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Abstract:  10 

This study presents the experimental results of the flow characteristics, such as the flow 11 

adjustment, velocity profiles, mixing layer, and the momentum exchange, in the partially 12 

vegetated channel with homogeneous and heterogeneous layouts. Three cases are considered, 13 

including two homogeneous canopies with uniform sparse and dense vegetation patches 14 

respectively, and a heterogeneous canopy consisting of alternating patches of both densities. 15 

Results show that heterogeneous canopy requires a longer adjustment distance to reach the 16 

quasi-equilibrium region, compared with the homogenous canopy of the same density. In 17 

heterogeneous canopy flow, the mixing layer width and the momentum thickness fluctuates 18 

with the alternation of vegetation density. The increased values for these two parameters 19 

compared to those values for the homogeneous canopies indicate that the greater resistance and 20 

momentum loss occur for the heterogeneous layout. A wavy region of the enhanced in-plane 21 

turbulence kinetic energy (TKE) is observed in the heterogeneous canopy, suggesting a 22 

comparatively more chaotic flow condition, whereas the contours of in-plane TKE are smooth 23 

in homogeneous canopies. The presence of the coherent structures in heterogeneous canopy is 24 

identified by spectral analysis and the quasi-periodic fluctuations of velocities. The Reynolds 25 
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stress associated with the coherent structures is found to be the dominator of the contribution 26 

to the total Reynolds stress. The comparison between the homogenous canopies of different 27 

density is also conducted. These results will be of practical importance for the design of 28 

vegetation layouts in water ecological restoration projects and for river management. 29 

 30 
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 33 

1. Introduction 34 

Emergent herbaceous plants with round stems and high stiffness (Nepf, 2012), are found to 35 

be the dominant fringing plants in many freshwater rivers (Azza et al. 2006). Those plants are 36 

usually present as elongated ridges along the channel (Tooth and Nanson 2000). The growth 37 

and elimination of aquatic plants are affected by hydrology and hydrodynamic conditions, and 38 

in turn influence both (O’Hare 2015). By altering the flow patterns and turbulent structures, 39 

aquatic plants play a significant role in water ecosystem that includes, but is not limited to, 40 

purification of the water quality (Sonnenwald et al. 2019), promotion of the bank accretion and 41 

the morphological evolution of streams (Vargas-Luna et al. 2019), and provision of habitats to 42 

aquatic organisms (Nepf 2011).  43 

Aquatic vegetation is usually organized in canopies (Rominger and Nepf 2011), including 44 

the emergent reeds and lotus, and the submerged seagrass. Lots of previous studies investigated 45 

the flow and turbulence characteristics in canopy flows with continuous and homogeneous 46 

layout. Most of the laboratory and numerical investigations were conducted over a simplified 47 

model vegetation composed of solid rigid cylinders (White and Nepf 2007; Tanino and Nepf 48 

2008; Liu et al. 2020; Koken and Constantinescu 2021), ignoring the height and volume 49 
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heterogeneity in canopies (Hamed et al., 2017). The partial riparian vegetation, which is often 50 

seen in natural rivers, obstructs the cross-section and exerts drag on the flow (Caroppi et al. 51 

2021). Diverging flow occurs in the upstream region of the canopy, that the flow near the 52 

upstream corner of the canopy is accelerated, while the flow bleeding into the canopy is 53 

decelerated due to the canopy drag (Koken and Constantinescu 2021). Rominger and Nepf 54 

(2011) demonstrated that the flow continues to adjust within the canopy over an interior 55 

adjustment region, whose length scale depends on the canopy flow-blockage, described by 56 

𝐶𝐷𝑎𝑏, where  𝐶𝐷 is the drag coefficient of the cylinders, 𝑎 = 𝑛𝑑 is the total frontal area exposed 57 

to the flow per unit volume, d is the cylinder diameter, n is the number of cylinders per unit 58 

area, and b is the half-width of the canopy (for those canopies located far away from the channel 59 

sidewall). For the conditions of Φ<<1 (Φ (=πnd2/4) indicates the solid volume fraction of the 60 

emergent vegetation per unit volume), the relation between the interior adjustment distance L 61 

and the canopy drag length scale (CDa) can be simply written as L～2/(CDa). Moving further 62 

downstream, a strong shear develops at the interface between the vegetated area and the 63 

adjacent main channel, as a result of the velocity difference between the high velocity in the 64 

main channel and the low velocity inside the canopy. This drag difference between the two 65 

regions could create an inflection point in the mean streamwise velocity. This makes the flow 66 

susceptible to Kelvin-Helmholtz (K-H) instabilities, and thus leads to the generation of the 67 

canopy-scale coherent structures (Lesieur 1995; White and Nepf 2007). The presence of the 68 

coherent structures enhances the momentum and mass transport by reinforcing the energetic 69 

sweeps and ejections across the interface (White and Nepf 2007, 2008). For the canopy with 70 

sufficient length, the shear layer develops and the coherent structures grow in size with distance 71 

downstream, to reach a fully developed status in the equilibrium region (Ben Meftah et al. 2014). 72 

