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Abstract 8 

In natural river systems, layered vegetation like grass, shrubs, and tall bushes greatly affects 9 

the biodiversity, morphological process, and distribution of nutrients and pollutants. Previously, 10 

the effects of uniform one-layered vegetation on the flow structure and hydrodynamics have 11 

been extensively studied. However, due to the complexity of flow dynamics in the vegetated 12 

channel, multiple-layered vegetation has rarely been investigated. This paper presents a novel 13 

experiment to show the effect of three-layered vegetation on open channel flow. It contributes 14 

to our standing of the impact of vegetation locations and heights on the velocity and discharge 15 

distributions for a mixed vegetated channel flow. Velocities at different positions along a half 16 

cross-section were measured using a mini propeller velocimetry. Observed results showed that 17 

the velocity has a distinct profile directly behind vegetation and behind the vegetation gap. The 18 

overall trend has two specific inflections about one quarter below (0.75 z/h) or near the top of 19 

short vegetation (h): the velocity remains nearly constant in the bottom layer (z/h<0.75) and 20 

then rapidly increases until the top of short vegetation; after a gradual increase, the velocity 21 

rapidly rises to the water surface. The velocities directly behind the vegetation in the middle 22 

after short vegetation arrangement increase significantly faster than those directly behind the 23 

vegetation in the short after tall arrangement. The results showed that the maximum zonal 24 

discharge for a channel with mixed-height vegetation is situated at the mid-section of each half-25 

channel, i.e., the area between the middle-centerline region of the near-wall regions.  26 
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This research will attain significant importance to the engineers and practitioners defining the 27 

ecological and riverine flow pattern in the presence of riparian vegetation disseminating 28 

nutrients, pollutants, and sediments.  29 

Keywords: vegetated channel, velocity profile, submerged rigid vegetation, layered vegetation, 30 

open channel flow.  31 

1. Introduction 32 

The complex phenomenon of flow through vegetation array is of prime focus to better 33 

understand the physical process involved, which decisively defines the bank stability [1], 34 

pollution and nutrient transport [2], sedimentation [3], flood resistance [4, 5] and provide an 35 

ecosystem to thrive aquatics and terrestrial life [6, 7]. Macro-roughness, such as vegetation, 36 

dictates the flow resistance in rivers, wetlands, and coastal systems, considerably influencing 37 

flow structure, hydrodynamics, nutrient transmission, morphology, and biochemical processes 38 

[8-13]. Free surface flows in natural watercourses have different vegetation concerning height, 39 

density, and porosity under submerged or emergent flow conditions. During high-flow events, 40 

macrophytes, shrubs, and bushes are entirely submerged. Previously, researchers have 41 

investigated single-layered vegetation with various densities, diameters, and arrangements, 42 

exploring the flow structures and intense shearing over the edge of the submerged vegetation, 43 

depicting inflection in the vertical streamwise velocity distribution [14-17]. The flow and 44 

hydraulic resistance offered by the arrays of vegetation have also been explored simultaneously 45 

to understand the flow dynamics [18]. 46 

Furthermore, attempts have been made to model the velocity flow distribution in the 47 

emergent and submerged rigid vegetation using the mixing length hypotheses to predict and 48 

evaluate the performance of such models in different densities and configurations [19-22]. 49 

Besides the complexity of submerged and emergent single-layered vegetation, strong vertical 50 
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vortices persist in the mixing zone between different vegetation heights, which are multi-51 

mechanism overflow depths [23, 24]. Thus, vegetation interaction with flow through diverse 52 

density layers has also gained much attention by studying the flow with double-layered 53 

vegetation in laboratories [16, 25-28].  54 

Investigating flow dynamics and resistance in the laboratory by mimicking vegetation 55 

suggests that the macro-roughness tends to act as a new layer of a river bed, which affects the 56 

bed shear through an increase in drag force as a function of surface roughness characteristics 57 

and flow depth. The concept of the new layer of roughness manifolds with the presence of 58 

vegetation array with denser on the bottom and sparser in the above, so that in a natural 59 

environment, it has different submergence with various species of vegetation. Some studies 60 

other than one submergence ratio of uniform height vegetation use the denser vegetation below 61 

and sparser above to study the dynamics of longitudinal dispersion in flow [29]. Recently, 62 

simple turbulence closure schemes were tested for submerged double-layered vegetation as 63 

drag source terms in Reynolds Averaged Navier-Stokes equations for vegetation effect [30, 31]. 64 

