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This paper presents results from a recently developed methodology to incorporate natural plant morphologies 

into a computational fluid dynamics (CFD) model used to predict complex flow fields.  Simulations of flow 

around morphologically complex plants, represented both statically and dynamically, are presented.  The 

morphological complexity, comprising the vertical and lateral distribution of individual branches and leaves are 

captured using terrestrial laser scanning (TLS), voxelised, and used for the numerical prediction of flow.  For the 

static representation, the plant is incorporated into a CFD scheme by a mass flux scaling algorithm (MFSA).  We 

test the sensitivity of the voxel size used to represent the plant in the model, where voxel sizes ≤ 0.01 m are 

better able to maintain the morphological complexity captured by the TLS, resolving individual wake zones 

behind single branches/leaves.  Pressure fields are highly sensitive to voxel size, with back-calculated drag 

forces varying by over an order of magnitude between voxel sizes of 0.005 m and 0.04 m.  Inappropriately 

selected voxel sizes can therefore over-estimate vegetative resistance.  In the static plant representation, by 

incrementally altering the plant aspect to the primary flow direction, streamlining and sheltering effects become 

apparent, and are reflected in the drag force and drag coefficient response.  For the dynamic representation, a 

time-varying biomechanical model coupled with Large Eddy Simulation (LES) is used to predict plant motion 

through time.  Preliminary results demonstrate the ability to incorporate complex plant morphologies into a 

time-dependent scheme, providing a significant step forward in modelling vegetation-flow interactions. 

1 INTRODUCTION  

Vegetation is abundant in lowland rivers, and has a significant influence on the hydraulic functioning of these 

fluvial systems.  Influencing multiple spatial and temporal scales, vegetation can control river form and 

morphodynamics [1], flow conveyance [2], mean and turbulent flow fields [3], and sediment dynamics [4].  As 

such, vegetation is critically important in controlling the hydrodynamics of aquatic ecosystems [5].  A correct 

understanding of the influence of vegetation on flow is essential for effective river management, especially 

during flood events.  This requires the correct understanding of vegetative resistance, where vegetation 

contributes towards an additional form of flow resistance [6].  This additional resistance is especially relevant to 

perennial, woody plant species that intermittently interact with flood flows [7], and here we investigate the 

influence of woody plant morphology on flow dynamics.   

Flume studies have investigated the flow resistance around stiff natural plants [2] as well as artificial 

surrogates, explicitly parametrized to provide a realistic distribution of plant biomass [8].  Such experimental 

data have been used to estimate vegetative flow resistance using plant-scale parameters, including the leaf area 

index and a vegetation parameter to account for deformation under flow [9].  However, separate considerations 

of stem and foliage properties are shown to better describe the physical processes contributing towards drag [10].  

Field studies add further to this understanding, with the collection of three-dimensional velocity fields around 

large woody debris [11], as well as turbulence structure around heterogeneously distributed submerged 



 

macrophytes [12].  Until recently, however, flow modelling studies have rarely sought to simulate flow around 

individual or small stands of woody plants.  Vertically averaged two-dimensional flow around stands of Tamarix 

spp, with morphology derived from terrestrial laser scanning (TLS), has previously been modelled [13]; and TLS 

has been applied to look at the plant properties and volumetric blockage factor of floodplain vegetation, which 

could eventually inform hydraulic models [14, 15]. 

Vegetative resistance, however, is found to be strongly linked to plant morphology, which may include the 

foliation state [16], and is complicated by reconfiguration under hydrodynamic loading [17].  As such, in 

numerical modelling studies, plant morphology should be explicitly represented, and should be treated time-

dependently to account for plant motion.  In this paper we describe a methodology for capturing plant 

morphology using TLS, with the point cloud used to create a voxelised plant representation.  We then discuss 

how this plant representation can be incorporated into a computational fluid dynamics (CFD) model, and how it 

is used to simulate flow around a static and dynamic plant, before presenting preliminary results. 

2 METHODOLOGY 

2.1 Terrestrial Laser Scanning (TLS) and voxelisation 

TLS has been used to acquire a three dimensional representation of a single morphologically complex plant.  

