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Thesis Abstract 

 Degree of Doctor of Philosophy (PhD)  

UNIVERSITY OF HULL 

On the hydrodynamics of flexible vegetation canopies 

by Robert C. Houseago 

 

Aquatic vegetation canopies, including seagrasses, provide a host of ecosystem services within 

coastal environments. The environmental, social, and economic benefits are primarily controlled 

by the detailed interactions between hydrodynamics and canopy properties, which governs energy 

cascades and long-term coastal morphodynamics. This research focuses on the evaluation of the 

common seagrass species, Zostera marina, which is present along coastlines globally. Although 

previous research has recognised canopy properties as key drivers in the modulation of flow and 

turbulence processes, the quantified influence of canopy flexural rigidity remains limited. This 

thesis addresses how the variation in flexural rigidity results in feedbacks on local hydrodynamics. 

A series of laboratory-based experiments systematically investigate the influence of varying 

canopy blade flexural rigidity on flow and turbulence processes. High spatio-temporal resolution 

velocity datasets are acquired through the implementation of novel methodological approaches, 

including refractive-index-matching techniques allowing non-intrusive laser-based techniques to 

obtain detailed measurements within canopy for the first time. Coupled with the bespoke design 

of geometrically and dynamically scaled flexible surrogate seagrass vegetation, these 

measurements allow for a range of novel quantifications of the fluid-structure interactions. 

Including evaluation and visualisation of coherent vortices within the canopy and the canopy 

mixing layer, in unprecedented detail. The influence of varying canopy flexibility is evaluated in 

both unidirectional and oscillatory flows driven by propagating surface waves. Overall, this 

allows enhanced quantification of mean currents and turbulence processes within and above 

flexible canopies, energy cascades, wave attenuation capacity, and canopy bulk drag. The results 

detail how the influence of canopy reconfiguration and canopy motion results in distinct 

hydrodynamics, and is recognised as a primary underlying component in the modulation of 

flexible canopy turbulence in both steady and wave driven flows. The results enhance our 

knowledge on flexible canopy hydrodynamics and this new understanding is contextualised in 

terms of biological, sedimentological, and socio-environmental implications. 
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Nomenclature 

 
Roman Alphabet 

Symbol Unit Description 
𝐴!  m-1 Canopy bed area 
𝐴"  mm Amplitude of canopy height oscillation 
𝐴#  - Horizontal wave orbital excursion 
𝑎$  m-1 Canopy frontal area 
𝐵  - Buoyancy parameter 
𝐶𝑎  - Cauchy number 
𝐶%  - Bulk drag coefficient 
𝐶&  - Blade added mass coefficient 
𝑐  ms-1 Wave celerity 
𝑑'  m Sheath diameter 
𝐸  MPa Blade bending Young's modulus 
𝐸𝐼  Pa.m4 Blade flexural rigidity  
𝐹𝑟  - Froude number 
𝑓  Hz Frequency of power spectra 
𝑓()  Hz Predicted theoretical Kelvin-Helmholtz frequency 
𝑓*+,  Hz Peak power spectra frequency 
𝑓*+,,'  Hz Peak power spectral frequency at the elevation of interest 
𝑓.  Hz Natural resonance frequency of blades 
𝑔  ms-1 Acceleration due to gravity  
𝐻  m Mean target wave height (Wave flows in Chapter 4 and 5) 
𝐻  m Standing water depth (Unidirectional flow in Chapter 3) 
𝐻/  m Incoming wave height (at 𝑥 = -2.65 m) 
𝐻0  - y-axis intersect of 𝐻 𝐻/⁄  at the canopy front 
ℎ1,*+,  m Maximum elevation of deflected canopy   
ℎ1,*0.  m Minimum elevation of deflected canopy 
ℎ1 m Median elevation of deflected canopy 
ℎ1,*21  m Median elevation of deflected canopy  
ℎ$  m Combined undeflected vegetation height, 𝑙' + 𝑙!  

  



Nomenclature 

  

X 

ℎ#  m Standing water depth 
𝐼  kg m2 Blade second moment of inertia  
𝐾𝐶  - Keulegan-Carpenter (KC) number 
𝑘  m2 s-2 Turbulent kinetic energy (TKE) 
𝑘  rad m-1 angular wavenumber 
𝐿  - Ratio of blade length to horizontal wave orbital excursion 
𝑙!  m Blade length 
𝑙2  m Effective canopy length (height) 
𝑙2,*  m Predicted effective canopy length scale (height)  
𝑙'  m Stem length 
𝑀  - Quadrant analysis hole size 
𝑚+  kg m-1 Blade added mass 
𝑛$  stems per m2 Canopy stem density 
𝑄.0  - Percentage contributions of events per turbulent quadrant 
R - Velocity ratio 
𝑅𝑒  - Reynolds number (unspecified length scale) 
𝑅𝑒)  - Reynolds number (length scale = 𝐻) 
𝑅𝑒#!  - Reynolds number (length scale = 𝑤!) 
𝑅𝑆0  - Percentage contribution of Reynolds stress per turbulent quadrant 
𝑆  m Edge-edge stem spacing 
𝑆𝑡*  - Measured Strouhal Number 
𝑆𝑡.  - Natural frequency of unforced mixing layers 
𝑇  s Mean target wave period 
𝑇.  s Blade natural period 
𝑡  s Time 
𝑡!  m Blade thickness 
𝑡*3  m Mixing layer thickness 
𝑢  ms-1 Horizontal velocity component  
𝑢A*+,  ms-1 Maximum phase-average velocity 
𝑈4&5  ms-1 Wave velocity: root mean squared of phase averaged velocity. 
𝑢C.67*  ms-1 Normalised horizontal velocity to account for underlying currents 
𝑈*+,,89  ms-1 Maximum streamwise orbital velocity based on linear wave theory 
𝑈*+,,8:  ms-1 Stokes second-order wave theory maximum velocity contribution 
𝑈*+,,;  ms-1 Predicted streamwise velocity based on the second-order theory 
𝑢C/  ms-1 Time-averaged horizontal velocity for the unvegetated bed 
𝑈/  ms-1 Incoming bulk velocity 
𝑈9  ms-1 Mean streamwise velocity within the canopy 
𝑈:  ms-1 Mean free-stream streamwise velocity 
𝑈<  ms-1 Mean free-stream streamwise velocity far above the canopy 
𝑈"  ms-1 Constant convection velocity 
𝑣  ms-1 Vertical velocity component (Unidirectional flow in Chapter 3) 
𝑣  ms-1 Spanwise velocity component (Wave flow in Chapter 4 and 5) 
𝑤  ms-1 Vertical velocity component (Wave flows in Chapters 4 and 5) 



Nomenclature 

 

XI 

𝑤 ms-1 Spanwise velocity component (Unidirectional flow in Chapter 3) 
𝑤!  m Blade width 
𝑥  m Horizontal flume coordinate system 
𝑦  m Wall-normal (spanwise) flume coordinate system 
𝑦1  m 	𝑦 origin for dense canopies 
𝑦'  m 	𝑦 origin for sparse canopies 
𝑧  m Vertical flume coordinate system 
𝑧=  - Normalised elevation accounting for canopy deflection 

 

   
 
Greek Alphabet 

Symbol Unit Description 
𝛼  - Canopy submergence ratio 
𝛼#  - Ratio of in-canopy velocity to free-stream velocity 
𝛽  - Wave decay coefficient 
𝛽/  - Wave decay coefficient for the unvegetated bed 
𝛽9  - Normalised wave decay coefficient 
𝛿2  m Vortex penetration depth 
𝜀$  - Wave energy dissipation factor 
∞  - Vertical location far above the canopy (𝑧 ℎ1,*+,⁄  = 2) 

𝜆  m Wavelength 
𝜂>?:  m Water surface elevation at WG2 
𝜈  Nu m2 s-1 Kinematic viscosity 
𝜔  rad s-1 Wave radian frequency 
𝜙  m2 s-1 power spectral density 
𝑓𝜙∗  - Compensated velocity spectra 
𝜙'  m-1 Solid volume of stems 
𝜑  °  Wave phase bin 
𝜌!  kg m3 Vegetation blade material density  
𝜌A  kg m3 Working fluid density  
𝜏  m2 s-2 Turbulent Reynolds stress 
𝜏!  N m-2 Bed shear stress  
𝜏̃!,*+,  N m-2 Maximum phase-averaged bed shear stress 
𝜃  - Momentum thickness of the mixing layer 
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Chapter 1.  
 
Introduction 

1.1. Research context and rationale 

Climate change predictions including rising sea-levels and increasing storminess are recognised 

to exacerbate the flood risk in coastal regions, with >150 million people predicted to inhabit 

coastal flood-prone cities by 2070 (Temmerman et al., 2013). The subsequent social and 

environmental impacts on coastal regions highlight the importance of research associated with 

effective coastal management. 

1.1.1. Nature-based coastal protection 

Conventional protection from flooding and coastal erosion has focused on hard engineering 

defences. However, over the past 20 years there has been an increasing interest in working with 

nature to develop a grey-to-green transition of coastal protection methods (Borsje et al., 2011; 

Morris et al., 2018). A generalised paradigm exists whereby coastal vegetation mitigates erosional 

processes and reduces flooding during storm events, thus alleviating the associated damage 

(Gedan et al., 2011; Vuik et al., 2016). Moreover, the implementation of nature-based solutions 

through the conservation, restoration, and creation of ecosystems has been identified as a 

sustainable and cost-effective coastal defence mechanism (Temmerman et al., 2013; Narayan et 

al., 2016), although it is acknowledged that it is not universally applicable to all coastlines (Gedan 

et al., 2011; Ondiviela et al., 2014).  

Coastal protection attributes primarily originate from alterations to the local hydrodynamics 

through wave attenuation and flow dampening due to the drag imposed by the vegetation (Infantes 

et al., 2012; Pinsky et al., 2013), which can secondarily promote sediment retention and bed 

stabilisation (Gacia et al., 1999; Terrados and Duarte, 2000; Gedan et al., 2011). Vegetation along 

coastlines is diverse, and nature-based coastal protection is associated with the branching roots of 
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mangrove forests and pneumatophores (Horstman et al., 2014; Henderson et al., 2017; Maza et 

al., 2019), saltmarshes (Shepard et al., 2011; Möller et al., 2014; Vuik et al., 2016), seagrasses 

(Infantes et al., 2012; Ondiviela et al., 2014), kelp forests (Dubi and Torum, 1997; Morris et al., 

2020), and humanmade floating vegetation farms (Zhu, Huguenard, et al., 2020). These varying 

ecosystems can coexist causing interaction and influence of one another’s processes when 

proximal (Nardin et al., 2018). A focus is placed herein on seagrass ecosystems, which are present 

along sections of coastlines of all continents except Antarctica (Short et al., 2007).  

1.1.2. Environmental, ecological, and social benefits 

In addition to providing natural coastal defence mechanisms, seagrass harnesses environmental 

and ecological benefits (Cullen-Unsworth and Unsworth, 2013). These include the promotion of 

global (Short et al., 2007) and regional biodiversity (Hemminga and Duarte, 2009; Lefcheck et 

al., 2019), carbon sequestration and storage (Fourqurean et al., 2012; Greiner et al., 2013; Prentice 

et al., 2019), improvement of water quality and turbidity (Madsen et al., 2000; Moore, 2004; 

Santos et al., 2020), and more recently attributed to the trapping of plastic particle pollution 

(Huang et al., 2020; Cozzolino et al., 2020; Sanchez-Vidal et al., 2021). Many of the benefits are 

supported by canopy induced alterations to the hydrodynamics that subsequently affects the 

sediment dynamic, turbulence and mixing processes (Nepf., 2012), and broader scale 

morphodynamics (Tigny et al., 2007; Vacchi et al., 2017). The benefits listed are non-exhaustive, 

and it is recognised that the processes are system-wide, often interlinked, featuring associated 

feedback mechanisms (De Boer, 2007; van der Heide et al., 2011). 

This diverse range of physical benefits ultimately translate into social and economic benefits, 

including reduced risk exposure to infrastructure and communities, and provision of additional 

services such as fishing and tourism (Barbier et al., 2011; Cullen-Unsworth et al., 2014; Arkema 

et al., 2017).  

1.1.3. Seagrass decline, management, and restoration 

The benefits and value of coastal ecosystems have been contextualised relative to climate change 

adaptation and mitigation (Duarte et al., 2013; Ondiviela et al., 2014). However, these coastal 

ecosystems themselves are also vulnerable to climatic changes including storminess, and 

increasing anthropogenic stresses (Orth et al., 2006; van Katwijk et al., 2016; Hanley et al., 2020; 

Krause-Jensen et al., 2020). Such pressures have been linked to widespread global losses of 

seagrass areas (Waycott et al., 2009), promoting the requirement to improve legislative policy to 

support conservation (Spalding et al., 2014; Unsworth et al., 2019). The incorporation of nature-

based solutions was recently recognised in the UK flood and coastal erosion management strategy 

(Environment Agency, 2020). Seagrasses already have some protection under the European 
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Union Habitats Directive as briefly discussed in de los Santos (2019), and similar initiatives are 

also present outside of Europe. The recognised importance has promoted the management, 

protection, and restoration of seagrass meadows, which is supported by research to monitor 

exemplar sites and improve knowledge of the system processes including hydrodynamics and 

longer-term morphological evolution (Van Der Heide et al., 2007; McGlathery et al., 2012; 

Unsworth et al., 2015; van Katwijk et al., 2016; Orth et al., 2020).  