Furthermore, numerical simulations assisted in coping with the limitation of space, 65 

measurement, and time of experiments of flow structure in layered vegetation [32-36].  66 

As we know, the transverse and vertical distribution of the velocity of submerged 67 

vegetation at different layers can determine zonal and overall discharge since the velocity at 68 

each flow layer varies. The velocity profile can also help in the prediction of pollutant mass 69 

transport. The channel flow with sufficient vegetation density will tend to have the highest 70 

resistance. As the flow depth increases, the sparser vegetation layer appears with the faster-71 

moving flow. Categorically speaking, the vegetation layer can be divided into three significant 72 

levels: short being the densest, middle depicting shrubs and bushes with intermediate density, 73 

and tall with the sparsest thickness having the least resistance.  74 
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The present study aims to scrutinize the three layers of submerged vegetation mimicked by 75 

short, middle, and tall dowels at the bottom of an inclined flume, thus depicting a riparian 76 

environment in high-flow events. This paper presents a novel experimental study investigating 77 

lateral and vertical velocity change in an open channel with three-layered vegetation. 78 

Furthermore, the effect of vegetation relative to individual cross-sections is studied, identified 79 

as upstream and downstream sections of the roughness patch. This research mainly focuses on 80 

the upstream and downstream sections of the macro-roughness, where most hydrological issues 81 

occur, such as flooding, pollution dispersion, and eutrophication.  82 

To understand the flow characteristics within the multilayered vegetated region, the present 83 

paper is arranged as follows: an experimental setting with the channel facility is described, 84 

where twelve measurement locations were chosen in two cross-sections. Then, a measuring 85 

methodology and test case conditions are elaborated. A comprehensive analysis and discussion 86 

of results are given on distributions of time-averaged streamwise velocity for all twelve 87 

locations from the side wall to the center of the channel. Then, the effect of layered vegetation 88 

at distinct locations is elaborated by comparing their averaged values in subgroups of the site, 89 

i.e., behind the vegetation and the vegetation gaps. Consequently, zonal mean velocity and 90 

discharge distribution for different layers and sub-groups of locations are shown to evaluate 91 

the impact of the vegetation from a cross-section upstream to downstream. Finally, a 92 

conclusion is drawn. 93 

2. Experimental Setup  94 

2.1. Flume and vegetation configuration 95 

The experiments were conducted in a water flume at the hydraulics laboratory of Xi'an 96 

Jiaotong-Liverpool University (XJTLU). The flume is 20 m long and 0.4m wide (see Figure 97 

1), with a fixed longitudinal bed slope 𝑆0 = 0.003. A point gauge (with an accuracy of 0.1 mm) 98 
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installed on a freely moveable traverse bridge is used to measure the water depth. The water 99 

depth is adjusted by the tailgate and the inflow discharge, which is also adopted by previous 100 

studies [37, 38]. 101 

The vegetation is modeled by circular plastic dowels of 6.35mm, with three different 102 

heights of 10cm, 15cm, and 20cm, representing a stem combination of various ages and heights. 103 

The vegetation zone was a combination of staggered and linear patterns of the short, middle, 104 

and tall dowels (see Figure 2). The vegetation configuration is arranged to reflect certain natural 105 

settings, consisting of denser short vegetation and sparser middle and tall vegetation, as 106 

suggested by Nepf et al. [39] and Liu et al. [16]. The distance between the adjacent dowels is 107 

3 cm in the x and y directions. 108 

The x, y, and z axes are selected as streamwise (positive downstream), transverse (positive 109 

towards the flume wall A), and verticle (positive upward). Under this coordinate system, x=0 110 

indicates the flow inlet, and y=0 indicates the flume wall B, and z=0 indicates the flume bed. 111 