In contrast to the continuously growing free shear layers, the shear layers generated by canopies 73 
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grow only to a finite thickness, which are characterized by coherent structures, and lateral or 74 

vertical mixing for horizontal and vertical shear layers, respectively. (Ghisalberti and Nepf 2004; 75 

Rominger and Nepf 2011; Sukhodolova and Sukhodolov 2012). 76 

For the submerged canopies, the agreement between the vertical profiles of the streamwise 77 

velocity and the hyperbolic tangent profile of a mixing layer, 
𝑈(𝑦)−�̅�

∆𝑈
=

1

2
tanh (

𝑧−�̅�

2𝜃
) , is 78 

favorable, indicating the feasibility of the mixing layer analogy for canopy flows (Ghisalberti 79 

and Nepf 2002; Okamoto and Nezu 2013). However, Sukhodolova and Sukhodolov (2012) 80 

argued that the mixing layer analogy fits best for the dense canopy, while the flow in sparse 81 

canopy behaves more similar to the boundary layers. The shear layer at the interface between 82 

the canopy and the adjacent main channel can be regarded as a plane mixing layer by using the 83 

characteristic velocities, i.e., the uniform low velocity deep within the canopy 𝑈1, the uniform 84 

high velocity in the main channel 𝑈2 , the differential velocity ∆𝑈 = 𝑈2 − 𝑈1 , and the 85 

convection velocity �̅� = (𝑈1 + 𝑈2)/2 (Ho and Huerre 1984; Raupach et al. 1996; Caroppi et 86 

al. 2021). The asymmetric mixing layer comprises of two layers, corresponding to the inner 87 

layer within the canopy with the width of δI and the outer layer in the main channel with the 88 

width of δO; i.e. δ= δI+δO. The coherent structures partially penetrated within the canopy, and 89 

the penetration width is expected to be a constant in the fully developed flow region (Ghisalberti 90 

and Nepf 2004; Rominger and Nepf 2011). The width of the penetration region, where the 91 

active momentum exchange occurs, is usually estimated based on the distance from the canopy 92 

edge to the lateral position where the Reynolds stress decreases to 10% of its peak value ( Nepf 93 

and Vivoni, 2000). White and Nepf (2007) indicated that the penetration width is inversely 94 

proportional to the canopy resistance length scale (𝐶𝐷𝑎)
−1 . The shear layer can also be 95 

characterized by the momentum thickness 𝜃 = ∫ [
1

4
− (

𝑈(𝑦)−�̅�

∆𝑈
)
2

] 𝑑𝑦
+∞

−∞
.  96 
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In addition to the homogeneous canopies, the heterogeneous canopies can also be observed 97 

in both natural rivers and artificial water ecological restoration projects, as shown in Figure 1. 98 

Spatial heterogeneity of plants density impacts the flow conditions, and patches of dense and 99 

sparse canopy can result in heterogeneous velocity fields (Lightbody and Nepf 2006). 100 

Chembolu et al., (2019) investigated the turbulent characteristics in heterogeneous canopies 101 

composed of patches of different forms of natural plants including grass, leafy and cylindrical 102 

plants, and the spatial heterogeneity in flow fields and the turbulence were observed. Compared 103 

to a homogeneous canopy with similar roughness density, the height heterogeneity in the 104 

submerged canopy flows lead to enhanced mixing and greater vertical turbulent transport at the 105 

canopy edge (Hamed et al., 2017). In wetlands, the heterogeneity in vegetation patterns could 106 

pose significant influence on the performance of the contaminant treatment (Sabokrouhiyeh et 107 

al. 2020). The heterogeneously distributed aquatic macrophytes have been shown to increase 108 

the uptake of barium in flooded soils (Carvalho et al. 2019). Furthermore, projects have been 109 

conducted in floodplain lake (Wuchang Lake, Anhui, China) in an attempt to suppress the 110 

overgrowth of Zizania latifolia by intercropping the Zizania latifolia and Nelumbo uncifera. 111 