1.1.4. Hydrodynamic processes and canopy flexural rigidity 

To inform management strategies and isolate controls on the recognised benefits, the 

understanding of seagrass hydrodynamic processes must be continually advanced. A substantial 

body of research exists on the subject of aquatic canopy hydrodynamics, whereby canopy flow 

and turbulence varies due to canopy properties and respective incoming hydrodynamic forcing 

(Nepf., 2012; Nepf, 2012a). Canopy-flow has been investigated within the field, laboratory, and 

numerical modelling, although controlled physical models have provided the greatest systematic 

enhancements in knowledge, detailed in Chapter 2. However, there remains a need to advance the 

understanding of the influence of canopy flexural rigidity on hydrodynamic processes in steady 

and wave forced flows. Seagrasses encompass approximately 72 species that express natural 

diversity in their morphological and biomechanical properties (Cullen-Unsworth and Unsworth, 

2013; de los Santos et al., 2016). The variation in flexural rigidity can differ by an order of 

magnitude within a single common species (Zostera marina) due to seasonality and the local 

conditions, including the level of hydrodynamic exposure which ranges from sheltered low wave 

energy conditions to exposed regions experiencing high energy waves (Paul and de los Santos, 

2019).  

The current literature mostly comprises of binary comparisons between rigid and flexible 

canopies, with limited knowledge of the systematic variation of flexibility on the spatiotemporal 

hydrodynamics, turbulence processes, and wave attenuation capacity. Furthermore, laboratory-

based research has often relied on intrusive measurement equipment that requires disruption of 

the canopy and flow fields and often does not support velocity measurements in regions close to 

the bed. Thus, there is a requirement to develop new approaches towards non-intrusive data 

acquisition within and above canopies. 

1.2. Research aims and objectives 

The research has been inspired by the current published knowledge on canopy-flow processes 

discussed in Chapter 2. An area of knowledge requiring further research is identified regarding 

the influence of vegetation canopy flexibility variability on hydrodynamics associated with: (i) 
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unidirectional flow, and (ii) propagating surface waves. The spatiotemporal hydrodynamics of 

submerged aquatic vegetation canopies representative of common seagrass, Zostera marina, 

spanning a range of flexural rigidities are evaluated within laboratory-based research. Providing 

a more representative understanding of natural sedimentary, biological, and flow processes 

occurring within natural environments. The following overarching research aim and focused 

objectives are defined and addressed throughout each chapter of this thesis. 

 

Research Aim: Evaluate the flow dynamics associated with varying flexural rigidity under a 

range of steady and wave-driven flow conditions. 

Objective 1: Develop and apply non-intrusive measurement methods to enable acquisition of 

velocity components throughout dynamically scaled surrogate vegetation canopies. 

Objective 2: Investigate the spatial and temporal flow and turbulence processes, within and above 

dynamically scaled seagrass canopies. 

Objective 3: Examine the instantaneous and mean canopy motion and its modulation of flow and 

turbulence processes through canopies with different flexural rigidity. 

Objective 4: Systematically investigate the influence of varying canopy flexural rigidity on 

energy dissipation through turbulence production and wave attenuation. 

1.3. Thesis structure 

This thesis comprises of six chapters, the introduction presented here is followed by an overview 

of canopy hydrodynamics processes and laboratory-based measurement approaches in Chapter 2. 

Supporting focused introductions are provided in the three substantive experimental laboratory-

based research Chapters 3, 4, and 5. Finally, a synthesis and overall concluding remarks are given 

in Chapter 6. The forthcoming chapters are briefly introduced here.  

 

Chapter 2. Research background: an introduction to submerged aquatic vegetation canopy 

hydrodynamics 

This chapter presents the current literature on the typical hydrodynamic processes associated with 

submerged aquatic vegetation canopies under steady and unidirectional flow, and oscillatory 

surface waves. Context is provided based on natural seagrass vegetation, the evaluation of 

hydrodynamics through laboratory-based measurements, and the influence of naturally varying 

canopy geometric and biomechanical properties are reviewed. This chapter informs the research 

aim and objectives of this thesis.  
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Chapter 3. On the dynamics of turbulence within submerged aquatic vegetation canopies 

This chapter implements a novel refractive-index-matching (RIM) technique, combined with 

particle image velocimetry (PIV), to acquire flow field measurements within, and above, a 

dynamically-scaled surrogate flexible seagrass canopy and a second counterpart rigid canopy. 

RIM provides an undistorted optical view through the vegetation canopies, facilitating the direct 

measurement and identification of coherent flow structures and canopy dynamics.  

 

Chapter 4. Influence of varying canopy flexibility on wave-induced mean currents, canopy 

motion, and turbulence 

This chapter investigates the systematic variation of seagrass canopy flexural rigidity under 

propagating surface waves, for four canopies spanning from semi-rigid to highly-flexible 

including consideration for scaling to natural seagrasses. Non-intrusive data acquisition of two-

component velocities via laser Doppler anemometry (LDA) supported the assessment of varying 

canopy flexibility on wave-induced currents, blade motion, and canopy turbulence.  

 

Chapter 5. Influence of variable canopy flexibility on wave attenuation and bulk drag 

This chapter reports on a set of experiments exploring the relative contribution of wave decay and 

canopy drag for submerged vegetation canopies of varying flexural rigidity and stem density. 

Wave surface elevation measurements were acquired for a diverse range of low to high energy 

wave conditions. Bulk drag coefficients are provided based on the Cauchy number (𝐶𝑎), and the 

corresponding canopy motion is evaluated. 

 

Chapter 6. Synthesis and Concluding Remarks 

This chapter brings together the three substantive chapters and provides a combined synthesis 

based on the research aim and objectives. The results are contextualised in terms of broader 

application and influences in the physical environment, along with suggestions for future research 

directions. 
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Chapter 2.  
 
Research background: an introduction to 
submerged aquatic vegetation canopy 
hydrodynamics 

The hydraulics of submerged aquatic vegetation canopies, also referred to as a vegetation patch 

or meadow, have been widely studied at the field scale, in laboratory experiments, and using 

numerical models. The fundamental hydrodynamic processes have been summarised in seminal 

reviews by Nepf (2012; 2012). Further supporting context on canopy processes can be drawn 

upon throughout from reviews on atmospheric flows related to terrestrial forests and urban areas 

(e.g. Finnigan, 2000; Coceal et al., 2006; Belcher et al., 2003), along with knowledge from 

specific research on flexible bodies (e.g. Gosselin et al., 2010). The assessments herein do not 

encompass emergent vegetation, and a focus is placed on developed flow locations, as opposed 

to the front or end of a canopy or spanwise processes.  

In abstract terms, submerged aquatic vegetation canopies can be considered a permeable medium 

that obstructs a proportion of the water column, thus altering the flow structures relative to an 

unvegetated bed (Ghisalberti and Nepf, 2009a). This simple assumption supports the introduction 

of the fundamental concepts and scales of flow under steady flow in §2.1 and for oscillatory flow 

under surface waves in §2.2. Seagrass canopies express natural variation in their geometric and 

biomechanical properties as summarised in §2.3, and the representation via ‘surrogate’ artificial 

vegetation in laboratory-based experiments is detailed in §2.4. The current knowledge on the 

influence of canopy geometry on flow process is presented in §2.5, and the distinct role of 

biomechanics, namely flexural rigidity, is reviewed in §2.6. Ultimately, a knowledge gap is 

identified regarding the influence of varying canopy flexural rigidity on flow and turbulence 

processes, along with the need for non-intrusive data acquisition methods. 
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2.1. Steady unidirectional flows 

 

Figure 2.1. Conceptual diagram detailing the general flow processes associated with a finite vegetation canopy under 
steady flow. (a) incorporates components from Ortiz et al. (2013; Figure 2) and is based on (b) published by Nepf 
(2012). 

2.1.1. Shear/mixing layer 

Under steady flow, vertical regions are defined that support the distinction between larger canopy 

scale and smaller blade or stem scale flows (Figure 2.1a) (Nepf and Vivoni, 2000; Lefebvre et al., 

2010). Flow adjustment can occur at the canopy scale when a canopy imposes sufficient drag, 

causing the incoming flow to be forced upwards over the canopy (Figure 2.1b). Thus, the 

streamwise velocity profile deviates from a typical open channel logarithmic profile and is 

characterised by an inflection point with increased streamwise velocities ‘above [the] canopy’ 

and lower streamwise velocities ‘within [the] canopy’ (Figure 2.1a,b) (Gambi et al., 1990; 

Folkard, 2005; Ghisalberti and Nepf, 2002a; Chen et al., 2013). This shear layer surrounding the 

canopy top is characterised by the presence of large-scale vortices and increased turbulent kinetic 

energy (TKE) (Figure 2.1b) (Lefebvre et al., 2010). Flow instability in this region can result in 

the formation of a mixing layer characterised by turbulent diffusion in the form of Kelvin-
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Helmholtz (KH) vortices (Figure 2.1) (Ghisalberti and Nepf, 2002a). The growth of KH vortices 

is limited and reach a fixed size downstream of the canopy front when the TKE is matched by 

drag dissipation (Ghisalberti and Nepf, 2004).  

While the canopy shear is generally described as a mixing layer featuring KH vortices 

after Ghisalberti and Nepf (2002a), there remains limited direct measurement and observation of 

KH vortices over aquatic canopies. Most studies infer the presence of KH vortices based on the 

agreement between the peak in spectral frequency of turbulence fluctuations and the 

corresponding theoretical KH frequency. There remains a question over the periodicity of canopy 

shear vortices with some reports of quasiperiodic structures (Sukhodolov and Sukhodolova, 2012; 

Marjoribanks et al., 2017).  

2.1.2. Exchange zone 

As vortices develop and evolve over a canopy, they are responsible for the turbulent sweep and 

ejection quadrant events that modulate the energy transfer between the canopy and overlying flow 

(Ghisalberti and Nepf, 2002a, 2006; Finnigan et al., 2009; Okamoto and Nezu, 2009). Sweep 

events are responsible for the transfer of vortex energy into the canopy of distance 𝛿! (Figure 

2.1a), which is governed partially by the patch density. This depth denotes the lower boundary of 

the region referred to as the ‘exchange zone’ or ‘upper canopy’ (Nepf and Vivoni, 2000; 

Ghisalberti and Nepf, 2005; Nepf et al., 2007). The exchange zone processes are altered by 

flexible canopy motion, and on occasion the coherent waving of flexible elements termed the 

‘monami’ phenomena, occurs during the passage of elliptical-shaped coherent vortices in the 

mixing layer (Ikeda and Kanazawa, 1996). The influence of vegetation flexibility is recognised 

as a fundamental control on hydrodynamic processes, and a detailed assessment between rigid 

and flexible canopies is provided in §2.6.  

2.1.3. Wake zone 

The region below the exchange zone is defined as the ‘wake zone’ or ‘lower canopy’ (Figure 

2.1a), where velocities are typically reduced. Turbulent processes are distinct from larger canopy 

scale flows and correspond to the smaller element-scale turbulence due to the wake production 

from vegetation stems and blades (Finnigan, 2000). The dissipation of energy through wake 

generation results in the production of TKE which is governed by the canopy properties including 

stem density, and the corresponding Reynolds number (Nepf, 1999). These element-scale 

processes are the dominant diffusion process and have been recorded to be one order of magnitude 

lower than that of the exchange zone (Nepf and Vivoni, 2000; Ghisalberti and Nepf, 2005).  

Flow scale and the corresponding turbulence levels are fundamental to spatial sediment mobility. 

Canopy scale flow is responsible for the more extensive spatial sediment budget processes within 
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the broader region (metre to kilometre scale). In contrast, stem scale flows within the canopy are 

associated with potential sediment deposition, which can occur when both mean velocity and 

turbulence are reduced (Ortiz et al., 2013). Despite a reduction in velocity within the canopy, the 

element generated turbulence drives the resuspension and transport of unconsolidated sediments 

(Lefebvre et al., 2010; Tinoco and Coco, 2016). However, the biological cohesion mechanisms 

of natural sediments require additional consideration. 

2.1.4. Downstream processes 

Velocities downstream of a vegetation patch are explained here to provide boarder context of 

canopy flow dynamics. The downstream dynamics are dependent on the canopy stem density. At 

low densities the bed drag is greater than canopy drag and the flow is not substantially slowed, 

therefore velocities will continue to follow a typical logarithmic profile (Nepf, 2012). For denser 

patches, a zone of flow recirculation and reversal occurs (Folkard, 2005, 2011) as presented in 

flow field data in Figure 2.2. The point of reattachment marks the fringe of wake circulation and 

occurs downstream of the canopy edge at a distance of approximately five times the canopy 

height, although this varies based on local conditions (Ortiz et al., 2013). Evaluation of 

downstream processes motivates the subsequent assessment of the interaction between 

neighbouring canopy patches (e.g. (Folkard, 2005; Meire et al., 2014; El Allaoui et al., 2016). 