Prunus laurocerasus was selected for scanning given its complex branch and leaf structure, and its ability to 

survive in laboratory conditions for prolonged periods.  The woody shrub shares morphological similarities to 

woody riverine vegetation species such as Populus nigra, typically found on gravel bars [7].  The selected plant 

measured 1.50 x 0.85 m x 0.80 m, with 432 leaves (Figure 1a). 

Figure 1a.  Photograph of the Prunus laurocerasus plant.  Figure 1b.  Point cloud with orange highlighted 

section for voxel size sensitivity analysis (Section 3.1), and purple highlighted section for static and dynamic 

representation (Section 3.2 and 3.3).  Figure 1c.  Stages of the voxelisation process, illustrating the post-

processed point cloud, the 0.01 m voxel size user-defined octree structure, and the final voxelised representation. 

 

For this application, a RIEGL VZ-1000 was used to scan vegetation in a controlled laboratory environment.  

To avoid issues of occlusion, four opposing scan perspectives were collated to provide the requisite overlap 

required to capture the full three-dimensionality of the vegetation [18].  The millimeter scale spatial resolution of 

the point cloud far exceeds what can feasibly be discretized within the numerical model, owing to the 

computational cost associated with solving flow at such high spatial resolutions.  A data reduction technique is 

therefore required.  Following initial point cloud registration in RiSCAN PRO, CloudCompare was used for the 

delineation of the area of interest, and erroneous data points were filtered using a statistical outlier removal 

(SOR) tool.  The distance-weighted filter effectively removed isolated points on the plant surface, i.e. those off-

a)                                                            b)                                                                       c) 



 

center hits caused by the position and size of the laser pulse footprint relative to the feature being scanned [19].  

By calculating the mean distance between each point in the initial point cloud and a neighborhood of its nearest 

points, and assuming a Gaussian distribution, those points which fell outside of a defined standard deviation 

threshold were regarded as outliers and removed.  Following [15], we calculate the mean distance between every 

point and its 100 nearest neighbors, and remove those points which fall outside of 1 standard deviation from the 

mean.  Point clouds visually match the actual plant morphology (Figure 1a and 1b).    

For voxelisation, a simplification procedure following the gap fraction method was applied [20].  Given the 

Cartesian grid structure of the numerical model (Section 2.2), a cubic voxel representation is most appropriate 

[21].  Voxelisation involved the fitting of an octree structure with a range of user-defined maximum cell sizes 

(0.005 m, 0.01 m, 0.02 m and 0.04 m) around the point cloud.  A sensitivity analysis is undertaken to understand 

the effect that changing the voxel size has on the simulated flow response.  To reduce the size of the modelling 

domain, and therefore enable flow to be resolved at a higher spatial resolution, a characteristic subsection of the 

plant was selected for the purpose of this study.  The voxelisation process is summarized for the characteristic 

subsection (Figure 1c), outputting XYZ cell centroid co-ordinates that are read directly into the numerical model. 

2.2 The numerical model 

The numerical scheme for Section 3.1 and 3.2 involves a finite volume solution of the full three-dimensional 

Navier-Stokes equations in a Cartesian co-ordinate system, with a Renormalized Group Theory (RNG) k-ε 

turbulence model.  The closure model is applied given the large degree of fluid strain associated with flow 

around the plant as the model calculates diffusion across the spectrum of scales [22].  The plant section, through 

a static voxelised blockage, was represented using the mass flux scaling algorithm (MFSA) [23].   

For the sensitivity analysis of voxel size, a hypothetical domain 450 cells long, 140 cells wide and 70 cells 

high (4 410 000 cells) was created at a spatial resolution of 0.005 m.  The voxelised blockage was incorporated 

at 0.15 X/l, and centered (0.5 Y/w).  For modelling the static characteristic subsection, a hypothetical domain 350 

cells long, 120 cells wide and 100 cells high (4 200 000 cells) was created at a spatial resolution of 0.01 m.  The 

voxelised blockage was incorporated at 0.20 X/l, and centered (0.5 Y/w).  The bed was treated as a nonslip 

boundary using the logarithmic law of the wall function, and domain side walls were considered frictionless 

boundaries.  Downstream (u-) velocity was set to 0.25 ms
-1

, with an inlet turbulent intensity of 5%.  Thus, the 

flow was assumed to be fully turbulent and subcritical.  The outlet was defined on the downstream end of the 

domain using a fixed-pressure boundary condition, but where mass is allowed to enter and leave the domain. 