However, the majority of the previous studies on the partially vegetated channels focused on 112 

the flow characteristics considering only the homogeneous canopies, whereas the vegetated 113 

flow with heterogeneous layout has been rarely investigated. The effect of the heterogeneous 114 

canopy on the flow characteristics is poorly understood and quantified, which motivates this 115 

study. 116 

 117 
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Fig. 1. (a) Naturally homogeneously distributed reeds in Jiuzhai Valley in Sichuan, China (photograph: Renxiao 118 

Li and Feng Zhang). (b) Natural and artificial heterogeneous canopy of reeds and lotus in Baiyang Lake (Hebei, 119 

China) (with permission from https://www.vcg.com/). 120 

This study aims to address important fundamental questions regarding to the effects of the 121 

homogeneous canopy density, and canopy density heterogeneity on the adjustment of flow, 122 

velocity profiles, features of the mixing layer, and the turbulence statistics. To this end, 123 

laboratory experiments are conducted to measure the flow fields in partially vegetated channel 124 

with both the homogeneous and heterogeneous layouts. Three model canopies are tested: two 125 

homogeneous canopies with sparse and dense vegetation distributed uniformly along the 126 

channel, respectively; and a heterogeneous canopy with alternating patches of sparse and dense 127 

vegetation along the channel. To the authors’ best knowledge, such detailed investigation about 128 

this topic is not available in literature. The plan of the paper is as following. The experimental 129 

setup is presented in Section 2, in which a partially vegetated channel with rigid emergent plants 130 

is investigated by applying Acoustic Doppler Velocimetry (ADV) techniques. Results and 131 

discussions on the velocity profiles, the mixing layer theory, the Reynolds stress, and the 132 

turbulent kinetic energy are provided in Section 3. Conclusions are summarized in Section 4. 133 

 134 

2. Experimental setup and measurement instrumentation 135 

The partially vegetated flow is experimentally investigated in a 20 m long, 1 m wide, and 136 

0.4 m deep recirculating flume, with 0.1% slope, at the State Key Laboratory of Water 137 

Resources and Hydropower Engineering Science in Wuhan University. A honeycomb flow 138 

straightener is installed at the inlet of the flume to minimize the entrance influence on the 139 

downstream flow, as shown in Fig. 2(a). An adjustable gate is installed downstream to control 140 

the water depth. The bottom of the flume is fully covered with perforated acrylic plate, in which 141 
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wooden cylinders used to model the emergent rigid vegetation are placed in a staggered format. 142 

The wooden cylinders are 0.5 cm in diameter (d) based on the scales observed in marsh 143 

vegetation with diameter of 0.2-1.2 cm (Lightbody and Nepf, 2006; Manners et al., 2015). The 144 

height of the cylinders is 20 cm. The width of the canopy is approximately 30% of the total 145 

flume width (Bv=30 cm) to minimize the influence of the flume sidewalls, and the length of the 146 

canopy is 8 m. Based on pretests, a 2 m long splitter plate is placed 1 m upstream from the 147 

vegetation array (see Fig. 2(a)), to allow the flow to develop separately within the canopy and 148 

the main channel (Bousmar et al. 2005). Significant diverging flow away from the canopy at 149 

the leading edge is observed in the pretests without a splitter plate, and the distance required to 150 

reach fully developed flow status is much longer. For the coordinate system employed, x=0 is 151 

set at the leading edge of the canopy, positive downstream; y=0 at the interface between the 152 

canopy and the main channel, positive to the main channel; and z=0 at the bottom of the flume, 153 

positive upwards.  154 

Experiments are mainly designed to investigate the effect of the heterogeneous canopy with 155 

the vegetation patch of different densities on the flow characteristics. For comparison, 156 

experiments with the homogeneous layout are conducted. In present study, three scenarios are 157 

considered, including sparse scenario (Φ1=0.05, Case 1) and dense scenario (Φ2=0.1, Case 2) 158 

with homogeneously distributed canopy, as well as a scenario with heterogeneous canopy 159 

(Φ1+Φ2, Case 3) constructed of consecutive patches with Φ1=0.05 and Φ2=0.1. These 160 

representative vegetation densities are chosen based on the natural plant density found in a 161 

wetland with a solid volume fraction range of 0.033-0.102 (Wadzuk and Burke 2006). For the 162 

scenario of heterogeneous canopy, a unit of canopy comprises a sparse patch of 0.5 m long and 163 

a dense patch of 0.5 m long (see Figure 2(a) and (b)), resulting in an average solid volume 164 

fraction within the whole canopy of Φa=0.5(Φ1+Φ2)=0.075. For all experiments, the flow 165 
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discharge is kept as constant to ensure a uniform upstream velocity 𝑈∞ = 10 ± 0.5 cm/s, which 166 

is the depth-averaged velocity with no vegetation. The main experimental parameters for each 167 

case are summarized in Table 1, where Q is the flow discharge, H is the water depth, 𝑅𝑒 =168 