Herein, only the fully developed canopy regions of fully developed turbulence are evaluated. 

 

Figure 2.2. Streamwise velocity flow fields of a flexible canopy under unidirectional flow obtained during preliminary 
laboratory experiments highlight the flow reversal in the wake of a canopy. 
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2.2. Oscillatory flows: propagating surface waves 

Wave-driven canopy flows are distinct from the unidirectional steady flow and express added 

complexity due to the time-varying wave phase component, wave properties (wave height and 

period), spatial differences of flow through the water column, and presence of wave-induced mean 

currents. 

2.2.1. Theory: fundamental wave hydrodynamics 

The basic properties and processes of propagating regular non-breaking surface waves are 

detailed to provide context on the distinction from steady flow and support the interpretation of 

flow interaction with canopies. The velocities associated with the oscillatory flow can be 

decomposed through phase-averaging techniques, for example, the streamwise instantaneous 

velocity: 

𝑢	 = 	𝑢' + 𝑢) + 𝑢" 

whereby 𝑢' is the steady current represented time-averaged data, 𝑢)  is the wave velocity component 

represented by the phase-averaged data, and 𝑢" is the turbulent velocity fluctuations; the same is 

applicable for vertical and lateral velocity components. Oscillations throughout the wave cycle 

are represented by a wave velocity often defined by the corresponding maximum (max) or root 

mean square (RMS) value. 

 

Figure 2.3. Wave criteria and corresponding wave orbital motions with depth below the surface defined by the 
relationship of wavelength (𝜆) to water depth. Source: Dobken (2015). 

Waves can be classified as deep, intermediate, or shallow, and approximately defined by the ratio 

of wavelength to water depth, with corresponding wave celerity detailed in Figure 2.3. Deepwater 

wave orbital motions and velocities decrease with depth below the surface to near zero at a depth 

of approximately half the wavelength, and they do not interact with the bed. The intermediate-

depth and shallow water wave orbits reach the bed and express an elliptical shape. The streamwise 
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and vertical velocities decrease with depth for intermediate conditions, but only the vertical 

velocities primarily decrease with depth below the surface for shallow water waves. Linear wave 

theory differs between these environments as shallow waves are not dependent on the wave period 

(Sorensen, 2006). Aquatic canopy flows are commonly associated with shallow and intermediate 

flow conditions, and thus the wave velocity interaction with a canopy at relative depth must be 

considered.  

 

Figure 2.4. (a) wave orbital motions (dashed lines), and incomplete motions associated with Stokes drift (solid lines), 
and (b) represents flow in the nearshore region with depth-uniform Stokes drift and undertow. Source Mancheño et al. 
(2016). 

Wave driven flows and the orbital motions can deviate from linear wave theory, resulting in mass 

drift and potential non-uniform velocities with depth. Figure 2.4a by Mancheño (2016) depicts 

the widely recognised occurrence of Stokes drift due to incomplete orbital motions resulting in a 

mass flux of particles in the direction of wave propagation (van der Bremer and Breivik, 2017). 

This can be accounted for linear wave theory by incorporating additional wave harmonics based 

on Stokes wave theory (Gijón Mancheño, 2016). Figure 2.4b presents the conditions in the surf 

zone near the shore with a depth uniform stokes drift, and an offshore current occurs in the mid-

water column or ‘undertow’ that compensates for the shoreward movement of water under the 

propagation of waves (Svendsen, 2006).  

2.2.2. Time-averaged and wave velocity 

Figure 2.5 presents a conceptual comparison of vertical velocity profiles associated with wave-

induced streamwise time-averaged velocities, and steady unidirectional flow. Steady flow profiles 

agree with previous descriptions in §2.1, and wave-driven profiles in unvegetated conditions 

represent the processes previously outlined (Figure 2.5a). A distinction between rigid and flexible 

canopies is introduced, whereby a submerged rigid canopy shifts the velocity profile upwards 

resulting in a mean current near the canopy top that reduces towards zero with proximity to the 

bed (Figure 2.5b). The maximum Stokes drift at the top of a canopy is amplified due to strong 

velocity gradients (Jacobsen, 2016), and mean hydrodynamics are driven by the wave and 
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turbulent Reynolds stresses (van Rooijen et al., 2020). The time-averaged flow is suggested to be 

unaffected by flexible canopies (Figure 2.5c) (van Veelen et al., 2020), although mean currents 

have been recorded for flexible canopies (Abdolahpour et al., 2017), thus flow processes of 

flexible canopies are variable and require additional investigation. Conversely, Luhar et al. (2010) 

recorded peak velocities within a flexible canopy below the canopy top, presenting discrepancy 

between the vertical distribution of flows. Emergent rigid vegetation is not focused upon herein 

but has been shown to invoke a negative mean current throughout most of the canopy and a strong 

shoreward current close to the surface (Figure 2.5d).  

 

Figure 2.5. Conceptual streamwise velocity profiles for steady flow (dashed lines) and oscillatory flow (solid lines) for 
conditions with (a) without vegetation canopy, (b) submerged rigid canopy, (c) submerged flexible canopy, (d) and 
emergent rigid canopy. Source Pujol et al. (2013). 

Abdolahpour et al. (2017) produced a model to define mean currents based on Lagrangian 

principles (i.e. tracked measurement of a moving particle throughout a frame), while Luhar et al. 

(2010) based the prediction on Eulerian principles (i.e. measurement of a particle passing a fixed 

point measurement location). Luhar (2020) recently recognised the work of Abdolahpour et al. 

(2017) and built upon their advances that included the incorporation of canopy density, but state 

that Eulerian principles remain most applicable. The direct attribution of canopy mass drift to 

Lagrangian flow processes is challenging to validate, as most published data is based on Eulerian 

flow acquisition methods. As such, it is suggested the current models are tested using an 

independent dataset to evaluate the principal drivers of canopy associated mean currents.  

In addition to the time-averaged wave-driven flows, the wave-velocity component is altered from 

linear wave theory due to a canopy presence. Compared to an unvegetated bed, the wave velocities 

are attenuated within canopies in association with drag and inertia forces (Lowe et al., 2005; Luhar 

et al., 2010, 2013). A rigid canopy produces greater attenuation than a flexible canopy (Pujol, 

Serra, et al., 2013; Abdolahpour et al., 2018), yet the dissipation magnitude associated with 

specific differences in canopy flexibility is not well defined.  
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2.2.3. Energy dissipation by canopies: wave attenuation 

It is widely recognised that submerged aquatic vegetation canopies dissipate wave energy due to 

the imposed drag and turbulence production during the interaction with canopy elements, 

resulting in wave height reduction along the canopy referred to as ‘wave attenuation’ or ‘wave 

decay’. The wave attenuation capacity and quantifying drag informs the flood mitigation capacity 

is outlined in §1.1 (Pinsky et al., 2013). The energy dissipation and associated drag is a function 

of the incoming wave forcing and the corresponding canopy properties. Higher incoming waves 

are generally attenuated faster (Maza et al., 2016; Luhar et al., 2017; Reidenbach and Thomas, 

2018), yet the relationship with wave period is non-definitive. Thus, further evaluation is required 

to constrain the influence of wave period on wave attenuation. The quantification of bulk drag 

has predominantly been evaluated in respect to flow properties, including the development of 

empirical formula based on the Reynolds Number (𝑅𝑒) or Keulegan-Carpenter number (𝐾𝐶) 

representing the ratio of drag to inertia forces (e.g. Kobayashi, 1993; Maza et al., 2016; Vuik et 

al., 2016; van Rooijen et al., 2020). However, this approach largely neglects the canopy properties 

that are fundamental to the canopy induced drag, including the influence of canopy species 

(Anderson et al., 2011) and the canopies flexural rigidity (Houser et al., 2015a). The is a 

requirement to evaluate the role of varying flexural rigidity associated with common seagrass 

species Zostera marina, and this forms a focus of the substantive research presented in Chapters 

3, 4, and 5. 

2.2.4. Canopy turbulence 

Energy dissipation association with drag force is supported by canopy generated turbulence 

(Etminan et al., 2019). Developing upon the knowledge from unidirectional flows, Ghisalberti 

and Schlosser (2013) used long-exposure imagery to visually record turbulent instabilities in the 

form of coherent vortices at the top of a rigid canopy under wave forcing, however the 

spatiotemporal dynamics were not quantified. Flow-field data obtained in a natural field setting 

by Hansen and Reidenbach (2017) further observed turbulent instabilities at the canopy top. 

Despite some similarity in general canopy flow characteristics and properties with unidirectional 

flows, velocities within submerged aquatic canopies are significantly higher in oscillatory flow 

than unidirectional flows for both rigid (Lowe et al., 2005) and flexible (Luhar et al., 2010) 

canopies. Wave motions have been recorded to penetrate deeper into a canopy compared to 

unidirectional flow conditions (Hansen and Reidenbach, 2017). Pujol et al. (2013) reported 

increased near-bed turbulent kinetic energy (TKE) for rigid canopies compared to an unvegetated 

bed, yet flexible canopies sheltered the bed, and further dependence on canopy density and wave 

frequency is observed. This interaction corresponds to the ratio between wave orbital amplitude 

and stem spacing (Zhang et al., 2018).  
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The presence of wave-drive flow compared to steady flows results in increased bottom shear 

stress that in turn increases suspended sediment concentrations (Wang et al., 2016). Increased 

TKE within canopies has been directly linked to increased suspended sediment concentrations 

(Tinoco and Coco, 2018). However, dependence on canopy density and wave period is 

recognised, with a reduction in resuspension for more dense canopies under higher frequency 

waves (Ros et al., 2014a). 

2.3. Natural geometric and biomechanical properties of seagrass  

Seagrass canopies present a morphology comprising of numerous long, thin and narrow flexible 

blades that extend from a ‘sheath’ or ‘stem’ that is approximately twice as rigid as the blades 

(Fonseca et al., 2007). The combined stem and blades form a single ‘vegetation element’ as 

depicted in Figure 2.6 for common seagrass Zostera marina. The canopy properties commonly 

linked to hydrodynamics can be grouped into: (i) morphological properties including the shape, 

size, and distribution individual elements and (ii) the biomechanical properties, incorporating the 

flexural rigidity and buoyancy. These properties vary naturally between species, and due to 

environmental settings or plant health status (Niklas, 1999; Middelboe et al., 2003; La Nafie et 

al., 2012; Albayrak et al., 2013; de los Santos et al., 2016; Paul and de los Santos, 2019).  

 

Figure 2.6. Common seagrass Zostera marina (a) morphology of a single vegetation element (modified from Dale et 
al., 2007), and (b) an example canopy in the field (Source: Lindegarth et al. (2016) with photo credit Mats Blomquist). 

Paul and de los Santos (2019) detail the morphological and biomechanical properties of Zostera 

marina within various flow conditions in European waters. They report variation in the length, 

width, and thickness of blades, resulting in a range of submergence ratio (ratio of canopy height 

to water depth) and frontal area, and variation in the canopy stem densities (number of blades or 
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stems per unit area). The arrangement of stems within a canopy varies from random (McMahon 

et al., 2014) to linear rows (Fonseca et al., 2007) depending on local conditions and seed dispersal.  

de los Santos et al. (2016) provide comparisons between one-third of global seagrass species and 

reported a 23-fold variation in blade stiffness defined by tensile Young’s modulus. Variation in 

seagrass biomechanical properties are also known to occur due to nutrient loads (La Nafie et al., 

2012), become more rigid with greater age (Albayrak et al., 2013), water temperature or exposure 

to incoming flow (Paul and de los Santos, 2019). Borsje et al. (2011) link the natural ability of 

vegetation to structurally adapt to alterations in hydrodynamic forces over time. All records report 

seagrass as being positively buoyant. Published field data highlights the natural variation within 

just one species of seagrass (Zostera marina) and supports parametrisation for laboratory-based 

research that utilises artificial canopies.  

2.4. Canopy-flow experimental approaches  

Canopy hydrodynamics are dependent on the incoming forces and the response due to vegetation 

properties. Laboratory-based experiments support the evaluation of canopy properties under 

controlled conditions. Several studies have conducted experiments using living seagrass; 

however, this type of research is limited due to organism survival issues in these laboratory 

environments (Johnson et al., 2014). As a solution, flume studies regularly use artificial materials 

to model natural vegetation; referred to as surrogate-, prototype-, or mimic-vegetation. The use 

of surrogate vegetation enables isolation of canopy variables noted in §2.3, thus assisting the 

assessment of specific properties on hydrodynamics, including wave attenuation.  

2.4.1. Artificial and surrogate canopies 

The implementation of artificial vegetation canopies within flume experiments acknowledges the 

need to consider the canopy stem density and arrangement, submergence ratio, and vegetation 

geometry (e.g. Ghisalberti and Nepf, 2002a; Fonseca et al., 2007). Canopies are most simply 

represented using rigid rods, yet this omits the dynamics associated with flexible canopy 

deflection and motion. Many studies highlight the difference in processes associated with the use 

of a rigid versus a flexible surrogate canopy, although the flexural rigidity is not always scaled to 

field data. This is potentially due to the technical limitations of designing biomechanically scaled 

surrogates, or a lack of emphasis on such scaling requirements. For example, a flume study by 

Paul et al. (2016) did not inform mechanics of surrogate vegetation from field data but instead 

used blades of various flexible rigidities to assess the differences in the associated drag force. 