The numerical scheme for the dynamic plant representation (Section 3.3) involves an immersed boundary 

technique, coupled to a Large Eddy Simulation (LES) at each time-step in a sequentially staggered manner. A 

hypothetical domain 100 cells long, 100 cells wide, and 100 cells high (1 000 000 cells) was created at a spatial 

resolution of 0.01 m.  The plant is represented as porosity in the LES grid, extending the application of the time-

varying MFSA from a single-stemmed plant to a morphologically complex plant [24].  For each time-step, every 

cell in the domain is assigned a porosity value between 0 and 1, depending on the proportion of the voxelised 

blockage occupying the cell, so that the moving plant is discretized as a volume blockage.  Most appropriate for 

modelling vegetation with high rigidity, where plant motion is mainly controlled by bending forces [25], a 

dynamic version of the Euler-Bernoulli beam equation model has been selected to represent plant biomechanics 

(see [24] for full discussion).  The flexural rigidity, 𝐸𝐼, is the key internal plant property responsible for 

controlling motion.  A value of 0.7 Nm
2
 has been assigned based on a review of literature studies covering rigid 

vegetation types [26]. 

The Euler-Bernoulli beam equation was implemented within a finite volume CFD model.  The Navier-

Stokes equations were solved using the SIMPLEST algorithm [27].  A standard Smagorinsky sub-grid model 

with 𝐶𝑠 = 0.17 was used to simulate flow with the LES.  For each time-step the flow was iteratively solved, with 

the convergence criterion set so mass and momentum flux residuals were reduced to 0.1% of inlet flux.  The 

downstream velocity was set to 0.30 ms
-1

, with the boundary conditions set to cyclic so as to recirculate the flow. 

3 RESULTS 

3.1 Voxel size sensitivity 

In order to select a voxel size appropriate for representing the morphological complexity of a plant, the influence 

of voxel size on simulated flow patterns must be quantified.  A 0.28 m section from the top of the plant has been 

isolated (Figure 1b), and voxelised under increasing spatial resolutions as illustrated in Figure 2a.   



 

Firstly we present downstream velocity field data.  In plan-view at 0.5 Z/h (Figure 2b), an increasing voxel 

size is shown to substantially alter the observed flow pattern.  At voxel sizes of 0.005 m and 0.01 m, individual 

stems and leaves produce flow separation and reattachment with the formation of narrow downstream wakes of 

reduced velocity, interspersed by jets of flow acceleration.  Flow is forced within and between the ‘gaps’ in the 

blockage.  As the voxel size increases to 0.02 m and 0.04 m, individual wakes have coalesced, and the formation 

of a single wake is indicative of behavior by a bluff object.  As a result, pronounced low velocities are observed 

directly behind the blockage, with the internal flow structure unable to be distinguished.   

Figure 2a. Voxelised plant section representation at voxel sizes of 0.005 m, 0.01 m, 0.02 m and 0.04 m.  Figure 

2b. Downstream velocity field (u-component) at 0.5 Z/h.  Black areas denote the streamwise position of the 

plant.  Figure 2c. Velocity profiles extracted at predefined intervals downstream (i-iv) and across stream (v-vi). 

