocimetry. Experimental results showed that the vertical velocity 
distribution is affected by vegetation heights, revealing a distinct vertical distribution of velocity between and 
behind the vegetation. No matter the position, all vertical velocity profiles are almost constant from the bed to 
a certain distance of about 3/4 short vegetation height and then increase to near the top of short vegetation, 
where a velocity reflection occurs. Afterward, the velocity continues to increase rapidly to the water surface. 
Generally, the velocity profile behind the short vegetation zone is much larger than directly behind the 
vegetation. Also, the streamwise velocities behind the short and tall vegetation are smaller than those behind 
the median and short vegetation zone. These findings on the flow with multiple layered vegetation would be 
helpful for riparian management practices to maintain healthy ecological and habitat zones.   
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1. INTRODUCTION

 Vegetation widely exists in natural watercourses or associated floodplains. It becomes an important part 
of the river ecosystem since the vegetation creates an ecological environment for habitat and biodiversity, 
improves water quality and protects bank erosion. Various types of vegetation grow in the lowland river 
environment, and they often are deliberately planted for the demand of engineering or environment. 
Vegetation in the watercourse largely affects the flow structure (Nezu & Sanjou, 2008; Caroppi, et al., 2020; 
Nepf, 2012). As an additional source of flow resistance in the channel, vegetation has been shown to reduce 
bulk flow velocity and discharge (Lopez & Garcia 2001; Carollo et al. 2002, Stone & Shen, 2002; Yang et al. 
2020), and Reynolds stress and turbulence intensity (Ghisalberti and Nepf, 2002, 2006; Chen et al. 2010; 
Chembolu et al. 2019). Consequently, it alters sediment transport processes (Lopez & Garcia 1998; Curran & 
Hession 2013) and increases habitat diversity (Naiman et al. 1993). Therefore, understanding the 
characteristics of flow through and around vegetation is essential to managing the river system.   
 As a prerequisite, the velocity and resistance of flow through single-layered vegetation have been widely 
studied (Carollo et al. 2002; Stone et al. 2002; Tang & Ali, 2013, 2019b; Yang et al. 2020), where the same 
height vegetation was modelled by artificial cylindrical dowels for rigid type in laboratory flumes and under 
either emergent or submerged flow conditions. For the flow with emergent vegetation, the velocity remains 
almost constant over the depth, but the velocity shows a distinct profile within and above the vegetation in the 
flow of submerged vegetation, where the velocity profile can be described by two-layered models (Tang & Ali, 
2013; Nikora et al. 2013; Tang, 2019 a&b; Singh et al. 2019). In recent years, the flow characteristics through 
vegetation in open channels have also been studied through numerical models (e.g. Neary, 2003; Tang et al. 
2021b) and numerical simulation using FLUENT (Souliotis & Prinos, 2011; Anjum & Tanaka, 2019; Rahimi et 
al. 2019).   
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 In natural riparian environments, various types of vegetation (e.g. grasses, shrubs and trees) co-exist. 
Shorter vegetation is often submerged while the tall vegetation is emergent in certain flood flow conditions. To 
understand how the vegetation of differential heights affects the flow structure, some experimental studies 
have been undertaken on the channel with an array of short and tall vegetation together, so-called double or 
two-layered vegetation (e.g. Liu et al. 2008; Huai et al. 2014; Anjum et al., 2018; Tang et al. 2018; Rahimi et 
al. 2020). These studies show that the velocity profiles are largely different from the flow through single-
layered vegetation. To further study the effect of multiple-layered vegetation on the flow, the present paper 
presents a novel experimental study to explore the velocity variation of the channel with three-layered 
vegetation, which more commonly exists in rivers.  
 In this study, a novel experiment of mixing vegetation of three heights has been set up in a tilting flume 
under the flow condition that short and median height vegetation was submerged while the tall vegetation was 
emergent. The velocities at different locations in a section behind the vegetation row were measured by 
propeller velocimetry, which aims at investigating the variation of flow velocity behind vegetation.  
  