This approach provides results that are not restricted to one species of vegetation occurring in one 

location and provides a broader application of results. 
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Numerous studies have replicated natural seagrass morphology by using separate components to 

represent the stem and blades, whereby a short rigid rod represents the plant stem from which 

flexible blades extend (e.g. Ghisalberti and Nepf, 2002b; Luhar et al., 2010; Pujol, Casamitjana, 

et al., 2013). Consideration of best practice and guidance on accurately representing biomechanics 

can be gained from previous research such as Ghisalberti and Nepf (2002b) and guides such as 

Frostick et al. (2014). The definition and quantification of flexibility differs between studies, 

including use of the Young’s modulus (𝐸), flexural rigidity (𝐸𝐼), or more generic qualitative 

definitions. Published values of Young’s modulus do not always distinguish between the ‘tensile’ 

or ‘bending’ Young’s modulus, which are different parameters and should not be used 

interchangeably. Therefore, caution is required when evaluating and comparing published data 

on vegetation flexibility.  

While some studies have conducted suitable scaling of natural biomechanics, it is difficult to 

obtain commercially available materials that fulfil the required properties. Notably, the suitable 

combination of polymer buoyancy and flexural rigidity is limited; thus, many studies cannot fully 

scale the buoyancy of vegetation surrogates. Further research and material development would be 

required to produce an exact replica vegetation surrogate. As an alternative, surrogates may be 

chosen to maintain fundamental parameters as best as possible, including the bending Young’s 

modulus, buoyancy, mass density, and geometrical characteristics. Two dimensionless 

parameters commonly define the biomechanical properties of flexible vegetation canopies: the 

Cauchy number (𝐶𝑎) defined as the ratio between hydrodynamic forcing and blade stiffness 

restoring forces, and the Buoyancy Parameter (𝐵) representing the ratio of blade reconfiguration 

due to buoyancy or stiffness (Luhar and Nepf, 2011, 2016). Nikora (2010) distinguishes aquatic 

plants as (1) tensile plants, which are highly flexible and controlled by tensile forces; and (2) 

bending plants, that are more ridged and controlled by bending forces. These forces and material 

properties are used to ensure biomechanical similarity when selecting a vegetation surrogate for 

flume experimentation. 

The importance of suitably representing surrogates has been highlighted in several recent studies. 

Abdolahpour et al. (2016) evaluated dynamically scaled seagrass (Posidonia australis) against a 

comparable rigid canopy, and indicates that the model seagrass adds complexity to the flow and 

mixing properties that are otherwise not represented. Tinoco et al. (2020) review the effects of 

simplifying vegetation and conclude that vegetation representation must consider previous 

knowledge and, ultimately, the specific project aim in question.  There is a requirement to suitably 

implement flexible surrogates in flume studies to improve the accuracy and understanding of 

process thresholds in the natural environment.  
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2.4.2. Laboratory-based data acquisition methods 

Acquisition of uninterrupted instantaneous velocity flow fields within vegetation canopies has 

previously been a significant challenge due to vegetation’s optical impingement. Previous 

research often relied on physical instrument intrusion and removal of stems from within the 

canopy when using acoustic probes such as Acoustic Doppler Velocimetry (e.g. Ghisalberti and 

Nepf, 2002b; Pujol et al., 2012). Studies that employ the removal of stems had previously referred 

to validation from Ikeda and Kanazawa (1996), who showed single-point velocity profiles 

remained “quite close” when stems were removed compared to stems being present. However, 

Luhar et al. (2010) reported a subsequent increase in velocities, and Abdolahpour et al. (2017) 

reported a “non-trivial” 30% alteration to root-mean-squared wave velocities at the canopy top. 

As such, data benefit from non-intrusive measurements methods, such as laser-based instruments 

including particle image velocimetry (PIV) and laser doppler anemometry (LDA). Furthermore, 

the use of PIV offers a more extensive spatial coverage of flow dynamics within vegetation 

canopies, although data acquisition can be disrupted if the vegetation obstructs the laser. 

Methodological advances which circumvented these issues could unlock additional 

understanding. 

2.5. Influence of geometric vegetation properties on hydrodynamics 

Canopy physical characteristics alter the existence, magnitude, and distribution of the typical 

hydrodynamic concepts previously presented in §2.1 and §2.2. The relationships are interlinked, 

whereby a change in vegetation properties can influence the hydrodynamic parameters and vice 

versa. The influence of geometric properties is presented here, including the submergence ratio, 

density, canopy stem arrangement and plant morphology.  

2.5.1. Submergence ratio 

The ratio between the static canopy height (ℎ#) relative to the water depth (ℎ$) is defined as the 

submergence ratio varies naturally. A canopy is emergent when ℎ#	 ℎ$	 ≥ 1⁄ , shallow submerged 

when ℎ#	 ℎ$	 > 0.25⁄ , and deeply submerged when ℎ#	 ℎ$	 > 	0.10⁄  (Nepf., 2012). The majority 

of seagrass canopies occur in shallow environments and are dominated by canopy-scale 

turbulence processes (Ghisalberti and Nepf, 2009b). A flexible canopy height is not static and can 

reduce due to deflection during ‘reconfiguration’ under hydrodynamic forcing for both steady and 

wave-driven flows (Abdelrhman, 2007; Luhar and Nepf, 2011, 2016). As such, consideration 

must be made for dynamic changes in the submergence ratio due to blade reconfiguration. 
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Under unidirectional flow, the submergence ratio primarily influences the above canopy 

processes. It modulates the development of the free stream flow region, whereby if the canopy is 

not sufficiently submerged, the shear/mixing layer will occupy the entire above canopy region 

(Nepf and Vivoni, 2000). The penetration depth of canopy-top vortices into the canopy increases 

rapidly with deeper submerged vegetation and plateaus to a more constant value as canopies 

become deeply submerged (Nezu and Sanjou, 2008). An additional distinction is recognised 

between rigid and flexible canopies, whereby the penetration depth is greater for rigid than 

flexible canopies (Nezu and Sanjou, 2008).  

Under surface waves, the orbital decay relative to wave classification and corresponding 

submergence ratio controls the magnitude of velocities a canopy is exposed to. For example, a 

deeper submerged canopy is exposed to reduced wave orbital motions and velocities than a 

canopy with greater submergence ratio, resulting in a reduced wave decay rate over a canopy 

(Manca et al., 2012; Anderson and Smith, 2014; Maza et al., 2016). Paul et al. (2012) noted that 

a sparse canopy with longer blades could result in the same attenuation as a dense canopy with 

shorter blades but notes longer blades will have higher attenuation of wave velocities do not 

extend deeper towards the bed.  

2.5.2. Stem density and arrangement 

Published field observations have recorded vegetation stem and blade density to vary due to 

seasonality (Gambi et al., 1990; Hansen and Reidenbach, 2013), with the highest densities 

occurring during summer, and diminish during winter, along with variability due to light 

availability and water temperature (Ondiviela et al., 2014). Vegetation density is lowest during 

times of greatest wave forcing, which requires further investigation given the importance of 

winter storms on hydrodynamics and linked environmental and social benefits. Canopy density 

can be defined through several metrics, including solid-volume fraction (SVF), canopy frontal 

area, or most simply the number of stems or blades per unit area (m2), with typical values of 

hundreds of stems per m2 (Fonseca and Bell, 1998; Abdelrhman, 2007; Hansen and Reidenbach, 

2012, 2013). The frontal area (𝑎) of a canopy per unit volume relative to ℎ𝑣 was used by Nepf 

(2012) to indicate the flow transitions with increasing canopy density under steady flow, as shown 

in Figure 2.7.  

A more comprehensive approach is to consider biomass per unit area, thus providing additional 

representation of morphological variation in blade length, width and thickness, and accounting 

for variation in vertical density due to morphology of both blades and stems (Abdelrhman, 2007). 

This function has successfully supported quantification of wave attenuation (Bouma et al., 2010; 

Paul et al., 2012; Maza et al., 2015), and wave-driven flow-velocity relationships (Paul et al., 

2016). 
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Figure 2.7. Generalised streamwise velocity profiles and turbulence scales for varying canopy stem density. Source 
(Nepf., 2012). The notation ℎ in the figure is referred to as ℎ! in the text. Note, the definition of ‘sparse’ and ‘dense’ 
canopies differs from this research. 

Under unidirectional flow, an insufficient density prevents the development of an inflection point 

in the velocity profile, yet small scale energy dissipation occurs through the generation of stem 

wakes (Nepf, 1999) (Figure 2.7a). Increasing stem density promotes velocity retardation within 

the canopy (Peterson et al., 2004), and the inflection point becomes more pronounced. In turn, 

canopy-top vortices develop (Figure 2.7b), and a sufficiently dense canopy prevents canopy shear 

vortex penetration reaching the bed, forming the distinction of exchange and wake zones and 

preventing strong near-bed turbulence (Figure 2.7c). The turbulence levels within a canopy are 

primarily a function of canopy drag, which in turn is a function of blade flexibility (see §2.6). The 

in-canopy velocity is reduced in most cases, although at low densities or during the presence of a 

distinct rigid stem, the flow velocity can increase for a limited zone due to flow canalisation 

between stems (Abdelrhman, 2007). 

Under oscillatory flow, a higher density results in increased currents at the canopy top, greater 

velocity attenuation within the canopy (Abdolahpour et al., 2017), and increase in TKE (Pujol, 

Casamitjana, et al., 2013). The near-bed turbulence relates to the ratio between horizontal wave 

excursion (𝐴$) and the stem spacing (𝑆), whereby when 𝐴$ 𝑆⁄ 	> 0.5 turbulence is greater in the 

stem region than the blade region (Zhang et al., 2018). The drag induced by canopies and 

subsequent dissipation of flow via turbulence generation causes attenuation of wave height and 

energy during propagation over a canopy to a greater degree for canopies with higher density 

(Anderson and Smith, 2014; Luhar et al., 2017), yet this is further dependent on the wave period 

and frequently (Paul and Amos, 2011). 

Several experimental flume studies have assessed the differences in hydrodynamics due to 

heterogeneity in the arrangement of the individual elements comprising a canopy. Linear rows 

result in a significantly greater reduction in velocity and force on the blades than randomly 

arranged shoots (Fonseca et al., 2007). A resultant higher canopy drag was recorded for randomly 

arranged shoots. Liu et al. (2008) recorded a 30% reduction in streamwise in-canopy velocity 

when stems were staggered compared to a linear arrangement, while Chen et al. (2011) recorded 
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increased spatial variability of Reynolds shear stress, along with alteration to shear layer 

thickness. Due to the differences associated with stem arrangement, the design of experimental 

research requires careful consideration.  

2.5.3. Vegetation morphology  

A distinct stem can result in a velocity increase the near-bed region due to a reduced frontal area 

compared to the upper canopy where blades attenuate the flow, while the absence of thinning 

towards the bed results in a more constant velocity profile (Zhang et al., 2016). Albayrak et al. 

(2013) evaluated leaves with varying shape, edge roughness, and flexural rigidity, and reported 

that shape was the most critical factor on the flow interaction, yet flexural rigidity affected the 

magnitude of processes. Starko et al. (2015) reported that macroalgae with a branched 

morphology experienced greater drag than comparable unbranched fronds, this is similar to the 

presence of multiple seagrass blades as opposed to a single blade or rigid rod. Wilson et al. (2003) 

found the presence plant fronds, as opposed to a single rod, resulted in a decrease in canopy 

velocities, increased momentum absorption, and turbulent mixing, thus emphasising the 

requirement to incorporate plant morphology in experimental research.  

2.6. Influence of canopy flexibility on hydrodynamics 

This section introduces and explores the concepts associated with the influence of canopy flexural 

rigidity on hydrodynamic processes; ultimately identifying the requirement for additional study 

on the systematic control due to varying degrees of flexibility under both steady unidirectional 

and wave forced flows. Supporting specific literature reviews on canopy flexibility is provided at 

the beginning of each of the substantive research Chapters (3, 4 and 5). 

Flume experiments have previously simplified surrogate canopies as rigid rods (e.g. Ghisalberti 

and Nepf, 2004; Tinoco and Coco, 2016). This approach enables a simplified representation and 

understanding of canopy scale hydrodynamics and the associated controls, including the 

submergence ratio, canopy density, and geometry, but neglects accurate representation of 

biomechanical properties. Nevertheless, seagrasses are naturally flexible and reconfigure in 

response to flow forcing, including mean deflection in the direction of primary flow forcing, and 

temporal variable waving motion due to the occurrence of turbulence driven monami in 

unidirectional flow or response to wave-driven flow oscitations (Ghisalberti and Nepf, 2002b; 

Luhar and Nepf, 2011, 2016). The canopy bending fundamentally influences seagrass existence, 

altering the rate of photosynthesis and nutrient transfers (Hurd, 2000; Zimmerman, 2003). The 

reconfiguration of flexible blades modifies the resistance and drag throughout the water column, 

which in turn sets the velocity, internal turbulence structures, and exchange zone processes (Ikeda 
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and Kanazawa, 1996; Ghisalberti and Nepf, 2005; Luhar and Nepf, 2011; Houser et al., 2015b). 