  112 
Fig.1. The schematized test flume with vegetation section (not to scale) 113 

 114 
 115 

2.2. Measurement methodology and flow conditions  116 

This experiment selected two measurement cross-sections: one upstream (x=9.65 m) and 117 

one downstream (x=10.79 m). As shown in Figure 2, the upstream cross-section is selected 118 
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behind the vegetation row of short and middle dowels (10 and 15 cm), and the downstream 119 

section is selected behind the vegetation row of short and tall dowels (10 and 20 cm). The 120 

downstream cross-section is 1.14 m distant from the upstream cross-section. 121 

For each measuring cross-section, twelve measurement locations were taken (see Figure 2). 122 

The upstream measurement locations are numbered US1, US2, to US12, where US denotes 123 

upstream. The downstream measurement locations are numbered as DS1, DS2, to DS12, where 124 

DS denotes downstream. For each measurement location, 23 vertical measurement points are 125 

measured, starting from 1 cm above the channel bed with a 1 cm interval until a measurable 126 

point close to the water surface.  127 

The propeller velocimetry produced by Nanjing Hydraulic Research Institute was 128 

employed to measure the streamwise velocity. The working principle of the propeller is that 129 

the blade rotates as water flows, and  a linear relationship exists between the rotational speed 130 

‘N’ and the streamwise velocity ‘u’. In this way, with the measured ‘N’, the streamwise velocity 131 

u can be calculated by a pre-determined linear function. This linear relationship is determined 132 

by a previous calibration test with a Norteck ADV (acoustic Doppler velocimetry). The 133 

calibration results showed that the given linear function can provide good results with an R2 of 134 

0.99955. In this case, we believe our measurement data is reliable.  For each point, the 135 

streamwise velocity was taken as the mean value of two successive samplings, with each 136 

sampling period of 10 seconds, as suggested by the producer.   137 

 The experiments were conducted under steady flow conditions. The discharge rate Q 138 

was 27.15 L/s, and the flow depth H was 26 cm. Under this water depth, all three types of 139 

vegetation were submerged. 140 
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 141 

Figure 2. The vegetation configuration and measurement locations (not to scale). The black, 142 

grey, and white circles represent the short, middle, and tall dowels. 143 

3. Results and Discussions  144 

 The normalized vertical distribution of the streamwise velocity (u/u*) is shown in the 145 

following subsections, where u* is the shear velocity given by Equation (1). The vertical 146 

distance (z) above the bed is normalized using the short vegetation height (ℎ).  147 

𝑢∗ = √𝑔𝐻𝑆0 (1) 148 

In which g is the gravitational acceleration, taken as 9.81 m/𝑠2; 𝐻 is the depth of flow. 149 

To better compare the velocity characteristics at different locations, the measurement 150 

locations are categorized into six groups based on the transverse locations: the locations behind 151 

the short-after-tall vegetation on the upstream cross-section (UST), the locations behind the 152 

middle-after-short vegetation on the upstream cross-section (UMS), the locations behind the 153 

tall-after-short vegetation on the downstream cross-section (DTS), the locations behind the 154 

short-after-middle vegetation on the downstream cross-section (DSM), the locations between 155 

the vegetation gap on the upstream cross-section (UBV), and the locations between the 156 



8 

 

vegetation gap on the downstream cross-section (DBV). Herein, the initial letter of the  157 

abbreviations signifies the cross-sectional location, with ‘U’ denoting upstream and ‘D’ 158 

indicating downstream. The subsequent letters denote the vegetation arrangement, where ‘S’ 159 

designates short vegetation, ‘M’ signifies middle vegetation, ‘T’ represents tall vegetation and 160 

‘BV’ indicates between the vegetation gap. This nomenclature scheme has been adopted to 161 

facilitate a clear and succinct delineation of the various scenarios discussed within this paper. 162 