𝑈∞𝐻/𝜈 is a bulk Reynolds number (𝜈 refers to the kinematic viscosity), and 𝐹𝑟 = 𝑈∞/√𝑔𝐻 is 169 

a bulk Froude number. 170 

 171 

Fig. 2. Sketch and photo of the experimental arrangement. (a) Plan view (not to scale) and (b) photo of the 172 

experimental setup for Case 3. (c) Staggered arrangement of cylinders in the sparse (orange) and dense (green) 173 

vegetation patch.  174 

The three-dimensional instantaneous velocity profiles (streamwise velocity, u, lateral 175 

velocity, v, and vertical velocity, w) are measured by using an Acoustic Doppler Velocimeter 176 

(ADV) at a sampling frequency of 50 Hz. The raw data are processed by removing the values 177 

with the correlation coefficients and the signal-to-noise ratio being lower than 70% and 15 dB, 178 

respectively. As the difference between the mid-depth velocity and the depth-averaged velocity 179 

for the emergent vegetated flow is sufficiently small to be neglected (White and Nepf 2007; Liu 180 

et al. 2020), measurements are only conducted at the mid-depth in this study. For the three 181 
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scenarios, different lateral measurement cross-sections are set along x direction to detect the 182 

development process of the mixing layers. Specifically, in Case 3, the measurement cross-183 

sections within a unit of canopy are set at the transition cross-section from the dense to the 184 

sparse patch (i.e. SA), the middle cross-section within the sparse patch (i.e. SB), the transition 185 

cross-section from the sparse to the dense patch (i.e. SC), as well as the middle cross-section 186 

within the dense patch (i.e. SD), as shown in Figure 2(a). The number of measurement cross 187 

sections for Case 1~3 is respectively twelve, ten, and twenty six. Thirty-four measurement 188 

points are arranged at each transect, with a lateral distance between nearby points ranging from 189 

2-4 cm.  Most measurements are carried out in the vegetated area and the high velocity gradient 190 

region in order to capture the characteristics of the mixing layer. As such, a total of 408, 340 191 

and 884 measurement points are recorded for Case 1~3 respectively. At each measurement 192 

point, a recording time of 300 s is found to effectively capture the stable time-averaged 193 

parameters and the turbulence statistics. 194 

Table 1. Main experimental parameters for each case. 195 

Scenarios Φa Q (L/s) 𝑼∞ (cm/s) H (cm) Re (×103) Fr 

Case 1 0.05 13.9 10.3 13.5 10.7 0.09 

Case 2 0.1 14.3 10.1 14.2 11.0 0.08 

Case 3 0.075 14.3 10.2 14.0 11.0 0.09 

 196 

  197 

3. Results and discussions 198 

3.1 Velocity profile  199 

The lateral profiles of the time-averaged streamwise velocity with increasing distance 200 

downstream are shown in Figure 3. Due to the existence of the velocity gradient  between the 201 

vegetated area and the main channel, a mixing layer develops with distance downstream until 202 
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it achieves a quasi-equilibrium status under the limitation of the canopy drag and the bed 203 

friction (Sukhodolov et al. 2017; Truong and Uijttewaal 2019). The adjustment distance needed 204 

for reaching such quasi-equilibrium region is evaluated when the mean streamwise velocity 205 

keeps a constant value (e.g. ∂𝑈/ ∂𝑥 ≈ 0 ). In the present homogeneous experiments, the 206 

adjustment distance needed for the dense canopy is about 400 cm, which is correspondingly 207 

shorter than that for the sparse canopy of about 500 cm. As the adjustment distance is inversely 208 

proportional to vegetation density (Rominger and Nepf 2011), it can be inferred that the 209 

adjustment distance needed for the homogeneously distributed canopy with a density of 210 

Φ=0.075 should be about 400<L<500 cm. However, for the heterogeneous canopy with an 211 

average density of Φa=0.075, an adjustment distance of 600 cm can be determined from the 212 

development process of the velocity at the cross-sections SA and SB, respectively. This result 213 

demonstrates that a longer adjustment distance is needed for the heterogeneous canopy 214 

compared to the homogeneous canopy with the same average vegetation density.  215 

  216 
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  217 

Fig. 3. Lateral profiles of the mean streamwise velocity at different x positions downstream of the splitter plate for 218 

different cases. For Case 3, the velocity profiles are classified based on the different type of the measurement 219 

cross-sections SA, SB, SC and SD, and only the profiles of the cross-sections SA and SB are presented here for clarity.   220 