Thus, the hydrodynamics must be evaluated and quantified for flexible canopies as opposed to a 

rigid canopy. 

2.6.1. Flexible versus rigid canopies 

Flexible canopy reconfiguration can result in the overall reduction of velocities and turbulent 

momentum transport within the canopy (Abdolahpour et al., 2018; Ghisalberti and Nepf, 2006). 

Ghisalberti and Nepf (2006) recorded that in comparison with rigid vegetation, a scaled flexible 

canopy expressing monami resulted in a 40% reduction in turbulent momentum transport in the 

shear layer due to vortices being weaker and smaller. Nepf (2007) confirmed that canopy drag is 

fundamental to vortices penetration, yet the presence of monami causes turbulence to penetrate 

deeper into the canopy; thus in-canopy velocities can increase (Ghisalberti and Nepf, 2009a). 

Although, highly flexible blade bending can result in a consolidated canopy-top layer that restricts 

the vertical exchange of momentum associated with vortex penetration (Nepf and Vivoni, 2000). 

These results demonstrate that flexible canopies introduce complexity and processes are not 

universally agreeable. The development of coherent flow structures associated with submerged 

aquatic vegetation under unidirectional flow requires additional research to further understand the 

dynamic and kinematic properties over time. Assessment is required to evaluate the blade motions 

associated with differing canopy flexural rigidity under various energy hydrodynamic forces.  

Under wave-driven flows, Koch and Gust (1999) show that the movement of flexible vegetation 

allows greater wave penetration into the canopy. Vegetation motion and imposed form drag are 

fundamental to quantifying the associated wave attenuation, a central coastal protection process 

(Paul et al., 2012; Ondiviela et al., 2014). Flexible canopies have a lower wave attenuation 

capacity than comparable rigid canopies (El Allaoui et al., 2016). Paul et al. (2012) demonstrated 

that a flexible vegetation canopy required four times the leaf area index (LAI) to produce the same 

wave attenuation capacity as a rigid canopy. As a result, evaluation of data based on simplified 

seagrass canopies through rigid stems provides an overestimate of wave attenuation capacity. This 

highlights the critical need to ensure that surrogate vegetation suitably incorporates flexibility 

when assessing canopy-flow processes.  

2.6.2. Varying canopy flexural rigidity 

Despite the recognised influence of varying blade rigidity on canopy drag and hydrodynamics, 

assessment often only demonstrates a binary difference between rigid and flexible. There is a need 

to systematically assess canopy dynamics with differing flexural rigidities under both steady and 

wave-driven flows. The magnitude of canopy mean deflection and temporal motion can increase 

due to low flexural rigidity or due high-velocity forcing, which is accounted for by the Cauchy 
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number and Buoyancy parameter stiffness (Luhar and Nepf, 2011, 2016). The flexural rigidity of 

vegetation is governed by three main factors: drag, buoyancy, and modulus of elasticity 

(Ghisalberti and Nepf, 2002b). The motion of flexible aquatic vegetation can be categorised into 

differing regimes based on the motion, whereby Nepf and Vivoni (2000) grouped the following 

groups in unidirectional flow: (1) rigid (erect with no movement), (2) gently swaying, (3) strong 

coherent swaying featuring monami, and (4) prone. Some previous studies have also assessed 

flexible rigidity in terms of blade bending angle (Abdelrhman, 2007), or alteration in submergence 

ratio at differing flow velocities (Fonseca et al., 2007). 

Limited research has been conducted on the flow associated with the degree of blade flexibility, 

especially within the canopy. In most scenarios, flexibility reduces the drag force, thus providing 

the vegetation with increased survival capacity during high flow events (Vogel, 1984). 

Assessments have shown form drag is lowered compared to rigid surrogates because of flexibility, 

resulting in viscous drag (Nikora, 2010). Luhar and Nepf (2011) considered the reconfiguration 

of two flexible blades due to the dominance of buoyancy and stiffness restoring forces, concluding 

that when reconfiguration is stiffness dominated, drag is directly proportional to 𝑈' (⁄  (𝑈 is the 

mean streamwise velocity). Their research was conducted for an isolated singular blade, which 

does not encapsulate the morphological complexity of natural vegetation possessed by natural 

seagrass.  

Bouma et al. (2005) confirm that drag decreases with increased flexibility for a saltmarsh canopy 

and further identified stiffness instead of stem density as the primary trait in attenuating waves 

and reducing hydrodynamic energy. Supporting experiments by Albayrak et al. (2012) identified 

the importance of reconfiguration under unidirectional flow, whereby blades with greater 

flexibility experienced lower drag forces that increased quasi-linearly with velocity. However, 

blades of greater rigidity experienced higher drag forces that increased as a function of velocity 

squared.  

Dijkstra and Uittenbogaard (2010) numerically evaluated vegetation of differing flexural rigidity 

with validation from the experimental measurement of four blades with differencing rigidity, 

although blade buoyancy was variable. They demonstrated that blades with greater flexibility 

result in higher in-canopy velocities and increased bed shear stress in unidirectional flow, but did 

not elaborate on the canopy scale turbulence processes. Direct force transducer measurements 

validated their model on plastic strips with three differing flexibilities. Velocity profiles supported 

bed shear stress calculations, although the model would benefit from direct bed shear stress 

measurements. Within their paper, the model would be improved with the addition of more 

flexibilities and flow velocities. 

Blades of differing stiffness provide a more important role than biomass on drag forces under 

varying velocities due to blade reconfiguration (Paul et al., 2016), indicating that the influence of 
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canopy flexibility may outweigh the influence of some canopy geometric properties. It was also 

highlighted that stem-to-stem interaction within a patch could increase drag forces. Paul et al. 

(2016) recorded direct drag measurements, but it should be noted that the surrogate vegetation 

tested was not a continuous meadow but five individual elements, essentially replicating an 

isolated stem in a vast open body of water; a set up that is incomparable to nature. Drag force 

increased with orbital velocity; however, the flexural rigidity was defined by blade thickness 

instead of a force-based definition. 

Luhar and Nepf (2016) assessed an isolated blade’s dynamics and noted that numerically 

modelled blade behaviour does not always conform to reality. A phase transition between force 

dominated and stiffness dominated conditions within a wave cycle were observed, resulting in 

unsteady blade behaviour. During this transition, the blade rapidly moves in an upstream direction 

described as a ‘springing back’ motion, accompanied by vortex shedding from the blade, resulting 

in increased drag for this short time period. The recording of this occurrence highlights the need 

to study the blade motion role further, as the springing back motion will change with blade 

stiffness and wave parameters. Marjoribanks et al. (2017) highlighted through numerical 

modelling that while current hydrodynamic understanding is valid for semi-rigid blades, 

additional turbulence parameters are occurring due to blade flapping in highly flexible blades, 

which requires further assessment in physical settings. Further research is required to quantify the 

boundaries of blade rigidity on turbulence penetration into the canopy, for conditions that include 

wave parameters comparable to nature. There is a requirement for experimental research to 

constrain the blade motion’s extent relative to flexural rigidity and resulting turbulence 

dissipation.  

Under wave forcing, Lei and Nepf (2019b) recorded notable differences between an isolated blade 

and motion of blades within a canopy morphologically comparable to seagrass. Limited 

differences occurred under small wave conditions, but under larger wave conditions, the canopy 

blades were significantly more deflected and expressed less motion. These differences are 

expected to occur due to the aforementioned existence of mean currents within a canopy. Their 

study concluded that differences in motion did not significantly alter the drag imparted, and 

subsequently defined a blade scaling law to calculate the length of a rigid element representative 

of the differing blade and wave properties, thus supporting the determination of wave attenuation 

by canopies. It remains unclear if turbulence-induced dynamics differ significantly between an 

isolated blade and blades within a canopy. 

Experiments that have collected direct measurements on blade drag have often assessed a 

singular, or a small number of stems, for singular blade flexibility. Direct measurements of drag 

are physically challenging due to the feasibility of implementing sensors, resulting in many 

studies assuming a predicted drag coefficient. A common approach is to derive a bulk drag 
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coefficient based on the measured wave decay over a canopy through implementation of models 

based on linear wave theory, predominantly based after Dean and Dalrymple (1991). Houser et 

al. (2015b) combined published wave forced empirical bulk drag formula relative to Reynolds 

number for Rigid, Semi-Flexible and Flexible vegetation, thus providing a general view of varying 

canopy flexibility on drag. However, the use of different materials for semi-flexible and flexible 

blades introduced a difference in the buoyancy of over one order of magnitude, which is expected 

to influence the blade restoring force and thus the drag (Luhar and Nepf, 2011). Furthermore, the 

flexible blade buoyancy is around five times greater than the approximate value of natural 

seagrass.  

The bulk drag derived from an empirical predictive approach is not universally applicable due to 

the substantial dependence on vegetation morphological and mechanical properties, combined 

with the response to different wave frequencies (Bradley and Houser, 2009). The acquisition of 

additional empirical drag formula based on canopy flexural rigidity parameters such as 𝐶𝑎 is 

required to further the knowledge and application of canopy induced drag. At present, such 

relationships are starkly limited, with Houser et al. (2015) revealing the drag force of artificial 

seagrass (morphologically similar to Thalassia testudinum) across a range of flexural rigidities is 

related to the ratio of blade rigidity to oscillatory velocity (inverse of the Cauchy number, 𝐶𝑎). 

2.6.3. Section summary 

A substantive range of literature is present on canopy-flow processes, with more recent works 

expanding to address wave driven flows. Although, the generic processes and the underlying 

controls remain open to further debate and are critically evaluated and built upon throughout this 

research. A significantly limited research area exists regarding the hydraulic complexity 

associated with flexible canopies, with a notable knowledge gap surrounding the understanding 

of differing flexibility on the hydrodynamics of steady and wave driven flows. It is identified that 

the use of advanced methodological techniques including the use of laser-based data acquisition 

techniques that would vastly improve the spatiotemporal coverage of velocity and turbulence 

datasets throughout canopies.  
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Chapter 3.   
 
On the dynamics of turbulence within 
submerged aquatic vegetation canopies 

Abstract 

The novel use of a refractive-index-matching (RIM) methodology provides unobstructed optical 

access to record flow structures throughout the canopies from bed to free stream flow, thus 

permitting high resolution spatial and temporal flow field measurements within a 

comprehensively scaled vegetation canopy for the first time. Fluid-structure interactions 

associated with submerged canopies were experimentally studied to reveal the mean and 

instantaneous turbulence flow field dynamics at five Reynolds numbers 𝑅𝑒	 ∈ [3.5×104 ,1.1×105], 

and Cauchy numbers 𝐶𝑎	 ∈ [120,1200]. A dynamically and morphologically scaled surrogate 

flexible canopy representative of a common seagrass species (Zostera marina) was evaluated and 

supported by a counterpart rigid canopy. The implementation of a bespoke transparent flexible 

canopy coupled with refractive-index-matching (RIM) techniques provided unobstructed optical 

access. Flow field data orientated wall-normal in a developed canopy region was acquired 

throughout the canopy using high-frame-rate particle image velocimetry (PIV), enabling 

spatiotemporal characterisation of turbulent flow structures. Turbulent structures, including 

Kelvin-Helmholtz (KH) vortices in the canopy mixing layer are evaluated using several 

instantaneous and mean decomposition techniques. Coherent vortices correspond to a depression 

of the flexible canopy blades, but KH vortices are found to be quasiperiodic and indistinct within 

time-averaged datasets. The deflection and waving motion of the flexible canopy blades altered 

the Reynolds stress distribution compared to the rigid canopy. Flexible canopies expressed 

additional turbulence scales at the canopy top yet lacked the production stem wakes produced by 

the rigid canopy. Deflection of flexible blades has been shown to produce a depth limiting effect, 

whereby the penetration depth of vortices into the canopy is reduced. Assessment of instantaneous 

flow fields further revealed the links between flow processes above and within the canopies.  
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3.1. Introduction 

Aquatic vegetation alters the spatial and temporal hydrodynamics within many riverine and 

coastal environments. Quantifying the interactions between flow and vegetation is of particular 

interest due to the influence of vegetation on turbulence and mixing processes, which modulate 

ecological and morphological system functions (Waycott et al., 2009; Nepf, 2012). Flow 

modification can reduce sediment transport and erosion rates, thus supporting nature-based 

protection of riverbeds and coastlines (Luhar et al., 2008; Christianen et al., 2013) and influence 

the broader scale morphodynamics (Cotton et al., 2006; Vacchi et al., 2017). Furthermore, the 

flux of water and particles between the canopy and free stream flow is intrinsic to nutrient mixing, 

providing favourable conditions that support biodiversity (Edgar, 1990; Clarke, 2002), along with 

altering carbon capture (Prentice et al., 2019). The various benefits of submerged vegetation as 

natural ecosystem engineers motivate the need to quantify the scales and dynamics of canopy-

induced turbulence. 

 

Figure 3.1. Schematic of basic unidirectional flow behaviour related to a flexible aquatic vegetation canopy.  