2. EXPERIMENTS AND MATERIAL

   The experiments were undertaken at XJTLU (Xián Jiaotong-Liverpool University) in the titling water flume 
of 0.4 m wide and 0.5 m high rectangular cross-section, which was set at a bed slope of 0.003. The flume is 
sketched in Figure 1, which has a 4.3 m long vegetation session starting 8.4m from the flume entrance, as 
described elsewhere (Tang & Hu, 2021). The vegetation was mimicked by circular plastic dowels of 6.35 mm 
in diameter, whose heights are 0.1, 0.15 and 0.2 m, representing the short, median and tall vegetation, 
respectively. Both the median and tall dowels are arranged in a linear pattern while the short dowels are 
staggered, with the spacing interval between dowels being 31.75 mm. The dowels were amounted into a 10 
mm thick pre-perforated PVC plate placed on the bed of the flume (Figure 2). The first and last row of the 
dowel is 25.38 mm away from the wall. 
 A mini propeller velocimetry was used to measure streamwise velocity at different measurement locations 
1-12, as shown in Figure 2. In our experiment, the flow depth of 17cm was set up with the corresponding 
discharge being 17.55 l/s, which denotes that both short and median vegetation were submerged while tall 
dowels were emergent. At each position, velocity was measured at 16 points in a vertical to capture the 
vertical distribution, whereas the velocity value at each measuring point was the mean value of a sampling 
time of 20s by the propeller velocimetry (10s as suggested in the manual), which was reliable after several 
pre-tests. 
 In the subsequent figures in the Results and Discussion section, the vertical distance (z) above the 
channel bottom is normalized by the height of short dowel (h), whereas velocities are normalized by the 
frictional shear velocity u*. The measured locations are coded as follows (see Figure 2): P1, P5 and P9 (P
denotes the position) are directly behind the short and tall vegetation; P3, P7 and P11 are directly behind the 
median and short vegetation, whereas the test points of even number (P2, 4, 6, 6, 8, 10, 12) denote the 
measurement locations behind the gap of short and median vegetation. Note that P12 is at the central line of 
the channel and the lateral distribution of vegetation along the central line (P12) is not symmetric. 

Figure 1. The sketch of the experimental channel. 
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Figure 2. The layout of vegetation array and measurement locations in the experiment. 

 
3. RESULTS AND DISCUSSION 
 
3.1 Velocity Profiles Directly Behind Vegetation 

 To identify the effect of different distributions of vegetation, the comparison of velocity profiles behind the 
same pattern of vegetation was made. Figure 3 shows velocities at the locations directly behind the vegetation 
(i.e. at locations P1, 3, 5, 7, 9 and 11). Actually, the locations of P1, 5 and 9 are at the same position (group 
1), i.e. directly behind the short after tall vegetation; whereas the locations of P3, 7 and 11 are at the same 
position (group 2), i.e. directly behind the median after short vegetation. In general, the velocity is almost 
constant near the bed (z/h < 0.75), and then increases until the top of short vegetation, where the velocity has 
a reflection: The velocity has little variation in the layer above z=h for group 1, but the velocity has a small 
increase to the middle way of layer 2 and then rapidly increases to the water surface for group 2. The distinct 
velocity profiles above z=h indicate the different effects of the upstream vegetation. The velocity profile in 
group 1 shows a typical velocity vertical distribution of double-layered vegetation flow, given by Rahimi et al. 
(2020), because the velocity beyond z=h in group 1 is still in the protecting zone of tall vegetation upstream, 
whereas the velocity above z=h in group 2 is like a free surface flow, which is not affected by the short 
vegetation upstream. 
 Close comparison on the velocity profiles in group1 (P1, 5, 7) shows that the wall has certain impact on 
the velocity: the closer to the wall, the smaller the velocity in the zone above the short vegetation (z >h); 
however, the velocity near the wall (P1) is larger than those (P5 & 9) away from the wall for the zone below 
the short vegetation (z <h). Among the velocities in group 2, the velocity (P11) close to the center of the 
channel is larger than those (P3 & 7) away from the center in the majority of flow depth (z/h <1.3), whereas 
the velocity at P7 becomes the largest near the water surface. 
 
3.2 Velocity Profiles Behind the Gap of Vegetation 

 To identify the lateral variation of velocity profiles behind the gap of vegetation (i.e., the velocity profiles at 
locations P2, 4, 6, 8, 10 and 12), the comparison of their velocity profiles is given in Figure 4. In terms of the 
position behind the same two types of vegetation upstream, the locations of P2, 6 and 10 are at the same 
position (termed group 3), i.e. at the center of gaps behind short and median vegetation (away from wall A). 
The locations of P4, 8 and 12 are at the same position (group 4), i.e. at the gap center behind median and 
short vegetation. Overall, the velocities at P6 and 10 are almost the same; they are larger than the velocity 
profile at P2, particularly at the upper layer near the surface (z/h >1.25), indicating the effect of the boundary 
wall on the velocity at P2, which is smaller than the velocities at the positions far away from the wall. The 
boundary effect of the wall also applies for the velocity profiles in group 4, that is, the far the position away 
from the wall (wall A), the larger the velocity, e.g. P8 > P4, especially in the layers above z=h. However, 
interestingly note that the velocity profile at P12 (the center of the channel) becomes smaller than any other 
profile at a lower layer (z/h < 1.25), but its velocity in the upper layer lies between P4 and P8. This could be 
explained by the effect of an asymmetric distribution pattern of vegetation in a cross-section. 
 Compared with the velocity profiles behind the vegetation (Fig.3), the velocity profiles at the gaps behind 
the vegetation (Fig.4) are similar in the bottom layer (layer 1, z/h ≤1):  almost constant near the bed (z/h < 
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0.75), and increases rapidly until the top of short vegetation, where the velocity has a reflection. Generally, the 
velocities beyond z/h=1 increase as the increasing depth at a relatively moderate pace than those in group 2 
in Figure 3, showing the combined effect of both short and median vegetation.   