Figure 4 shows that the momentum thickness θ for the cases of both the homogeneous sparse 221 

and dense canopies initially increase gradually along the flow direction due to the collective 222 

interaction process and reaches a plateau value of 𝜃𝑒𝑞 = 5.7 ± 0.1 cm in the quasi-equilibrium 223 

region. For Case 3, a fluctuating increase of the momentum thickness can be observed and 224 

reaches a range of 6.1-6.7 cm within a unit of canopy in the quasi-equilibrium region (i.e., 225 

x=600~700 cm). Additionally, the changing momentum thicknesses within each unit of 226 

heterogeneous canopy generally exhibit the same trend, that is the thickness increases at first 227 

and reaches the maximum at the cross-section SC, and then decreases. On one hand, this result 228 

suggests that the heterogeneous vegetation layout generates larger resistance to the flow and 229 

causes greater momentum loss than the homogeneous canopy does. On the other hand, this 230 

fluctuation pattern indicates that the characteristics of the mixing layer at different type of the 231 

cross-sections may differ from each other for the case of the heterogeneous canopy. This will 232 

be further discussed below.  233 
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   234 

Fig. 4. Variation of the momentum thickness with downstream distance for different scenarios. The gray shadow 235 

indicates the location of the dense vegetation patches in Case 3. 236 

 237 

3.2 Mixing layer 238 

For simplicity and clarity, the mixing layer width (δ) is defined, by using the method 239 

proposed by Truong and Uijttewaal (2019), as the lateral distance between two y locations 240 

where  𝑈5% = (1 + 5%)𝑈1 and 𝑈95% = (1 − 5%)𝑈2. The mixing layer is further divided into 241 

an inner layer (δI) and an outer layer (δO) bounded by the canopy edge. The main parameters 242 

for the mixing layer are summarized in Table 2. It is seen that the inner-layer width δI for Case 243 

2 is slightly smaller than that for Case 1 due to greater resistance induced by denser vegetation. 244 

While the outer-layer width δO is the same for both the sparse and the dense canopy, as this 245 

scale is mainly determined by the bottom friction and water depth (White and Nepf 2007). For 246 

Case 3, the width of the mixing layer in each cross-section is greater than that in both the 247 

homogeneous sparse and dense canopy, and as expected, the total width varies in different 248 

cross-sections and ranges from 41 to 46 cm. Comparison between the width of the inner layer 249 

and the outer layer reveals that the heterogeneous canopy layout enlarges the mixing layer width 250 

mainly by enhancing the mixing levels in the main channel. The center of the mixing layer is 251 

directly determined as the geometrical center, �̅� = (𝑦5% + 𝑦95%)/2. It can be seen that within 252 
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a unit of canopy, the center of the mixing layer (�̅�) shifts away from the array edge with 253 

increasing density from the cross-section SA to SD. The fluctuation width of the mixing layer 254 

and the momentum thickness within a unit of canopy implies the local imbalance between the 255 

production of the shear layer-scale turbulent kinetic energy and its dissipation caused by 256 

vegetation, which is a result of the heterogeneous layout. Despite this, the ratio of the mixing 257 

layer width to the momentum thickness is still similar for different scenarios (6.7±0.4). 258 

Table 2. Mixing layer parameters in the quasi-equilibrium region for each case. 259 

Case �̅�(cm/s) ∆𝑼(cm/s) 𝜹𝑰(cm) 𝜹𝑶(cm) 𝜽(cm) �̅� (cm) 𝒚𝟎 (cm) 𝜹/𝜽 RS'/RS 

Case 1 8.0 15.4 12 26 5.8 7.0 2 6.6 0.72 

Case 2 7.9 15.4 10 26 5.6 8.0 0 6.4 0.70 

Case 3-SA 8.0 15.6 12 30 6.1 9.0 0 6.9 0.56 

Case 3-SB 8.1 15.8 14 32 6.6 9.0 0 7.0 0.80 

Case 3-SC 8.2 15.7 11 34 6.7 11.5 0 6.7 0.85 

Case 3-SD 8.2 15.7 9 32 6.5 11.5 0 6.3 0.74 

 260 

For all cases, a typical velocity inflection point located within 2 cm of the canopy edge is 261 

observed, corresponding to the location of the peak Reynolds stress. An inflection point in the 262 

basic velocity profile is an essential criterion for the instability of a parallel flow (Kundu, 1990). 263 