 

Differing velocity patterns with increasing voxel sizes are further investigated by comparing vertical 

velocity profiles at pre-defined distances downstream and across-stream (Figure 2c).  Immediately downstream 

of the blockage (i), the velocity profile for the 0.01 m voxel size most closely matches the shape of the profile for 

the 0.005 m voxel size.  In contrast, the 0.04 m profile appears very different, with an inflection exaggerated 

towards lower velocities around 0.75 Z/h.  Relative to the 0.005 m profile, the mean average velocity is 3.2% 

lower for 0.01 m, 5.6% lower for 0.02 m, and 28.6% lower for 0.04 m voxel sizes.  The evolution, development 

and reattachment of the wake can be demonstrated by incremental velocity profiles downstream (i-iv).  Velocity 



 

profiles indicate that the flow has almost fully recovered by 0.4 X/l, and this is consistent for all voxel sizes.  In 

this wake region, greatest velocity differences between voxel sizes are observed towards the surface, and this is 

ascribed to the interaction of the vegetation blockage and the water surface, which has been modelled using a 

fixed lid approach.  Towards the left blockage edge (v), increases in voxel size correspond with increased flow 

acceleration, with the mean velocity of the 0.04 m voxel size profile 11.5% greater than that for the 0.005 m 

voxel size.  On the right blockage edge (vi), flow disturbance appears more minimal across all voxel sizes, with 

magnitudes of mean difference less than 3%.  This difference is caused by the asymmetry in plant morphology. 

An understanding of the effect voxel size has on the pressure field is also necessary (Figure 3), as this has 

direct implications for the back-calculation of drag forces acting on the plant [24].  At a 0.005 m voxel size, 

small individual zones of high pressure are apparent on the upstream side of each stem/leaf, with individual low 

pressure zones almost reflected on the downstream side.  As voxel size increases, these zones become larger 

through coalescence, exaggerated on the downstream side.  Proximal to the blockage edges, pressure values are 

greater (> ± 50 Pa), and the magnitude of the observed lateral pressure gradient increases with voxel size.  

Figure 3. Pressure fields about the blockage at 0.5 Z/h.  With increasing voxel size, high pressure zones on the 

upstream edge, and low pressure zones on the downstream edge become more pronounced. 

 

The drag force is calculated by integrating the difference in the pressure field (lateral pressure gradient) 

acting normal to the vegetation surface between the upstream and downstream side of the plant:  

 

𝐹𝑑 =  ∫ (𝑝𝑓 − 𝑝𝑏)𝑑𝐴𝐴
                           (1) 

 

where 𝐹𝑑 is the drag force (N/m
2
), 𝑝𝑓 is the pressure at the blockage front (Pa), 𝑝𝑏  is the pressure at the blockage 

back (Pa), and 𝐴 is the frontal area (m
2
).  Frontal area is calculated from the known area of the voxelised plant 

representation.  A full discussion of the drag recalculation approach is provided by [24].  Drag forces in Figure 3 

show an order of magnitude difference in drag calculated for the 0.005 m and 0.04 m voxel sizes.  This has 

significant implications for flow resistance, and demonstrates the necessity to include as much morphological 

detail in the voxelised plant representation as computationally feasible.   

3.2 Flow around a characteristic plant subsection, and the role of plant aspect 

At the wake scale, mean kinetic energy is converted into wake-generated turbulent kinetic energy (TKE) over the 

scale of the plant stems [28].  Analysis of the TKE provides an estimation of the amount of form drag introduced 

by the plant [29].  To test how slight morphological differences are reflected in the drag response, we present 

TKE fields after rotating the plant at 45° increments about the vertical axis, thereby modifying the plant aspect. 

Figure 4 demonstrates that a change in plant aspect results in a highly modified TKE response.  Although 

the magnitude of the TKE response appears to be relatively similar throughout i.e. zones of high TKE (> 0.05 

m
2
/s

2
) exist around the plant outer edge, the detailed patterns differ.  At an aspect of 45°, the zones of highest 

TKE are displaced away from the plant edge, and persist over a greater distance downstream.  In contrast, where 

the blockage is more streamlined at an aspect of 90°, the zones of highest TKE are located proximal to the plant.  

For this more streamlined geometry, the zone of lowest TKE (0-0.015 m
2
/s

2
) is approximately half the width of 

that observed for 0° and 45° aspects, and extends a greater distance downstream.  Together this shows how the 



 

patterns of TKE are explicitly linked to the spatial configuration of the plant morphology, and a small change in 

plant morphology (simulated through rotation) can have a major implication for energy conversion and drag.  