In addition, to compare the velocity profiles according to different column vegetation 163 

patterns, the six groups are further classified into three main groups to calculate the averaged 164 

value: the locations in the column with short-tall-short vegetation pattern (STS), the locations 165 

in the column with the short-middle-short vegetation pattern (SMS), the locations between the 166 

vegetation columns (BV). The detailed group notations and averaged value notations are 167 

summarized in Table 1.  168 

Table 1. Detailed group notations and averaged value notations 169 

Group

Notation
Cross-sections Locations

Combined Group

Notation

UST upstream US1, US5, US9

DTS downstream DS1, DS5, DS9

UMS upstream US3, US7, US11

DSM downstream DS3, DS7, DS11

UBV upstream
US2, US4, US6,

US8, US10, US12

DBV downstream
DS2, DS4, DS6,

DS8, DS10, DS12

STS

SMS

BV

 170 

3.1.Distribution of velocity at the individual location  171 

 This section analyzes the vertical velocity profiles at individual locations and illustrates 172 

the velocity trend of a three-layered vegetated channel flow on upstream and downstream 173 

cross-sections. Figure 3 and Figure 4 show the streamwise velocity profiles at different 174 

locations on the upstream and downstream cross-sections, respectively. These measurement 175 
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locations were divided into two groups to compare the velocity profiles right behind the 176 

vegetation (location numbers 1, 3, 5, 7, 9, and 11, see Figure 3a and Figure 4a) and between 177 

the vegetation (location numbers 2, 4, 6, 8, 10, and 12, see Figure 3b and Figure 4b).  178 

 A first comparison between velocity profiles in Figure 3 and Figure 4 shows that the 179 

velocity profiles have a similar trend in different layers: In the bottom layer (layer 1), the 180 

velocity remains almost constant; in the intermediate layer (layer 2), the velocity increases 181 

gradually with a similar growth rate; in the upper layer (layer 3 and layer 4), the velocity rises 182 

rapidly until the water surface. In addition, locations 1, 5, and 9 possess a similar inter-group 183 

velocity profile, and similar inter-group profiles were also observed for locations 3, 7, 11, 184 

locations 2, 6, 10, and locations 4, 8, 12. This implies that similar vegetation patterns lead to 185 

similar vertical flow patterns. 186 

On the upstream cross-section (see Figure 3a), the velocity curve of UST (UP1, 5, and 187 

9) and UMS (UP3, 7, and 11) groups show different characters in layer 2 and layer 3, as the 188 

UST has one rapid velocity increase near the middle vegetation top while the UMS has two 189 

rapid velocity increase, one near the short and one near the middle vegetation top. This 190 

indicates that for UST, the flow is mainly affected by the middle dowels, while for UMS, the 191 

flow is affected by both the middle dowels and the short dowels. For the same location on the 192 

downstream cross-section (see Figure 4a), the DTS (DS1, 5, and 9) has one rapid increase near 193 

the middle dowel top and DSM (DS3, 7, and 11) has one rapid increase near the short dowel 194 

top. This indicates that for DTS, the flow is mainly affected by the middle vegetation while for 195 

DSM, the flow is mainly affected by the short vegetation. For the aforementioned velocity 196 

results, we suggest that the middle and short vegetation dominate the vertical velocity profile 197 

within the vegetation zone. The effect of tall vegetation is negligible due to its relatively lower 198 

vegetation density.  199 
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For comparative purposes, the vertical velocity structure has been divided into four 200 

layers based on vegetation height. Layer 1 encompasses the interval from the channel bottom 201 

to the top of the short vegetation. Layer 2 spans from the top of the short vegetation to the top 202 

of the middle vegetation. Layer 3 extends from the top of the middle vegetation to the top of 203 

the tall vegetation, and Layer 4 covers the space from the top of the tall vegetation to the water 204 

surface. 205 

As shown in Figure 4b, in layer 1, the velocity profiles of DS2, DS6, and DS10 are 206 

almost identical and do not have significant variation. In layer 2, the velocity gradually 207 

increases with increasing depth, showing a position-independent profile. However, in layer 3, 208 

the velocity of DS6 is significantly greater than all the other DBV locations, which are nearly 209 

identical. This is similar to the observation of the upstream point US6 in Figure 3b, which 210 

possesses a higher velocity in layer 2 than all the other UBV locations. This indicates that the 211 

vegetation resistance in this region is less than in the other locations. All velocities are close to 212 

a single profile in the layer near the water surface. The velocity profile generally exhibits an S-213 

shape with an inflection point at the edge of the vegetation top at a different level. However, 214 

the upper end of the curve may have different growth rates, depending on the position.  215 