This condition is satisfied by a hyperbolic tangent velocity profile, and the whole development 264 

process of the mixing layers is subject to the K-H instability (Holmes et al., 1996). Figure 5 is 265 

a plot of the mean velocity profiles calculated by equation 
𝑈(𝑦)−�̅�

∆𝑈
=

1

2
tanh (

𝑦−�̅�

2𝜃
). Approximate 266 

agreement between the hyperbolic tangent function and the velocity profiles for all cases are 267 

observed. Especially the agreement in Case 3 indicates that the mixing layer, in general, still 268 

obeys to this hyperbolic tangent law in spite of the different mixing layer features generated by 269 

heterogeneous layout. However, Figure 5 also demonstrates slight deviation between the 270 
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hyperbolic tangent profile and the velocity measurements for the dense scenario (Case 2) and 271 

for the cross-section SA, SC and SD in the mixture vegetation scenario (Case 3), mainly in the 272 

central region of the profile, (𝑦 − �̅�)/𝜃 = −1.5~1.5. This deviation could be ascribed to the 273 

following facts. As mentioned previously, in the cases with a high porosity (>0.992), a sparse 274 

canopy behaves similar to a boundary layer, while with increasing density the mixing layer 275 

analogy fits best for the dense canopy (Sukhodolova and Sukhodolov 2012). However, we 276 

argue that as the vegetation density further increases and beyond a certain threshold, the canopy 277 

will again behave more similar to a solid boundary to water flow. As such, compared to the 278 

sparse canopy, the mixing level induced by the highly dense canopy is lower; while the 279 

hyperbolic tangent profile is usually used to calculate the relatively well mixed layer. Therefore, 280 

some deviation exists between the hyperbolic tangent profile and velocity profiles for the dense 281 

vegetation as well as for the cross-sections SA, SC and SD in the mixture vegetation scenario 282 

(Case 3). The comparatively good agreement between the velocity profiles at the cross-section 283 

SB and the hyperbolic tangent profile is because SB locates within the sparse patch and possesses 284 

high mixing level. As the mixing level is related to the Reynolds stress, this result can also be 285 

demonstrated by the lateral distribution of the Reynolds stress (see Fig. 6). That is, for the dense 286 

scenario and the cross-sections SA, SC and SD in the mixture vegetation scenario, the Reynolds 287 

stress in the mixing layer is relatively weak, indicating a weak mixing level.  288 
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    289 

Fig. 5. Comparison of the measured mean velocity profiles with the hyperbolic tangent law of the mixing layer. 290 

Note that the array edge for each scenario locates within (𝑦 − �̅�)/𝜃 ∈ (−2,−1). 291 

 292 

3.3 Reynolds stress and turbulent kinetic energy 293 

Results show that strong momentum exchange occurs in the mixing layer, where the 294 

fluctuating streamwise and lateral velocity components contribute to the Reynolds stresses 295 

(−𝑢′𝑣′̅̅ ̅̅ ̅̅ ). Figures 6(a) and (b) are the lateral profiles of the Reynolds stress at different x 296 

locations for both homogeneous canopies. It shows that the peaks of the Reynolds stress occur 297 

in the main channel at first as a result of the diverging flow caused by the blockage of the 298 

vegetation. The Reynolds stress increases with the distance downstream, and its peak shifts 299 

towards the canopy and locates within 2 cm of the canopy edge in the quasi-equilibrium region. 300 

In the study of Caroppi et al. (2020), it was observed that the larger canopy density generated 301 

larger Reynolds stress. However, in the current experiments, the value of the Reynolds stress 302 

for the scenario of the sparse canopy is larger than that of the dense canopy, which is consistent 303 

with the results of White & Nepf (2007). The lateral width of the region with the active 304 

momentum exchange in the sparse canopy is also larger than that in the dense canopy, as 305 

demonstrated in the schematic Figure 7. Figure 7 presents a conceptual comparison regarding 306 
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to the lateral distribution of the streamwise velocity and the Reynolds stress in the quasi-307 

equilibrium region between Case 1 and Case 2. Taking the outer region in the main channel as 308 

a rough boundary layer (White and Nepf 2007), it is supposed that when the canopy density 309 

reaches a certain threshold (which must be high enough to generate a mixing layer and the exact 310 

threshold needs to be determined by further studies), the progressively increasing density will 311 

smooth the flow at the interface. This corresponds to a decrease of the wall roughness, and thus 312 

results in smaller Reynolds stress and a narrower region with active momentum exchange. The 313 

different result of Caroppi et al. (2020) might be because either the canopy density in their 314 

experiments was too small (Φ=0.0008-0.0254) to generate an outer layer that resembled the 315 

rough boundary layer, or their comparisons between cases of different densities were conducted 316 

in the region where the quasi-equilibrium status had not been attained.  317 
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Fig. 6. Lateral profiles of the Reynolds stresses (a) & (b) at different x positions downstream of the splitter plate 320 

for Case 1 and Case 2, respectively; (c) at different type of cross-sections in the quasi-equilibrium region for Case 321 