Figure 4. Turbulent Kinetic Energy (TKE) fields at 0.5 Z/h, for plant aspects of 0°, 45° and 90°.  TKE provides 

an estimation of the amount of form drag introduced by the plant. 

 

Following Equation 1, drag forces of 1.94 N/m
2
, 1.53 N/m

2
 and 1.02 N/m

2
 are calculated for plant aspects of 

0°, 45° and 90°.  This reduction in drag force with increasing plant aspect is to be expected, and attributed to the 

role of a more streamlined plant morphology at higher aspects.  The drag forces can be used to calculate drag 

coefficients, following: 

 

𝐶𝑑 =  
𝐹𝑑

1

2
𝜌𝑢2𝐴

              (2) 

 

where 𝐶𝑑 is the drag coefficient, 𝜌 is the density (kg/m
3
), and 𝑢 is the downstream velocity (ms

-1
).  Drag 

coefficients are well understood for simple geometric shapes (e.g. cylinders), but are less well understood for the 

complex geometries associated with natural vegetation [30].  Here, we calculate drag coefficients of 1.39, 0.84, 

and 0.93 for plant aspects of 0°, 45° and 90°.  In this example, drag coefficient values of less than unity are 

explained by the morphological differences between plants, where sheltering effects within the single foliated 

body reduce the resistance at the downstream end.  For the 0° plant aspect, these sheltering effects are lessened, 

and therefore the highest drag coefficient value is calculated.  Alterations to plant morphology are therefore 

shown to greatly impact flow resistance.    

3.3 Dynamic plant representation 

Finally we present preliminary results from the Large Eddy Simulation with a time-varying mass flux scaling 

algorithm to explicitly account for the motion of a morphologically complex plant controlled by the Euler-

Bernoulli beam equation biomechanical model.  Figure 5 shows the downstream velocity field at 0.4 Y/w over 

the initial 10 seconds of the simulation.  Significant changes in plant posture are observed within this period, 

with reconfiguration achieved through plant bending.  As a result, the foliated blockage is displaced lower in the 

flow depth, with a downward shift in the position of the wake zone. 

In addition to this gradual displacement caused by plant bending, a rapid rebound between 1.5 and 2.5 

seconds is noted, with this motion exaggerated at the plant tip.  The ‘whip-like’ movement has a significant 

influence on the downstream velocity field, forcing flow over and around the branch whilst moving in the 

opposing direction to the flow, thereby producing a turbulent and highly localized wake zone.  To the authors’ 

knowledge, this is the first instance of dynamically treating a plant with complex morphology in a computational 

fluid dynamics framework.  



 

Figure 5. Downstream velocity (u-component) incorporating a dynamic plant representation through a Euler-

Bernoulli beam equation biomechanical model, in a Large Eddy Simulation coupled with a dynamic mass flux 

scaling algorithm. 

4 CONCLUSIONS 

Through application of numerical modelling of flow around plants with complex morphologies, we demonstrate: 

 

1. The flow field response is highly sensitive to the voxel size used to the represent the plant within the 

modelling domain.  Sensitivity analysis shows coarse representations of plant morphology (> 0.01 m voxel 

size) do not adequately predict downstream velocity patterns and pressure fields compared to finer 

resolutions (≤ 0.01 m voxel size).  At coarse resolutions, an over-representation of the blockage results in 

error.  Consequently, drag forces are over one order of magnitude higher for a voxel size of 0.04 m, than a 

voxel size of 0.005 m.  Future studies should therefore seek to represent vegetation at the highest available 

resolution, relevant to the spatial scale of enquiry, and should be traded off against computational feasibility.  

2. Changes in plant aspect can have pronounced impacts on the observed flow resistance.  This is a result of the 

different patterns of streamlining and sheltering introduced by the changes of plant aspect.  Studies 

concerned with morphologically complex plants and flow resistance should therefore consider the aspect of 

the plant to the primary flow direction in the field, i.e. is there a preferred growth direction, and replicate this 

in models.      