Within the middle vegetation layer (𝑧/ℎ < 2), the flow velocity of DS12 (in the center 216 

of the channel) is smaller than that of DS4 and DS8 (which are almost the same), implying a 217 

higher resistance in this region. The velocity gradient of DS12 becomes higher than that of 218 

DS4 and DS8 in layer 3, and their velocity difference becomes smaller above the taller 219 

vegetation. This is reasonable because the vegetation is sparser in the upper layers (layer 3 and 220 

4), and the upper-layer flow resembles a free-flow when approaching the water surface. 221 
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 222 

Figure 3. The vertical velocity profile on the upstream cross-section of (a) right behind the 223 

vegetation, and (b) between the vegetation 224 
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 225 

Figure 4. The vertical velocity profile on the downstream cross-section of (a) right behind 226 

the vegetation and (b) between the vegetation 227 
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In summary, vegetation has a retarding effect on the flow. The flow velocity 228 

significantly reflects near the vegetation top, while the velocity is least affected by the 229 

vegetation in the flow above the tall vegetation. In layer 1, the flow is dominated by the 230 

vegetation resistance, leading to an almost constant velocity in this layer. In layer 2 and layer 231 

3, the flow velocity starts to increase gradually (in the densely vegetated area) and then 232 

increases rapidly (in the less densely vegetated area). In layer 4, where the free flow area, the 233 

velocity increases rapidly and reaches a stable value near the free surface.  234 

 235 

3.2. Comparative analysis of velocities behind the vegetation at typical groups 236 

Figure 5a and 5b demonstrates the averaged vertical velocity profiles of locations with 237 

similar geometry patterns in this region, which covers UST upstream, DTS downstream, and 238 

their cross-sectional averaged STS. Figure 6a illustrates the vertical velocity profiles of 239 

upstream UMS and downstream DSM, and Figure 6b helps to understand the averaged 240 

character of the upstream and downstream cross-sections.   241 

 As shown in Figure 5, the overall mean velocity profile of UST has an inflection point 242 

at 1.5 𝑧/ℎ , howing the significant shedding effect of middle upstream vegetation on the 243 

velocity in the lower layer. For the downstream DTS, the inflection point is a little higher than 244 

the upstream UST, near z/h=1.7. This implies that the overall vegetation drags at the 245 

downstream DTS decrease at a higher position than that at the upstream UST. In addition, the 246 

velocity of downstream DTS in layer 2 is greater than that of upstream UST at the same height 247 

in layer 2, while the velocity of downstream DTS in layer 3 is smaller than that of upstream 248 

UST at the same height in layer 3. This implies that the vegetation resistance of upstream UST 249 

is higher than DTS in layer 2, while the vegetation resistance of downstream DTS is higher 250 

than UST in layer 3. As the only difference between upstream UST and downstream DTS is 251 

the measurement location, we suggest that for the same vegetation pattern, the location behind 252 
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the middle vegetation possesses a higher drag force in layers above the middle vegetation top 253 

than that in the locations behind the short vegetation and that the vertical influenced zone of 254 

the vegetation resistance is higher for the locations behind the tall vegetation.    255 

The overall averaged velocity profile is a 𝑆 -shaped type (see Figure 5b), i.e., the 256 

velocity changes small in the bottom region up to 0.9ℎ and then increases quickly near the top 257 

of short vegetation (i.e., 𝑧/ℎ = 1), where the strong vertical momentum exchange occurs. The 258 

velocity gradually increases in the intermediate region ( 1 < 𝑧/ℎ < 1.5) and starts rising 259 

sharply until the water surface.  260 

 261 

Figure 5. The velocity distribution at (a) upstream behind short-after-tall vegetation (UST) 262 
and downstream behind tall-after-short vegetation (DTS); and (b) the average of the velocity 263 

at both sections. 264 
 265 

As shown in Figure 6a, the vertical profiles of the upstream UMS and downstream 266 