 

Physical modelling has enabled controlled quantification of vegetation-flow interactions. 

Continuous arrays of rigid rods commonly represent vegetation canopies within flume studies, 

providing a simplistic, yet highly beneficial analogue to quantify fundamental flow modifications 

(Ghisalberti and Nepf, 2006; Liu et al., 2008; Chen et al., 2013). The vegetation obstruction 

imparts increased drag on the incoming flow, resulting in the formation of a shear layer at the 

canopy top. Flexible canopy spatial and temporal flow dynamics are further complicated due to 

deflection under sufficient hydrodynamic forcing, leading to canopy streamlining and drag 

reduction (Ghisalberti and Nepf, 2009a; Luhar and Nepf, 2011). Ikeda and Kanazawa (1996) 

observed intermittent elliptical-shaped vortices at the canopy top and subsequent depression of 

the canopy during transit, initiating a waving motion of an aquatic vegetation canopy termed the 

monami phenomenon (Figure 3.1). Ghisalberti and Nepf (2002b) first defined this region as a 

mixing layer, where streamwise velocity fluctuations corresponded to the theoretical Kelvin-

Helmholtz (KH) frequency. As such, monami is driven by a strong sweep event (𝑢’ > 0, 𝑣’ < 0) at 
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the vortex front, followed by a weak ejection (𝑢’ < 0, 𝑣’ > 0) at the vortex rear, due to the 

downward and upward side of translational hairpin vortex evolution over the canopy (Ghisalberti 

and Nepf, 2002b, 2006; Finnigan et al., 2009; Okamoto and Nezu, 2009), 𝑢’ and 𝑣’	are streamwise 

and vertical velocity fluctuations respectively.  

Canopy mixing layers have predominantly been evaluated based on time-averaged data. 

Although,  quasiperiodic velocity and turbulence signals within the a flexible canopy mixing layer 

indicate vortices may be temporally intermittent (Sukhodolov and Sukhodolova, 2012). 

Numerical modelling of flexible and rigid canopies by Marjoribanks et al. (2017) revealed the 

periodicity and intermittent temporal nature of turbulent fluctuations corresponding to KH 

vortices. Thus, there is a need to acquire instantaneous spatial maps of flow fields to fully quantify 

individual turbulence events as opposed to averaged flow properties, while also understanding 

how holistic flow fields differ in their structure and organisation between rigid and fully scaled 

flexible vegetation canopies. 

The unsteady blade dynamics of a flexible canopy remain poorly understood, especially regarding 

the spatial quantification of turbulence within and above the canopy. Until recently, the spatial 

dynamics of coherent vortices within the canopy mixing layer under a unidirectional flow had 

only been observed using visualisation techniques using dye (Ikeda and Kanazawa, 1996; 

Ghisalberti and Nepf, 2005). A limited number of studies have quantified turbulent coherent flow 

structures associated with aquatic vegetation canopies. Nezu and Sanjou (2008) employed particle 

image velocimetry (PIV) to acquire instantaneous flow measurements to evaluate coherent 

vortices associated with a flexible canopy, however this lacked dynamic scaling. New insights on 

coherent vortices revealed greater organisation near vegetation edges than within the canopy, 

while further validating previous knowledge of canopy flow processes. Okamoto and Nezu (2009) 

assessed the interaction between flow and blade motion using a phase-average approach, showing 

the maximum vertical momentum transport occurred when vegetation is at the maximum and 

minimum deflected heights. Corresponding sweep events were recorded to penetrate into the 

canopy, while ejections remained above the canopy top. 

Okamoto et al. (2016) evaluated various canopy heights, indicating that vortex structures are less 

coherent above a flexible than rigid canopy, and do not penetrate the lower parts of the canopy 

(stem wake region). However, alteration to blade flexural rigidity associated with varying blade 

length was not accounted for, which can influence canopy turbulence magnitude (Zhang et al., 

2018). Cross-spectral analysis between flow velocity and blade deflection has shown that several 

rows can be deflected in phase with one another and in near unison. The number of waving 

elements was dependent on the length scale of turbulence structures (Okamoto et al., 2016). Chen 

et al. (2013) also implemented PIV to evaluate the time-averaged turbulent evolution from the 

leading edge of a rigid canopy but did not acquire measurements for a flexible canopy, nor detail 
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instantaneous turbulence events, and did not fully reveal flow structures within the canopy likely 

due to optical measurement constraints. The majority of previous research has focused on the 

canopy-top dynamics, whilst understanding of flow interactions within the canopy is not well 

developed despite the known importance on bed sediment transport processes. The research 

presented herein overcomes challenges of obtaining optical clearance throughout the canopy by 

employing refractive-index-matching (RIM) techniques. 

Existing studies have provided initial spatial quantification of coherent vortices and isolated blade 

motions; however, distinct differences in motion and turbulence dynamics have been recorded 

based on canopy morphology. Firstly, singular flexible vegetation elements deflect to a greater 

extent than when located within a canopy (O’Connor and Revell, 2019), thus altering the vertical 

distribution of stresses. Wilson et al. (2003) recorded that the presence of plant fronds, as opposed 

to a single rod, resulted in increased momentum absorption and turbulent mixing. Furthermore, 

the quasiperiodic velocity signals within the mixing layer express greater clarity when vegetation 

foliage is present due to the increased duration of vortex coherence (Caroppi et al., 2019). 

O’Connor and Revell (2019) showed that monami behaviour is a function of the blade natural 

frequency and the mixing layer instability frequency, resulting in the spatial and temporal canopy 

dynamics associated with combined fluid-structure interactions. 

Furthermore, the spatial configuration of the vegetation element within a canopy must be 

considered. Lui et al. (2008) recorded a 30% reduction in streamwise in-canopy velocity when 

stems were staggered compared to a linear arrangement. These previous findings emphasise the 

importance of studying canopies comparable to natural environments by implementing geometric 

and dynamic scaling of prototypes, thus enabling accurate assessment of canopy motion dynamics 

and the quantification of hydrodynamics within aquatic canopies.  

The dynamics of coherent flow structures and their spatiotemporal evolution above and within 

canopies remain poorly constrained, notably the quasiperiodic nature of coherent vortices 

associated with KH instability and their interaction within the canopy, remains mostly 

unexplored. This chapter builds upon the knowledge that coherent vortices form at the top of a 

flexible canopy by assessing the spatial and temporal flow dynamics for a dynamically scaled 

vegetation canopy representative of the common seagrass species, Zostera marina. A comparative 

assessment for a rigid canopy complements these data to provide a broader application for a range 

of biota-flow environments, including coral reefs, salt marshes, and mangroves. The novel use of 

a refractive-index-matching (RIM) methodology provides unobstructed optical access to record 

flow structures throughout the canopies from bed to free stream flow, thus permitting high 

resolution spatial and temporal flow field measurements within a comprehensively scaled 

vegetation canopy for the first time.  
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The visual detection and periodicity of vortex structures associated with the Kelvin-Helmholtz 

instability above both canopies are explored. It is further shown that rigid and flexible canopies 

share fundamental flow processes, yet the spatial distribution of turbulence notably differs due to 

the morphology and reconfiguration of the flexible blades. Turbulence processes are considered 

in relation to biological and sedimentological processes. The set-up of the experimental facility 

and design of scaled vegetation is detailed in §3.2. The results are discussed in §3.33.3, including 

spatiotemporal analysis of second-order turbulence. Concluding remarks are detailed §3.4. 

3.2. Experimental setup 

Experimental investigations of varying flow dynamics above and within a comprehensively 

scaled flexible aquatic vegetation canopy, and rigid counterpart, were conducted using a 

recirculating refractive-index-matching (RIM) flume at the University of Illinois (Figure 3.2) of 

length 2.50 m, and width 0.45 m. Flexible surrogate vegetation canopies, manufactured using 0.12 

mm thick polypropylene strips (detailed in §3.2.1), covered 1.435 m of the bed and was operated 

in free surface mode with flow depth, 𝐻 = 0.360m. Figure 3.2 illustrates the experimental set-up 

with the coordinate system 𝑥, 𝑦, 𝑧, and velocity components 𝑢, 𝑤, 𝑣 corresponding to streamwise, 

spanwise, and vertical directions, whereby 𝑥 = 0 at the leading row of vegetation elements, and 𝑦 

= 0 at the top surface of the baseboard. RIM was achieved by pairing the refractive index of the 

polypropylene vegetation elements with the working fluid solution, thus rendering the vegetation 

transparent when submerged (Figure 3.3c,d). The temperature-controlled working fluid consisted 

of aqueous sodium iodide (NaI) solution at ≈63% by weight, with density 𝜌* ≈ 1780 kg m-3 and 

kinematic viscosity 𝜈	≈ 1.1 x 10-6 m2 s-1. Further information on the RIM technique has been 

detailed by Blois et al. (2012, 2020) and Bai and Katz (2014). 

 

 

Figure 3.2. Schematic of the University of Illinois Large RIM facility, including the canopy positioning. The dashed 
red box indicates the PIV field of view (FOV).  
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3.2.1. Surrogate seagrass canopy 

The flexible vegetation canopy incorporated geometric and dynamic scaling based on common 

seagrass species Zostera marina. Structural and morphological properties also have some 

comparability to freshwater eelgrass, specifically those under the genus Vallisneria. Dynamic 

scaling was achieved through two dimensionless parameters: the Cauchy number (𝐶𝑎) 

representing the ratio of drag to rigidity force, and the Buoyancy Parameter (𝐵) representing the 

ratio of buoyancy to rigidity forces (Luhar and Nepf, 2016): 

 
𝐶𝑎 =

𝜌*	𝑤+	𝑈,-	𝑙+
(

𝐸𝐼
	and	𝐵 =

I𝜌* −	𝜌#K𝑔𝑤+𝑡+𝑙+
(

𝐸𝐼
 (3.1) 

where 𝜌* is the fluid density, 𝜌# is blade material density, 𝑤+ is blade width, 𝑡+ is blade thickness, 

𝑙+ is blade length, 𝑈, is incoming bulk velocity, 𝐸 is Young’s Modulus, and 𝐼 is the second 

moment of inertia (𝐼 = 𝑤+𝑡+( 12⁄ ).  To achieve appropriate scaling, the flexible blades were 

produced from a polypropylene polymer with material density 𝜌# = 870 ± 25 Kg m3, width 𝑏 = 

4.13 ± 0.18 mm, thickness 𝑑 = 0.112 ± 0.005 mm, length 𝑙 = 100 mm, and Young’s modulus 𝐸 = 

1.32 ± 0.12 GPa. Resulting in 𝐵 = 6.59 ± 0.80. All error values indicate one standard deviation 

from the sample set mean (n = 20). An emphasis was placed on matching 𝐵 due to the naturally 

large variability in 𝐶𝑎 associated with varying flow velocities, which acts as the primary variable 

investigated herein. The blades are comparable to model Zostera marina blades implemented by 

Ghisalberti and Nepf (2002b) and Posidonia australis (seagrass) by Abdolahpour et al. (2017), 

where values of 𝐵 were 6.43 and 7.06 respectively. 
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Figure 3.3. (a) Planform schematic of the vegetation element arrangement, the dashed green line indicates the PIV 
measurement plane. (b) Depiction of an individual flexible vegetation element, orientated front on to incoming flow 
direction. Photographs of the (c) rigid and (d) flexible surrogate vegetation during filling of the flume with the working 
solution to illustrate the refractive-index-matching technique. 

Each vegetation element consisted of four blades attached to a short rigid 20 mm long stem 

(excluding proportion inserted into baseboard) of diameter 6.35 mm (Figure 3.3b). This 

morphology is comparable to the natural structure of seagrass and similar strap-like vegetation 

(de los Santos et al., 2016). The four blades included an excess 5 mm, that is excluded from 

scaling, to attach to the rigid stem, producing a canopy with undeflected height ℎ.  = 0.120 m. In 

addition to the material properties, the blade geometry further alters the reconfiguration behaviour 

(Albayrak et al., 2012). Consideration was made to ensure the consistent arrangement of blades 

around each stem (Figure 3.3b). Vegetation elements were mounted within a predrilled baseboard 

with a staggered arrangement (Figure 3.3a) at a density (𝑛#) of 569 stems m-2, forming a 1.435 m 

long canopy spanning the entire flume width. A comparable rigid vegetation canopy comprised 

uniform acrylic rods extending 120 mm from the baseboard, with a diameter (𝑑/) of 6.35 mm. 

This rigid canopy was designed to provide a baseline comparison to emphasise the role of flexible 

canopy motion, along with providing a holistic assessment of more rigid canopies.  

3.2.2. Experimental conditions 

Two series of experiments were conducted for rigid canopies denoted by ‘R’, and flexible 

canopies ‘F’ as detailed in Table 3.1 The median deflected canopy height ℎ0,2!0 =
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	0.5Iℎ0,234 + ℎ0,256K and amplitude of canopy oscillations 𝐴. = 	0.5Iℎ0,234 − ℎ0,256K, 

whereby ℎ0,234 and ℎ0,256 are the maximum and minimum mean deflected canopy heights 

respectively. For simplicity ℎ0,2!0 is considered the representative canopy deflected height, and 

often simplified to ℎ0. 