Figure 3. Velocity profiles directly behind the vegetation at the flow depth of 17 cm. 

Figure 4. Velocity profiles behind the gap of vegetation at the flow depth of 17cm. 

3.3 Comparison of Velocity Profiles at Various Positions Behind Vegetation 

 To illustrate the influence of vegetation on the velocity profiles at various positions behind the vegetation, 
Figure 5 shows the comparison of velocity profiles at the locations far away from the wall (at P6-10), where 
the wall is assumed to have negligible effect. Figure 5 clearly shows that: (a) In the lower layer (layer 1, z/h 
<1), the velocities have a similar pattern of variation: the velocity is almost constant near the bottom (z/h < 
0.75) and then steadily increases from 0.75h to the top of short vegetation, and the velocity behind the gap is 
larger than the one directly behind the vegetation. (b) In the upper layer (z/h > 1), the velocity continuously 
increases up to the water surface, depending on the positions behind the vegetation. Obviously, in the upper 
layer the velocity directly behind vegetation is greatly affected by the vegetation height, where the velocity 
varies small at P9 but largely at P7. This can be explained that the small velocity change at P9 is caused by 
the tall vegetation upstream, while the velocity at P7 is not affected by the short vegetation upstream in the 
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upper layer. It is not surprising that the velocity at gaps (P6, 8, 10) in the upper layer does not change 
dramatically because they are in the region with a combined impact by all three types of vegetation. 
 Overall, the velocity is larger behind the gap of vegetation (P6, 8, 10) than directly behind the vegetation 
(P7 and 9), except near the water surface. 

 
Figure 5. Comparison of velocity profiles at various positions behind the vegetation. 

 
3.4 Averaged Velocity Profiles at Some Typical Positions 

 In previous sections, we have compared the velocity profile changes at different positions in great detail. 
To reveal the change of average velocity profiles at some typical locations, Figure 6 compared the averaged 
profiles at the same position related to the combined effect of a group vegetation. In Figure 6, BST denotes 
the averaged profiles at P1, 5, 9 (directly behind the short and tall vegetation), BMS represents the average at 
P3, 7, 11 (directly behind the media and short vegetation). In contrast, SM denotes the average at all positions 
at P2, 4, 6, 8, 10 (behind the gaps of short and median vegetation). 
 Figure 6 shows a distinct difference of the averaged velocity profiles at some typical positions (BST, BMS 
and SM): In the lower layer (layer 1, z/h < 1), the averaged velocity shows a ‘�’ type of profile, i.e. the velocity 
varies small near the bed up to ¾ h and then creases fast to the top of short vegetation; the velocity at SM is 
general large than at BST or BMS (slightly large than BST). In the upper layer (z/h > 1), the averaged velocity 
varies gradually with depth for BST and SM; however, the velocity at BMS has a different profile: the velocity 
initially increases slowly to the middle of layer 2 and then rapidly to the water surface, where the flow is not 
affected by the short vegetation upstream, so the velocity profile of SM is a typical of S-type, as also observed 
Tang et al. (2021c) and Rahimi et al. (2020).   
 
3.5 Lateral Variation of Depth-averaged Velocity 

 The depth-averaged and the layer-averaged velocities can be obtained from measured velocity profiles. 
Figure 7 shows the lateral distribution of layer-averaged and depth-averaged velocity for the half channel. The 
depth-averaged velocity in Figure 7 reveals that the velocity directly behind the vegetation (at the locations 
with odd numbers) is generally smaller than those behind the gaps of vegetation (at the locations with even 
numbers), which are consistent with the results found in the previous sections. In general, the closer to the 
center, the depth-averaged velocity tends to increase slightly.
 Similarly, the layer-averaged velocity directly behind the vegetation is smaller than that behind the gap of 
vegetation. Note that in layer 3, the layer-averaged velocity at P3, 7 and 11 larger than any other locations, 
because the flow of layer 3 at those locations (P3, 7, 11) is not affected by the upstream short and median 
vegetation, whereas the flow of layer 3 at locations P1, 5 and 9 is impacted by the upstream tall vegetation, 
becoming smaller. 
 Overall, the averaged velocity of half channel in Figure 8 shows that the velocity is the lowest in layer 1, 
the highest in layer 3, and the velocity of layer 2 lies between them. The averaged velocity of each layer is 
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related to the density of vegetation: layer 1 has the highest density of vegetation, leading to a smallest 
velocity, whereas layer 3 has the lowest density of vegetation (only tall vegetation), resulting in a highest 
velocity. 