DSM is almost the same unless in layer 2 (1 < z/h < 1.5), where the velocity at UMS is bigger 267 

than that at DSM. This implies that in the layer 2, for the SMS vegetation pattern, the overall 268 

resistance at locations behind the middle vegetation is higher than that at locations behind the 269 

short vegetation. 270 

When comparing the averaged vertical velocity profiles of group STS and group SMS 271 

(see Figure 5b and Figure 6b), it is evident that the velocity of STS is bigger than that of SMS 272 

in layer 1, but the velocity of SMS is accelerating faster than that of STS in layer 2. In layer 3 273 

and layer 4, the velocity gradient of both STS and SMS remains constant, indicating negligible 274 
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vegetation resistance in these layers, which is consistent with the previous findings. In addition, 275 

the inflection point of STS occurs near the middle vegetation topo, while the inflection point 276 

of SMS occurs near the short vegetation top. This implies that vegetation drag dominates the 277 

flow of layer 1 and layer 2 for STS locations while only dominate the flow of layer 1 for SMS 278 

locations.    279 

 280 

Figure 6. The velocity distribution at (a) upstream behind the middle-after-short vegetation 281 

(UMS) and downstream behind the short-after-middle vegetation (DSM) and (b) the average 282 
of the velocity at both sections. 283 

 284 

3.3.Comparative analysis of velocities between gaps of the vegetation  285 

 In this section, we mainly focus on the velocity profiles of UBV and DBV locations. 286 

The influence on the velocity distribution at the gap of short and middle (UBV) and short and 287 

large (DBV) is depicted in Figure 7a, to compare the velocity variation on these two cross-288 

sections. The averaged value of upstream UBV and downstream DBV is shown in Figure 7b 289 

to reflect the general velocity profile of locations between vegetation gaps.  290 

In Figure 7a, the inflection point in the trend upstream behind the gap of short and 291 

middle vegetation (UBV) is significant at the upper layer 1, 𝑧/ℎ <  1 and layer 2, 𝑧/ℎ =  1.5. 292 

In the upstream cross-sectional area, middle-height vegetation predominantly impacts layers 2, 293 

3, and 4. The averaged value of the velocity on upstream and downstream cross-sections in 294 

Figure 7b subsides the effect of the flow gradient at the 𝑧/ℎ =  1 and 1.5, which is much more 295 
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pronounced, otherwise in the individual distribution at the upstream and downstream cross-296 

section.  297 

 298 

Figure 7. The velocity distribution at (a) upstream behind the gap between short and middle 299 
vegetation (UBV) and downstream behind the gap between short and tall vegetation (DBV) 300 

and (b) the average of the velocity at both sections. 301 
 302 

3.4. Impact of vegetation height on group locations 303 

 This section focuses on the comparison of velocity profiles among different groups, 304 

with each group covering locations of similar vegetation patterns. Figure 8 shows the group-305 

averaged velocity profiles, following the group method described in Table 1. For the purpose 306 

to compare the velocity profile between each group and the whole channel flow, we introduced 307 

a channel-averaged velocity profile (UD), which is the averaged value of the velocities at the 308 

same z-value across both upstream and downstream cross-sections. 309 

 In the lower layer (layer 1), the velocities of UST, DTS, UMS, DSM, UBV, and DBV 310 

exhibit minimal variation. They remain relatively constant from the bed up to approximately 311 

0.75 z/h, after which a gradual acceleration in velocity is observed. It is important to note, 312 

however, that this description offers a broad overview of the velocity distribution in the 313 

presence of a bluff body within an open channel flow. A more nuanced understanding of how 314 

different combinations of vegetation height impact this distribution is provided in this section, 315 

as further illustrated in Figure 8a and 8b. 316 
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 317 

Figure 8. (a) The average velocity distribution at the typical locations over upstream and 318 
downstream sections; (b) the average of all sites of two sections. 319 