 

Table 3.1. Experimental runs and parameters 

Run 

- 

Canopy 

 - 

𝑈< 	

[ms-1] 
𝑈/ 

[ms-1]  
𝑅𝑒)  
[-] 

𝐶𝑎  
[-] 

Motion  

- 

ℎ1,*21	 

[mm]  

𝐴"  
[mm]  

F1 Flexible 0.154 0.102 3.5×104 120 Swaying 93 5 
F2 Flexible 0.220 0.156 5.3×104 279 Monami 74 - 
F3 Flexible 0.284 0.206 7.0×104 489 Monami 65 9 
F4 Flexible 0.351 0.260 8.8×104 777 Monami 55 - 
F5 Flexible 0.413 0.312 1.1×105 1188 Monami 55 9 
R1 Rigid 0.164 0.102 3.5×104 - - 120 - 
R2 Rigid 0.242 0.153 5.2×104 - - 120 - 
R3 Rigid 0.324 0.205 7.0×104 - - 120 - 
R4 Rigid 0.403 0.256 8.7×104 - - 120 - 
R5 Rigid 0.486 0.310 1.1×105 - - 120 - 

𝑈#  = mean incoming streamwise velocity; 𝑈$ = mean free-stream streamwise velocity far above the canopy 

 

Hydraulic conditions spanned five Reynolds Numbers, 𝑅𝑒7 = 𝑈,𝐻, 𝜈⁄ , ranging between 3.5×104 

and 1.1×105 (Table 3.1), where 𝑈, is the incoming bulk velocity, and 𝐻, is the water depth at the 

flume entrance (0.373 m). The largest recorded Froude Number (𝐹𝑟 = 𝑈8T𝑔𝐻,) of 0.26 

confirms all experiments were subcritical above the canopy, where 𝑈8 is the free-stream velocity 

far above the canopy, and 𝑔 is the gravitational acceleration. Instantaneous streamwise (𝑢) and 

vertical (𝑣) velocity components were acquired in the downstream region of the canopy where 

the flow is fully developed (Figure 3.2), such that vortices reached a fixed scale approximately 

10ℎ0 downstream of the leading edge (Nepf, 2012). Bailey and Stroll (2016) confirmed larger 

two-dimensional structures within a mixing layer are not destroyed by smaller three-dimensional 

structures, supporting the validation of two-dimensional measurements employed herein. The 

field of view (FOV) spanned 164 mm along the 𝑥-axis, and extended 190 mm vertically from the 

bed and was offset from the flume wall by five columns of vegetation elements (see Figure 3.3a). 

This approach limited the number of vegetation elements between the measurement plane and 

camera, thus minimising potential optical interference while remaining substantially clear of any 

side wall effects.  

Data acquisition was separated into two campaigns with slightly different FOV dimensions in 

order to optimise data acquisition between the rigid canopy and flexible canopy set-ups. Image 

pairs were captured using a 4-megapixel charge-coupled device (CCD) camera with 60 mm lens, 
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with PIV images captured at 100 Hz for 9.2 and 13.1 seconds for the rigid and flexible campaigns 

respectively. This was repeated three times and herein referred to as acquisition sets totalling 2850 

and 3900 image pairs respectively. A 250mJ pulse-1 double-pulsed laser provided a thin light 

sheet, which illuminated 13μm hollow glass silver-coated sphere seeding particles with a density 

of 1800 kg m-3 within the working fluid. Data processing of image pairs was conducted using 

TSI software Insight 4G with an interrogation window of 24 x 24 pixels with 50% overlap, 

providing vector grid spacing of Δ𝑥 = Δ𝑦 of 1.64 mm and 1.22 mm respectively for the flexible 

canopy and rigid canopy measurements. This enabled the investigation of spatially and temporally 

averaged, and instantaneous flow dynamics and turbulence stresses.  

3.3. Results and discussion 

The results herein present the velocity and turbulent characteristics within and above the flexible 

and rigid canopies obtained from full flow fields. Under hydrodynamic forcing, the flexible 

canopy blades experience a primary deformation in the streamwise direction accompanied by 

swaying or waving motion at all 𝑅𝑒7. As such, the median height of the deflected canopy (ℎ0) is 

defined as the representative height of the canopy-top herein. Results distinguish between flow 

conditions within and above the canopy, defined as 𝑧/ℎ0 > 1 and 𝑧/ℎ0 < 1 respectively.  

 

Figure 3.4. Median canopy heigh deflection in relation to 𝐶𝑎. Error bars indicate one standard deviation. Dashed 
trendline and corresponding function with 𝑟%	= 0. 99. Graphical schematics illustrate the vegetation deflection.  

In order to frame the subsequent discussion of hydrodynamic processes, the recorded canopy 

motions are briefly described. Mean deflection of flexible canopy blades increase at higher flow 

velocities indicated by greater 𝐶𝑎. The reconfiguration magnitude depends on the incoming 

forcing and opposing vegetation induced drag (Luhar and Nepf, 2011), and thus correspond with 

𝐶𝑎 following a power trend with slope ℎ0/𝑙	~	𝐶𝑎9,.-; (Figure 3.4). This relationship fits with 

theoretical model predictions of canopy reconfiguration based on a force balance by Luhar and 

Nepf (2011, 2013), and further confirmed by against laboratory data for living vegetation. Within 
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the FOV, the flexible blades express a swaying motion for the lowest flow condition (𝐶𝑎 = 120), 

which progresses into coherent waving representative of monami at 𝐶𝑎	 ≈ 280, while the 

transition is not definitive, it occurs between 𝐶𝑎 = 89 and 279. The canopy motion is presented 

videos provided in supplementary material “S-FL1-Video” and “S-FL2-Video”. The swaying 

motion at lower 𝐶𝑎 values results in a smaller range in ℎ0 𝑙⁄ , or mean amplitude (𝐴$), compared 

to larger Ca values where monami is present, such that 𝐴$ ℎ0⁄  doubles from 0.06 to 0.14-0.16 

when coherent waving occurs (Table 3.1). 

The results presented herein provide an assessment of time-averaged flow and turbulence in 

§3.3.1, which is space-averaged to provide mean vertical profiles in §3.3.2. The canopy 

turbulence distributions are evaluated through quadrant event analysis in §3.3.3 and 

complimented by power spectral analysis of turbulence fluctuations in §3.3.4. Further 

decomposition of turbulence fluctuations into time-frequency space domain using wavelets in 

§3.3.5. Supporting vortex detection through Galilean Decomposition is present in §3.3.6, 

followed by an assessment of flexible canopy instantaneous flow field during coherent vortex 

evolution in §3.3.7. 

3.3.1. Time-averaged flow and turbulence statistics  

Spatial flow and turbulence characteristics reveal streamwise velocities are attenuated within the 

canopies compared to an overlying region of faster free-stream flow, producing a vertical 

discontinuity in velocity and the formation of a velocity shear layer at the canopy top (Figure 

3.5ab). This shear layer corresponds to a region of higher magnitude Reynolds shear stress (RSS) 

and turbulent kinetic energy (TKE) that extends above the canopy and returns to near zero 

magnitude at the elevation corresponding to the free stream (Figure 3.5e-h). Vertical velocities 

express the greatest magnitude surrounding the canopy elements (rigid rods or flexible blades), 

with prominent positive values occurring at the canopy tops (Figure 3.5cd).  
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Figure 3.5. Time-averaged streamwise velocity (a,b), vertical velocity (c,d), Reynolds Shear stress (e,f), and turbulent 
kinetic energy (g,h), for the rigid canopy (top row) and flexible canopy (bottom row) at 𝑅𝑒& = 7.0 × 104 . The horizontal 
white dashed lines mark the canopy top (ℎ',)*'), and black dashed lines approximate the region occupied by the 
flexible vegetation blades. Grey areas are excluded from analysis due to the opaque tape attaching the flexible blades 
to stems, and optical distortion associated with the rigid rods.  

The flexible canopy expresses greater spatial variability in flow dynamics than the rigid canopy, 

whereby blade deflection shifts flow processes towards the bed and corresponds with a broader 

magnitude. The attenuated streamwise velocity within the rigid canopy remains positive and 

consistent in magnitude with depth (Figure 3.5a). Regions occupied by flexible blades express a 

velocity reduction reaching zero and marginally negative (Figure 3.5b). The regions within the 

flexible canopy not occupied by the blades express a positive streamwise velocity (𝑈 𝑈8 	≅⁄  0.15; 

Figure 3.5b) which is lower than within the rigid canopy (𝑈 𝑈8 	≅⁄  0.24; Figure 3.5a). Vargas-

Luna et al. (2016) previously associated the importance of vegetation foliage with flow resistance 

and velocity reduction, revealing less sediment was trapped within rigid vegetation than flexible. 

Streamwise velocities increase with distance above the canopy tops and return to free-stream flow 

at a similar rate in the vertical for both canopies, signifying the predominate differences in 

streamwise velocity occur within the canopy. A greater peak magnitude in positive vertical 

velocity is present at the flexible canopy-top (𝑉 𝑈8 	≅⁄  0.04; Figure 3.5d), which is slightly lower 

the rigid canopy (𝑉 𝑈8 	≅⁄  0.03; Figure 3.5c), indicating the oscillating motion of the canopy 

flexible canopy promotes increased fluid movement upwards. This ultimately corresponds greater 

TKE, 〈𝑢-+𝑣-〉 (2𝑈8- )⁄ , at the flexible (0.022) than rigid (0.004) canopy-top (Figure 3.5hg). 

Similar results are present for the RSS, −〈𝑢′𝑣′〉 𝑈8-⁄ , with at greater canopy-top magnitude the 

flexible (0.009) than rigid (0.004) canopy (Figure 3.5ef). Localised zones of higher magnitude 
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TKE and RSS occur within the flexible blade regions (Figure 3.5fh), indicating enhanced 

turbulent stresses are associated with the blade groupings. The accompanying spatial variability 

within the flexible canopy is believed to relate to the presence of multiple blades, along with the 

accompanying reconfiguration and oscillation dynamics. 

3.3.2. Space- and time-averaged flow and turbulence statistics 

Assessment of space- and time-averaged (double-averaged) data presented in Figure 3.6 splits the 

vertical axis into two regions to account for the mean deflection of the flexible canopy. The region 

below ℎ0 is evaluated in terms of 𝑧/ℎ0, whereby zero corresponds to the bed, and 1 is the canopy 

top. Representation of data above the canopy top using 𝑧/ℎ0 	can produce misleading trends, 

therefore, this region is evaluated by the normalised factor z< = ((z − h=) h>⁄ ) + 1. This factor 

resets the canopy top as a new origin, which is then plotted above the in-canopy data (𝑧/ℎ0), the 

data is then normalised by a constant factor, in this case h> is used. 

 

Figure 3.6. Space- and time-averaged profiles of (a) streamwise velocity, (b) vertical velocities, (c) Reynolds Shear 
Stress (RSS), and (d) Turbulent Kinetic Energy (TKE). The canopy top (ℎ') occurs at 1, and the shaded area represents 
the data within the canopy. 

An inflection in the streamwise velocity profiles (Figure 3.6a) above the canopy top is 

characteristic of the aforementioned shear layer and is indicative of a mixing layer analogy 

containing coherent vortices (Raupach et al., 1996; Ghisalberti, 2002; Ghisalberti and Nepf, 

2004). Streamwise velocity profiles collapse almost entirely for the rigid canopy, representing 

consistency in the streamwise velocity attenuation across the range of 𝑅𝑒7 tested (Figure 3.6a). 

Streamwise velocities are attenuated to a greater degree within the flexible canopy than the rigid 

canopy at comparable 𝑅𝑒7, as indicated in §3.3.1, yet the attenuation magnitude is diminished at 

higher 𝑅𝑒7. This relationship is analysed in Figure 3.7a based on the change in streamwise 

velocity, ∆𝑈	 = ((𝑈- − 𝑈?) 𝑈-⁄ ), between the free stream (𝑈-) and within the canopy (𝑈?). The 
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flexible canopy ∆𝑈	ranged between 0.89 and 0.96, while the rigid canopy is near-constant with 

∆𝑈 between 0.75 and 0.76.  

The rigid canopies returned to free-stream flow at approximately 𝑧@ = 1.73, indicating the vertical 

extent of the shear layer above ℎ0 is largely unaffected by 𝑅𝑒7, yet this does not hold for the 

flexible canopy. The corresponding mixing layer thickness, 𝑡2A = z- − z?, remained near-

constant for the rigid canopy throughout all flow conditions (Figure 3.7b), featuring an 

asymmetrical vertical distribution with approximately one-third occupying below ℎ0, similarly to 

Ghisalberti and Nepf (2004). Alternatively, the flexible canopy experiences a decreasing 𝑡2A with 

increasing 𝑅𝑒7. Ghisalberti and Nepf (2002) found monami occurs when 𝑡2A/ℎ0 > 1.5-2.1 which 

is supported by this research, whereby 𝑡2A/ℎ0 ranges between 1.3 and 2.0, with the lowest ReH 

condition not initiating coherent waving representative of monami in the test section.  