3. We show that complex plant morphologies can be discretised within a time-dependent modelling framework.  

This has major implications for our understanding of the turbulence properties around an individual plant, 

and will be extended to incorporate multiple, interacting plants.  Moreover, we are currently incorporating a 

digital elevation representation of the bed, and coupling this with a sediment routing model, to model 

vegetation-flow-sediment interactions. 

REFERENCES 

 

[1] Gurnell, A., "Plants as river system engineers", Earth Surface Processes and Landforms, Vol. 39, No. 1, 

(2014), pp 4-25. 

[2] Järvelä, J., "Flow resistance of flexible and stiff vegetation: a flume study with natural plants", Journal of 

Hydrology, Vol. 269, No. 1–2, (2002), pp 44-54. 

[3] Nepf, H. M., "Flow and Transport in Regions with Aquatic Vegetation", Annual Review of Fluid Mechanics, 

Vol. 44, No. 1, (2012), pp 123-142. 

[4] Sand-Jensen, K. A. J., Jeppesen, E., Nielsen, K., Van Der Bijl, L., Hjermind, L., Nielsen, L. W. and Ivlrsln, 

T. M., "Growth of macrophytes and ecosystem consequences in a lowland Danish stream", Freshwater 

Biology, Vol. 22, No. 1, (1989), pp 15-32. 

[5] Nikora, V., "Hydrodynamics of aquatic ecosystems: An interface between ecology, biomechanics and 

environmental fluid mechanics", River Research and Applications, Vol. 26, No. 4, (2010), pp 367-384. 

[6] Kadlec, R., "Overland Flow in Wetlands: Vegetation Resistance", Journal of Hydraulic Engineering, Vol. 

116, No. 5, (1990), pp 691-706. 

[7] O'Hare, M. T., Mountford, J. O., Maroto, J. and Gunn, I. D. M., "Plant Traits Relevant To Fluvial 

Geomorphology and Hydrological Interactions", River Research and Applications, (2015). 

U velocity ms-1 

Flow direction 

0.1 seconds         1.5 seconds              10 seconds 



 

[8] Schoneboom, T., Aberle, J. and Dittrich, A., "Hydraulic resistance of vegetated flows: Contribution of bed 

shear stress and vegetative drag to total hydraulic resistance", River Flow, Germany, (2010), pp 269-276. 

[9] Järvelä, J., "Determination of flow resistance caused by non‐submerged woody vegetation", International 

Journal of River Basin Management, Vol. 2, No. 1, (2004), pp 61-70. 

[10] Västilä, K. and Järvelä, J., "Modeling the flow resistance of woody vegetation using physically based 

properties of the foliage and stem", Water Resources Research, Vol. 50, No. 1, (2014), pp 229-245. 

[11] Daniels, M. D. and Rhoads, B. L., "Influence of a large woody debris obstruction on three-dimensional flow 

structure in a meander bend", Geomorphology, Vol. 51, No. 1–3, (2003), pp 159-173. 

[12] Sukhodolov, A. and Sukhodolova, T., "Case Study: Effect of Submerged Aquatic Plants on Turbulence 

Structure in a Lowland River", Journal of Hydraulic Engineering, Vol. 136, No. 7, (2010), pp 434-446. 

[13] Manners, R., Schmidt, J. and Wheaton, J. M., "Multiscalar model for the determination of spatially explicit 

riparian vegetation roughness", Journal of Geophysical Research: Earth Surface, Vol. 118, No. 1, (2013), 

pp 65-83. 

[14] Jalonen, J., Järvelä, J., Virtanen, J.-P., Vaaja, M., Kurkela, M. and Hyyppä, H., "Determining Characteristic 

Vegetation Areas by Terrestrial Laser Scanning for Floodplain Flow Modeling", Water, Vol. 7, No. 2, 

(2015), pp 420-437. 

[15] Jalonen, J., Järvelä, J., Koivusalo, H. and Hyyppä, H., "Deriving Floodplain Topography and Vegetation 

Characteristics for Hydraulic Engineering Applications by Means of Terrestrial Laser Scanning", Journal of 

Hydraulic Engineering, Vol. 140, No. 11, (2014), pp 04014056. 