 320 

 It was found that when 𝑧/ℎ <  1.3, the flow velocity of UMS and DSM is smaller than 321 

that of UST, DTS, UBV, and DBV. Nevertheless, when 𝑧/ℎ >  1.3, the flow velocity change 322 

of UMS and DSM is faster and more prominent than that of DTS and DBV. The velocity 323 

profiles of all groups tend to reach the same maximum velocity in layer 4. It is an interesting 324 

observation that for UST group, the velocity in layer 4 has a turning point, where the velocity 325 

is decelerating and then re-accelerating to the its highest value near the water surface. This 326 

implies that for an STS column vegetation pattern, the locations behind the short dowels are 327 

still affected by the tall vegetation above the tall vegetation top (layer 4). In general, the velocity 328 

of UST and DTS is lower than those of other sites in layer 2, indicating that the more layered 329 

the vegetation, the slower the velocity.  330 

 In the upper layer (layers 3 and 4), the velocities of all groups (except DTS) have an 331 

apparent gradient of velocity at the top of the middle vegetation (i.e., 𝑧/ℎ = 1.5) and then 332 

increase rapidly towards the water surface. As expected in this layer, the additional resistance 333 

caused by vegetation is limited and has little impact at this depth where only tall vegetation is 334 

present (i.e., the most scattered layer). It is noted that the velocity of UST is higher, which may 335 

be due to the edge effect of tall vegetation. On the contrary, DTS is the least among all the 336 

positions in the layer between 1.5 ≤ 𝑧/ℎ ≤ 2.0.  337 
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Figure 8b is an overall (averaged) velocity profile for three specific positions. Based on the 338 

averaged velocity profile (UD), the overall velocity in this three-layered vegetated channel 339 

remains almost constant in the bottom layer (𝑧/ℎ <  0.75), increases fast to the top of short 340 

vegetation (z/h=1), and then increases gradually to the middle of layer 2 (1 < 𝑧/ℎ < 1.5); 341 

afterward, it increases fast until the water surface in the upper layer (𝑧/ℎ >  1.5). Compared 342 

to single-layered vegetation, in multilayered vegetation, the velocity inflection is significantly 343 

associated with the top edge of different-height vegetation (i.e., the sudden change of 344 

vegetation density). In addition, for practical applications where high precision is not a 345 

stringent requirement, the velocity profile of the UD group can serve as a reasonable 346 

approximation for the velocity profiles at various locations within the channel. Generally, in 347 

layer 1, the differences between UD and SMS are minimal, and notably smaller than those 348 

between BV and STS. In layers 2, 3, and 4, the velocity profiles of UD and STS exhibit closer 349 

similarities, being notably smaller than those of BV and SMS. Thus, the implementation for 350 

sediment, nutrient, and pollutant transport will be significantly addressed by the velocity 351 

distribution depicted by the UD with the consecutive point of inflection suggested by the 352 

multilayered vegetation. Moreover, the averaged velocity profile for multilayered vegetation 353 

needs an analytical solution for eddy viscosity at  𝑧/ℎ ≈  0.75 & 1.5 , like one-layered 354 

vegetation having inflection over the top edge of the vegetation.  355 

3.5.  Distributions of zonal-averaged velocity and discharge  356 

 It is important to determine the zonal velocity and zonal discharge distributions in 357 

different layers for engineering use. This section explores how the zonal velocity and discharge 358 

change along the flume. The zonal velocity and layer velocity are normalized by the mean 359 

cross-sectional velocity U (given by 𝑈 = 𝑄/𝐴, where Q is the flow discharge and A is the area 360 

of the measuring cross-section), and the half channel is split into three zones: Zone 1-4, 4-8, 361 

and 8-12. Herein, Zone 1-4 is the region from location number 1 to location 4; Zone 4-8 is the 362 
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region from location number 4 to location 8; Zone 8-12 is the region from location number 8 363 

to location 12.  364 

 365 

Figure 9. The upstream and the downstream distributions of (a) zonal-averaged velocity and 366 

(b) layer-averaged velocity (𝑉), where the subscript us denotes upstream and the subscript ds 367 
denotes downstream.  368 

Figure 9a illustrates the corresponding zonal-averaged velocity distributions for Zone 369 