3. 322 

For Case 3, as the development process of the Reynolds stress at different cross-sections 323 

are similar to those of the homogeneous canopy case, only the lateral profiles of the Reynolds 324 

stress in the quasi-equilibrium region (x=600-675 cm) are presented here. The Reynolds stress 325 

is enhanced at the interface between the canopy and the main channel in heterogeneous canopy, 326 

as the peak value of the Reynolds stress occurs in the cross-section SA is even greater than the 327 

peak Reynolds stress for the homogeneous cases. Focusing on the Reynolds stress across the 328 

entire cross-section, it is easily to be noticed that the Reynolds stress in SB is the largest among 329 

the four cross-sections, except for the region of y=0-2 cm. This result indicates that the mixing 330 

level in SB seems to be the strongest, as the Reynolds stress is related to the turbulence in the 331 

mixing layer. In addition, compared to the difference between Case 1 and Case 2, the difference 332 

between the peak values of Reynolds stress within sparse and dense vegetation patch in Case 3 333 

is reduced by about 80%. The widths of the region with strong momentum exchange varies 334 

considerably for Case 1 and Case 2, whereas varies little for the different cross-sections in Case 335 

3. The differences in Reynolds stress between the sparse and dense vegetation patch in Case 3 336 

seems are reduced significantly by the heterogeneous layout, compared to those differences 337 

between homogenous sparse and dense canopy. Overall, a stronger momentum exchange is 338 

induced by the density heterogeneity.  339 
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 340 

Fig. 7. Schematic diagram of the lateral profiles of the mean streamwise velocity and the Reynolds stress in the 341 

partially vegetated flow. Case 1 and Case 2 are indicated by blue and red lines, respectively. The mixing layer and 342 

the momentum exchange region for Case 1 are labeled. 343 

In order to identify the presence of the coherent structures, the power spectral density 344 

analysis is carried out. The time series of the streamwise velocity fluctuations is first processed 345 

using the Fast Fourier Transform (FFT, a method that transforms signals from the time domain 346 

to the frequency domain), and then smoothed to remove noise. The frequency components and 347 

the corresponding power density of signals can be obtained after this performance. The spectra 348 

analysis result for cross-section SB in Case 3 is potted in Figure 8(a). The spectra shows a 349 

definite peak with a -3 decreasing slope to the right of the peak, indicating the presence of the 350 

two-dimensional large coherent structures (Uijttewaal and Booij 2000), since the frequency of 351 

small stem-scale vortices should be located to the right of the region with -3 decreasing slope. 352 

A filter frequency of ffilter=0.2 Hz can be roughly determined for dividing the total measured 353 

signals into the low-frequency and high-frequency signals. As such, the large coherent 354 

structures related to the peak regions (f<ffilter) can be separated from the small-scale structures 355 

(f>ffilter). The low frequency signals related to the coherent structures are calculated with the 356 

application of a low-pass filter and are presented in Figure 8(b). For the sake of clarity, u(t) and 357 
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v(t) is shifted by 15 and 10 respectively. The quasi-periodic fluctuations of u(t) and v(t) are the 358 

signs of the coherent structures generated by the mixing layer (Dupuis et al. 2017). The 359 

instantaneous 𝑢'𝑣'(t), corresponding to the momentum exchange, also fluctuates periodically. 360 

The momentum inflows and outflows, the so-called sweeps (𝑢'>0, 𝑣'<0) and ejections (𝑢'<0, 361 

𝑣'>0) are clearly seen to take place. These results provide strong evidence for the presence of 362 

the coherent structures in the heterogeneous canopy. In addition, the filtered Reynolds stress 363 

(denoted as RS') related to the coherent structures can be obtained and compared with the total 364 