[16] Wilson, C., Stoesser, T., Bates, P. and Pinzen, A., "Open Channel Flow through Different Forms of 

Submerged Flexible Vegetation", Journal of Hydraulic Engineering, Vol. 129, No. 11, (2003), pp 847-853. 

[17] Whittaker, P., Wilson, C., Aberle, J., Rauch, H. P. and Xavier, P., "A drag force model to incorporate the 

reconfiguration of full-scale riparian trees under hydrodynamic loading", Journal of Hydraulic Research, 

Vol. 51, No. 5, (2013), pp 569-580. 

[18] Moorthy, I., Miller, J. R., Hu, B., Chen, J. and Li, Q., "Retrieving crown leaf area index from an individual 

tree using ground-based lidar data", Canadian Journal of Remote Sensing, Vol. 34, No. 3, (2008), pp 320-

332. 

[19] Béland, M., Baldocchi, D. D., Widlowski, J.-L., Fournier, R. A. and Verstraete, M. M., "On seeing the wood 

from the leaves and the role of voxel size in determining leaf area distribution of forests with terrestrial 

LiDAR", Agricultural and Forest Meteorology, Vol. 184, (2014), pp 82-97. 

[20] Straatsma, M. W., Warmink, J. J. and Middelkoop, H., "Two novel methods for field measurements of 

hydrodynamic density of floodplain vegetation using terrestrial laser scanning and digital parallel 

photography", International Journal of Remote Sensing, Vol. 29, No. 5, (2008), pp 1595-1617. 

[21] Durrieu, S., Allouis, T., Fournier, R., Véga, C. and Albrech, L., "Spatial quantification of vegetation density 

from terrestrial laser scanner data for characterization of 3D forest structure at plot level", SilviLaser 2008, 

Edinburgh, UK, (2008), pp 325-334. 

[22] Yakhot, V. and Orszag, S., "Renormalization group analysis of turbulence. I. Basic theory", Journal of 

Scientific Computing, Vol. 1, No. 1, (1986), pp 3-51. 

[23] Lane, S. N., Hardy, R. J., Elliott, L. and Ingham, D. B., "High-resolution numerical modelling of three-

dimensional flows over complex river bed topography", Hydrological Processes, Vol. 16, No. 11, (2002), 

pp 2261-2272. 

[24] Marjoribanks, T. I., Hardy, R. J., Lane, S. N. and Parsons, D. R., "High-resolution numerical modelling of 

flow—vegetation interactions", Journal of Hydraulic Research, Vol. 52, No. 6, (2014), pp 775-793. 

[25] Li, C. W. and Xie, J. F., "Numerical modeling of free surface flow over submerged and highly flexible 

vegetation", Advances in Water Resources, Vol. 34, No. 4, (2011), pp 468-477. 

[26] Erduran, K. and Kutija, V., "Quasi-three-dimensional numerical model for flow through flexible, rigid, 

submerged and non-submerged vegetation", Journal of Hydroinformatics, Vol. 5, (2003), pp 189-202. 

[27] Patankar, S. V. and Spalding, D. B., "A calculation procedure for heat, mass and momentum transfer in 

three-dimensional parabolic flows", International Journal of Heat and Mass Transfer, Vol. 15, No. 10, 

(1972), pp 1787-1806. 

[28] Ghisalberti, M. and Nepf, H. M., "Mixing layers and coherent structures in vegetated aquatic flows", 

Journal of Geophysical Research: Oceans, Vol. 107, No. C2, (2002), pp 3-1-3-11. 

[29] Raupach, M. and Shaw, R., "Averaging procedures for flow within vegetation canopies", Boundary-Layer 

Meteorology, Vol. 22, No. 1, (1982), pp 79-90. 

[30] Marjoribanks, T. I., Hardy, R. J. and Lane, S. N., "The hydraulic description of vegetated river channels: the 

weaknesses of existing formulations and emerging alternatives", Wiley Interdisciplinary Reviews: Water, 

Vol. 1, No. 6, (2014), pp 549-560. 