1-4, Zone 4-8, and Zone 8-12. The zonal velocity in the region closer to the wall (Zone 1-4) is 370 

about 10-15% smaller than that in Zone 4-8 and Zone 8-12. Interestingly, the zonal velocity 371 

around the centerline region of the channel (i.e., Zone 8-12) is not the highest among the three 372 

zones. Instead, Zone 4-8 possesses the highest zonal-averaged velocity in both upstream and 373 

downstream cross-sections, indicating that the vegetation resistance in Zone 8-12 is a little 374 

higher than that in Zone 4-8. Figure 9b shows that the layer-averaged velocity increases with 375 

increasing flow depth, as the highest velocity was found in the top layer (layer 4) while the 376 
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lowest velocity was near the bed (layer 1). The highest layer-averaged velocity occurs near the 377 

free surface, which is consistent with the previous results of vertical velocity profiles. 378 

It is also worth noting that the downstream layer-averaged velocity in layer 4 is higher 379 

than that of the upstream cross-section. This implies that compared to SMS, the STS vegetation 380 

pattern will result in a higher layer-averaged velocity in the free-flow region above all the 381 

vegetation. In addition, the layer-averaged velocity of upstream SMS pattern in layer 2 and 382 

layer 3 is smaller than that of downstream STS pattern. In layer 1, the layer-averaged velocity 383 

is almost the same for both cross-sections and the smallest layer-averaged velocity is observed 384 

in this layer, indicating a maximum vegetation resistance occurs here.  385 

Based on the zonal-averaged velocity distributions (see Figure 9), the upstream and 386 

downstream zonal discharge of the half channel is computed (see Figure 10). Figure 10a shows 387 

that upstream discharge in the zone closer to the wall (Zone 1-4) is about 2% smaller than in 388 

Zone 4-8 or Zone 8-12. Similarly, downstream Zone 1-4 has the smallest discharge, with a 389 

difference of less than 1% compared to downstream Zone 4-8 and downstream Zone 8-12 (see 390 

Figure 10b). Zone 4-8 has the highest zonal discharge on both cross-sections, being 17.01% of 391 

the upstream section and 17.33% of the downstream section.  392 

 393 

Figure 10. Percentage of zonal discharge at (a) upstream; (b) downstream. 394 
 395 

 396 

4. Conclusions  397 
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 A novel experiment was designed and conducted to explore the impact of mixed height 398 

vegetation on flow structure. The vertical velocity profiles are analyzed according to different 399 

locations (zones) and different positions (layers). Generally speaking, the velocity is almost 400 

constant in the lower layer (z/h < 0.5), increasing rapidly up to the short vegetation top and 401 

then continuously increasing to the water surface. The velocity profile shows two distinct 402 

inflections: one near z/h =0.75, the other near the top of short vegetation. It is evident from the 403 

results that the velocity profile is different for the directly behind short-after-tall vegetation 404 

(UST) and directly behind tall-after-short vegetation (DTS) in layer 3. The main findings are 405 

shown below. 406 

• The flow is mainly affected by the short and middle vegetation, and the effect of tall 407 

vegetation is negligible. The flow velocity above the middle vegetation top increases rapidly 408 

until the water surface, and the velocity gradient in this layer is almost constant.   409 

• The velocity profiles directly behind vegetation are affected by the vegetation pattern: 410 

For an STS line pattern, the velocity increases slowly with the water depth when behind tall 411 

vegetation in the upper layer (z/h>1), but it increases rapidly to the water surface when behind 412 

short vegetation. For an SMS line pattern, the velocity increases slowly with the water depth 413 

when behind short vegetation in layer 2 (1 < z/h < 1.5), but it creases rapidly to the water 414 

surface when behind middle vegetation. 415 

• For a channel with mixed height vegetation, the maximum zonal discharge occurs in 416 

the zone between the middle centerline region and the near wall region (i.e., Zone 4-8). 417 

In the future, the study can be investigated on the turbulent structure of the mixed 418 

layered-vegetation channel flow. Also, understanding the flow structures in the three vegetation 419 

zones with distinct densities will help us understand the physical behavior of flow through 420 

layered or non-uniformly distributed vegetation in the riverine ecosystem.  421 
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