Figure 6. Lateral distribution of depth-averaged velocity. 

Figure 7. Lateral variation of layer- and depth-averaged velocity. 
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Figure 8. Half channel averaged velocity (V) of each layer, where U is the cross-sectional mean velocity of the 

whole channel. 
 
3.6 Discussion 

 In natural rivers and wetlands, various types of vegetation co-exist, showing multiple heights of 
vegetation. Due to the complexity of the interaction between vegetation and flow, previous research mainly 
focuses on the flow characteristics of single-layered vegetation through flow under either submerged or 
emerged conditions. It is unknown how the multi-layered vegetation affects the flow. Our experimental results 
in this study show the complexity of flow, indicating different velocity profiles depending on the locations 
behind the vegetation (Figure 5). In general, the velocity profile shows an S-type of profile with two distinct 
reflections: one at a certain distance (0.25h) below the top of short vegetation, and the other near the top of 
the short vegetation, which was also observed in the channel flow with two-layered vegetation (Huai et al 
2014, Rahimi et al. 2020; Tang et al. 2021a). However, the velocity directly behind median after a short 
vegetation shows a rapid increase in the upper layer despite the media vegetation being emergent. This 
velocity profile is like the one observed in the channel with two-layered vegetation fully submerged (Huai et al, 
2014; Tang et al. 2021b). 
 Our experimental results show that the sidewall affects the velocity profiles: the closer to the wall, the 
smaller the velocity, particularly in the upper layer, as seen in group 1 (P1, 5 and 9) and group 2 (P3, 7 and 
11) in Figure 3. This founding also applies to groups 3 (P2, 6, 10) and 4 (P4, 8) in Figure 4. This result is 
consistent with the theory of boundary layer, which will limit the velocity closer to the solidary boundary, like 
the sidewall here. 
 Interestingly, in the flow with vegetation of multiple heights, the velocity profile behind vegetation could be 
significantly different depending on the combination of upstream vegetation heights. As indicated in Figure 6, 
the averaged velocity profile directly behind median and short vegetation (at BMS) shows an S-type profile 
with three reflections, whereas the averaged velocity profile behind short after tall vegetation (at BST) reveals 

-type profile agrees with the observed results by Huai et al. 2014 and Tang et al. 2018, 
which is caused by the combined effect of denser vegetation near bed and the sparse vegetation in the upper 
layer of flow, like the two-layered vegetation flow. The ‘�’ type profile is like a velocity profile in a channel with 
submerged single-layered vegetation, as observed in the literature (Lopez & Garcia, 2001, Tang, 2019a). 
 It should be noted that the finding in this study is based on the experiment of one particular depth. 
Certainly, this will be consolidated by more data, for example, at different depths (i.e. submergence ratios) and 
densities of vegetation in the future. 
 
4. CONCLUSIONS 
 
 Velocity measurements have been taken at various locations in a novel experiment of open channel flow, 
which aims at investigating the effect of vegetation of three heights on the flow. The observed results show 
that the velocity profiles vary laterally with the positions. In general, the velocity is almost constant in the lower 
layer (z/h < 0.5) and increases rapidly up to the top of short vegetation and then continuously increases to the 
water surface. The velocity profile has two distinct reflections: one below the top of short vegetation at z/h 
=0.75, the other near the top of short vegetation. Furthermore, the following points may be drawn:  
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� The sidewall boundary has a certain impact on velocity profiles: the closer to the wall, the smaller the 
velocity, particularly in the upper layer (z/h>1). 

� The velocity profiles behind the gap of vegetation are generally larger than those directly behind the 
vegetation. 

� The velocity profiles directly behind vegetation are affected by the pattern of vegetation upstream: in 
the upper layer (z/h>1), the velocity increase slowly with the depth when upstream tall vegetation 
exists, but it creases rapidly to the water surface when upstream short vegetation occurs.  

� The layer-averaged velocity directly behind the vegetation is smaller than that behind the gap of 
vegetation. In general, the closer to the center, the depth-averaged velocity tends to increase slightly.  

� The averaged velocity of each layer is related to the density of vegetation: layer 1 has the highest 
density of vegetation, leading to the smallest velocity, whereas layer 3 has the lowest density of 
vegetation (only tall vegetation), resulting in the highest velocity. 
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