Reynolds stress (denoted as RS). The calculated ratio of RS'/RS listed in Table 2 (y=0 cm) 365 

verifies that the Reynolds stress induced by the coherent structures is the dominant contribution 366 

to the total Reynolds stress for each scenario. Nevertheless, this ratio exhibits different values 367 

in different cross-sections in Case 3, ranging from 0.56 to 0.85. 368 

   369 

Fig. 8. (a) Power spectral density of the streamwise velocity fluctuations at the canopy edge (y=0 cm), and (b) time 370 

series of the “low frequency signal” separated by using a filter frequency (ffilter = 0.2 Hz), for Case 3-SB. The units 371 

for the velocity and Reynolds stress are ‘cm/s’ and ‘cm2/s2’, respectively. 372 

 373 

The magnitude and distribution of the turbulence has an important impact on the mixing 374 

levels (Hamed et al. 2020). Figure 9 shows the plot of the contours of the in-plane turbulent 375 

kinetic energy 𝐾𝑡 = (𝑢′2̅̅ ̅̅ + 𝑣′2̅̅ ̅̅ )/2𝑈2
2 for each scenario. The strength of the turbulent kinetic 376 
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energy develops with the distance downstream until a quasi-equilibrium zone is reached. In the 377 

lateral direction, Kt shows a similar distribution to that of the Reynolds stress and reaches a 378 

peak near the interface between the canopy and the main channel. Regions of the enhanced 379 

turbulent kinetic energy are related to the mixing layer. White contours with a value of 0.005 380 

are added in Figure 9 to facilitate comparisons. Figure 9 shows that the contours of Kt along the 381 

channel are smooth for the homogeneous canopies, while a wavy shape is seen for the 382 

heterogeneous canopy, confirming the estimation of the mixing layers shown in Table 2. For 383 

the homogeneous canopies, the enhanced Kt penetrates deeper both within the canopy and into 384 

the main channel for the case of the sparse canopy than that for the case of the dense canopy, 385 

indicating a wider region with high level of mixing in sparse canopy. Comparing to the dense 386 

canopy, a longer distance to balance the production and dissipation of the turbulent kinetic 387 

energy is needed for the sparse canopy. In the heterogeneous canopy, deeper turbulence 388 

penetrations are observed in the cross sections SB and SC, comparing to the situation at the cross 389 

sections SA and SD. 390 
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 391 

392 

 393 

Fig. 9. Contours of the in-plane turbulent kinetic energy for each scenario. The white contours refer to Kt with a 394 

value of 0.005. The dashed boxes in Figure 9(c) refer to the dense vegetation patches. 395 

 396 

4. Conclusions 397 

The turbulent flow in partially vegetated open channel flow with homogeneous and 398 

heterogeneous layout is investigated using laboratory experiments. The experiments show that 399 
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the heterogeneous layout has significant impact on the development of the mixing layer. A 400 

longer adjustment distance is needed for reaching the quasi-equilibrium region for the scenario 401 

of the mixture of the dense and the sparse vegetation patches, namely Case 3 in this study, 402 

comparing with the homogeneous canopy having the same average density. The lateral profiles 403 

of the mean streamwise velocity in the heterogeneous canopy roughly follow the hyperbolic 404 

tangent curve, and for different cross-sections, the higher the level of mixing, the better the 405 

coincidence. Fluctuating mixing layer width and momentum thickness are observed within a 406 

unit of heterogeneous canopy, as a result of the alternation of vegetation density. In addition, 407 

the increased mixing layer width and momentum thickness in Case 3 imply that the 408 

heterogeneous canopy generates a larger resistance to the flow and causes greater momentum 409 

loss than the homogeneous canopy does.  410 

The heterogeneous canopy exhibits  higher Reynolds stress at the interface between the 411 

canopy and the main channel, which suggests higher momentum exchange. This further 412 

indicates shorter residence time in the canopy and more rapid flushing. The power spectral 413 

analysis and quasi-periodic velocity fluctuations provide definite evidence for the presence of 414 

the coherent structures in the heterogeneous canopy. It is proved that the Reynolds stress related 415 

to the coherent structures dominates the contribution to the total Reynolds stress. The ratio of 416 

RS‛ /RS varies little for different cross sections of the homogenous canopies, but exhibits more 417 

variation in different cross-sections of the heterogeneous canopy, ranging from 0.56 to 0.85. 418 

This demonstrates that the momentum exchange mechanism may differ considerably in 419 

different cross-sections of the heterogeneous canopy. The region of the enhanced turbulent 420 

kinetic energy is related to the mixing layer, and the contours of the in-plane TKE present a 421 

smooth and wavy shape in the homogeneous and the heterogeneous canopy, respectively. The 422 

heterogeneous layout results in a comparatively more chaotic flow as expected. Finally, the 423 
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comparison between two homogeneous canopies shows that the outer region of the partially 424 

homogeneously vegetated flow resembles a rough boundary layer, and when the vegetation 425 

density is above a certain threshold, the effect of progressively increasing vegetation density 426 

may be equivalent to the effect of decreasing wall roughness. Further investigation is required 427 

to provide more evidences for this statement. 428 
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