 

Figure 3.7. (a) change in streamwise velocity between the free-stream and within the canopy; (b) normalised mixing 
layer thickness; (c, left axis) vortex penetration depth normalised by undeflected canopy height; (c, right axis) vortex 
penetration depth normalised by deflected canopy height, corresponding to the blue crosses with a rising trend. 

Elevated magnitude RSS and TKE occur around the canopy top (𝑧/ℎ0 	≈ 1), with the maximum 

RSS (Figure 3.6c) occurring close to the rigid canopy top (𝑧@ ≈ 1) but peaks slightly above the 

canopy top for the flexible canopy (𝑧@	≈ 1.2). Wilson et al. (2003) employed rods with flexible 

fronds and recorded a similar RSS maximum to occur above the canopy top, thus confirming the 

dependence on peak location varies with canopy flexibility. Given the maximum RSS 

occurs close to the canopy top (Yang and Choi, 2009; Chen et al., 2011) this elevation has been 

used to approximate the canopy height, which is beneficial in field environments where direct 

measurement of vegetation height may not be available (Le Bouteiller and Venditti, 2015; Cassan 

et al., 2015). Although, it is emphasised that this approach should only be used as an 

approximation given the variations recorded due to flexural rigidity. Additionally, a secondary 

peak recorded in RSS and TKE at 𝑧/ℎ0 = 0.5 for the flexible canopy at 𝑅𝑒7= 3.5 × 104 is believed 

to originate from isolated elevated turbulence measurements within the blade region. There is a 

need to measure the small-scale blade turbulence associated with canopies, but this is not covered 

within the scope of this study. 



Chapter 3. Canopy flexibility: unidirectional flow 

 

40 

The flexible canopy experiences a notably higher peak magnitude near the canopy top, with RSS 

up to an order of magnitude greater at comparable 𝑅𝑒7 (Figure 3.6). Increased stresses have 

previously been linked to the spatial and temporal turbulent fluctuations caused by the canopy 

motion (Yang and Choi, 2009). An opposing trend in peak turbulent stress magnitude occurs 

between the rigid and flexible canopies, whereby as 𝑅𝑒7 increases, the rigid canopy turbulent 

stresses (RSS and TKE) decrease, while increased stresses were recorded for the flexible canopy. 

This indicates that at higher 𝑅𝑒7 promotes turbulent fluctuations likely due to canopy motion and 

blade scale turbulence, while the static rigid canopy limits turbulent fluctuations at higher 𝑅𝑒7, 

potentially indicating a smoother boundary layer. 

The rate of decay below the RSS peak indicates the vortex penetration depth (𝛿!) into the canopy 

(Figure 3.7c), which is defined as the distance below ℎ0 whereby RSS decreases to 10% of the 

maximum (Nepf and Vivoni, 2000). The vortex penetration depth normalised by deflected canopy 

height (ℎ0) reveals an increase in vortex penetration towards the bed in the flexible canopy, 

ultimately due to the reduced canopy height, as shown on the right axis of Figure 3.7c. Ghisalberti 

and Nepf (2002) reported that canopy waving increases the penetration depth (normalised by ℎ0), 

whereby waving canopies express a weaker momentum sink than rigid counterparts. Although, 

Nepf and Ghisalberti (2008) reported no difference in dimensional δe versus waving and not 

waving canopies. Evaluation in real dimensional terms presents a smaller vortex penetration depth 

for the flexible canopy than the rigid canopy, revealing that the flexible canopy limits the depth 

penetration of stresses into a canopy. As such, careful interpretation of results is required when 

evaluating against previous studies normalised by ℎ0, as this results in an opposing relationship 

due to the canopy deflection (see Figure 3.7c) and can result in contradicting conclusions.  

Restricted penetration of coherent structures was recorded by Okamoto and Nezu (2009) within 

a flexible canopy devoid of the complex foliage morphology. This suggests that regardless of 

differences in vegetation morphology, canopy reconfiguration associated with flexibility plays a 

dominant role in reducing the recorded vertical penetration of stresses. However, Wilson et al. 

(2003) recorded a smaller penetration of turbulent stresses for rods with fronds (similar to flexible 

blades) than rods alone. They suggested that the presence of the fronds limited the momentum 

exchange between the canopy and overlying flow. This confirms the reduction of vortex 

penetration in flexible canopies and reveals that the stresses are prevented from extending towards 

the bed. Canopy-top turbulence modulates the vertical exchange of fluid between, within and 

above the canopy, and thus the movement of particulates and nutrients. The associated timescales 

and controls on water retention or hydraulic retention based on a predictive physical model 

canopy have been developed by Nepf et al. (2007), revealing longer retention occurs for denser 

canopies in association with a lower vortex penetration. Transfer of these findings to this study 
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suggests that flexible canopies express longer hydraulic retention than rigid canopies, thus 

limiting the vertical exchange processes.  

3.3.3. Quadrant analysis  

The Reynolds stress distribution is evaluated through quadrant analysis, enabling assessment 

turbulence direction and magnitude. The instantaneous streamwise (𝑢’) and vertical (𝑣’) velocity 

fluctuations define four quadrants: Q1 Outward Ejections (𝑢’	 > 0, 𝑣’ > 0), Q2 Ejections (𝑢’ <

0, 𝑣’ > 0), Q3 Inwards Interactions (𝑢’ < 0, 𝑣’ < 0), Q4 Sweeps (𝑢’	 > 0, 𝑣’ < 0). A hyperbolic 

hole threshold method was applied to exclude small magnitude fluctuations, whereby 

measurements were omitted if |𝑢’𝑣’| < 𝑀f𝑢′𝑣′'''''f for hole-side 𝑀 = 2 following previous studies 

(Lu and Willmarth, 1973; Bennett and Best, 1995; Hamed et al., 2017; Marjoribanks et al., 2017), 

where vertical bars denote the absolute value, and overbar indicates the time-averaged flow at 

that location. 

 

Figure 3.8. Quadrant analysis of instantaneous turbulent fluctuations evaluated (dark blue points), the excluded hole 
data is shown for entirety (light blue points) and the temporal mean of all instantaneous measurements (red cross) at 
𝑅𝑒& = 7.0 × 104

 for the rigid (a,b) and flexible (c,d) canopies. Point measurements locations correspond 𝑥 = 1.23 m, 
above the canopy (a,c) at 𝑧/ℎ' = 1.53 and at the canopy top (b,d) 𝑧/ℎ' = 1.0. 
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Table 3.2. Corresponding to Figure 3.8, and details the Percentage contributions events per quadrant (𝑄+,) and 
percentage contribution of Reynolds stress (𝑅𝑆,), whereby 𝑖 denotes the quadrant number. Underlined numbers indicate 
the largest values.   

Figure 
3.8 Ref. Run 𝑧/ℎ1 𝑄.9 𝑄.: 𝑄.C 𝑄.D 𝑅𝑆9 𝑅𝑆: 𝑅𝑆C 𝑅𝑆D 

Dominant 
Quadrant 

a R3 1.53 11 43 12 35 8 56 11 25 Sweep 

b R3 1.00 10 41 8 41 8 41 7 45 Ejection 

c F3 1.83 11 43 11 35 9 55 9 27 Sweep 

d F3 1.00 12 36 5 48 13 31 5 51 Ejection 

 

Instantaneous turbulent fluctuations at 𝑅𝑒7 = 7.0 × 104  are presented for the rigid (Figure 3.8ab) 

and flexible (Figure 3.8cd) canopies at two point locations within the FOV, indicated by white 

crosses in Figure 3.9. All point locations experience turbulent events within each quadrant, yet 

visual inspection alone shows variations in magnitude and distribution. The canopy top (Figure 

3.8b,d) features a dominance of sweep events in both the rigid and flexible canopy, 𝑅𝑆' = 45% 

and 51% respectively, revealing the flexible canopy experiences a higher magnitude of sweep 

events. Above the canopy top (Figure 3.8a,c), ejections are the most prevalent quadrant type for 

both the rigid and flexible canopy, 𝑅𝑆- = 56% and 55% respectively. At the canopy top, both 

canopies express similar proportions of  𝑅𝑆5 and  𝑄65 in all quadrants (Table 3.2: rows a and c), 

however, visual inspection of Figure 3.8a,c shows the normalised magnitude of events is notably 

larger in the flexible canopy. A dominance of sweep and ejection events has previously been 

linked to canopy mixing layer flows, suggesting the presence of coherent vortices (Raupach et 

al., 1996; Ghisalberti and Nepf, 2002b), and thus the possible existence of a mixing layer. Finally, 

inward and outward ejections encompass the minority of turbulence events, but there is a limited 

distinction between the dominance and magnitude above either canopy. 

To assess the spatial distribution of turbulence events throughout the canopy flow fields, the 

instantaneous turbulence fluctuations were temporally averaged at each point in the FOV. 

Specifically, the mean of all instantaneous points at one point location (i.e. the mean of all blue 

points in Figure 3.8a), defines the temporal average at that location in the flow field (i.e. as marked 

by the red cross in Figure 3.8a). This was conducted at all locations in the FOV, thus enabling the 

quadrant event distribution of time-averaged velocity fluctuations at each point in the flow field 

to be assessed as shown in Figure 3.9; no further hole threshold was applied, effectively 𝑀 = 0.  
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Figure 3.9. Quadrant events based on time-averaged velocity fluctuations in each FOV for the rigid canopy (a-c) and 
flexible (d-f) canopies at 𝑅𝑒& = 3.5 × 104, 7.0 × 104, and 1.1 × 105, respectively. White dashed line indicates ℎ',)*', 
and grey regions correspond to the explanation in Figure 3.5. White crosses correspond to the point measurement data 
presented in Figure 3.8.  

The existence of a sweep dominated (Q4) region is present at the rigid and flexible canopy tops 

and overlaid by an ejection dominated region (Figure 3.9). The rigid canopy expresses a 

comparable spatial distribution of turbulent events throughout the range of Reynolds numbers 

tested (Figure 3.9a-c). The flexible canopies F3 and F5 (Figure 3.9e,f) express an above canopy 

distribution of events comparable to the rigid canopies. The flexible canopy flow field captures 

the full vertical extent of the Q2 dominated region. Above this, a region of mixed turbulence 

events is recorded due to the lack of large-scale turbulence. It is noticeable that the presence of 

the flexible blades is associated with Q1 events, which are visible below the canopy top as clusters 

extending from the rigid stems (Figure 3.9d-f). This indicates that flow is primarily transferred 

upwards (vertically) and forwards (streamwise) when interacting with the vegetation. This Q1 

region is observed for Run F1 (Figure 3.9e) to disrupt the presence of a canopy-top Q4 dominated 

layer. The recorded turbulence events are highly mixed within the canopies, and a dominant 

turbulence domain is not easily identifiable, indicating smaller scale turbulence.  
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Figure 3.10. The ratio of the total contribution of sweep (Q4) and ejection (Q2) events throughout measurement 
duration, for the rigid canopy (a-c) and flexible (d-f) canopies at 𝑅𝑒& = 3.5 × 104, 7.0 × 104, and 1.1 × 105, respectively. 
Q4/Q2 > 1 indicates sweep dominated, while Q4/Q2 < 1 indicates ejection dominated. White dashed line indicates 
ℎ',)*', and grey regions correspond to the explanation in Figure 3.5. White crosses correspond to the point 
measurement locations detailed in Figure 3.8. 

The ratio between sweep and ejections (Q4/Q2) throughout the FOV reveals the rigid canopy is 

predominantly subject to sweep events below the canopy top for all 𝑅𝑒7 tested (Figure 3.10a-c). 

This compliments previous studies (Yue et al., 2007; Poggi et al., 2004), along with PIV 

measurements by Chen et al. (2013), however, this is not constant for the flexible canopy at higher 

Reynold numbers. Within the flexible canopies, an ejection dominated region occurs below the 

canopy-top shear layer. For the flexible canopy at the lowest 𝑅𝑒7 (Figure 3.10d), a transition to 

sweep dominated in the lower half of the canopy (𝑧/ℎ0 	< 0.5) occurs and is comparable to the 

rigid canopy processes. As 𝑅𝑒7 increases, the region within the flexible canopy remains ejection 

dominated (Figure 3.10ef). It is suggested that this occurs because the canopy deflection results 

in proximity of canopy-top processes closer to the bed, such that the sweep dominated region near 

the bed does to occur. Okamoto et al. (2016) previously confirmed that coherent structures do not 

extend into the lower canopy region when monami is present. Although to the author’s best 

knowledge, the sweep to ejection transition within canopy flows has not been previously noted. 

It is suggested that the upward motion of the blades, associated with the ejection at the rear of 

vortices, draws fluid up from within the canopy resulting in ejection events, while the deflected 

streamlining of blades prevents penetration of sweep events. 
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Figure 3.10 confirms the strongest sweep-dominated region is located surrounding ℎ0,2!0 	for all 

canopies. The flexible canopy experiences a higher proportion of sweep events at the canopy top 

than the rigid canopy, whereby at 𝑅𝑒7 = 7.0 × 104 the spatial mean of Q4/Q2 at 𝑧/ℎ0 	= 1, is 1.5 

and 1.2 respectively. These results are consistent with the findings of Nezu and Sanjou (2008), 

along with Marjoribanks et al. (2017) through numerical comparison of a highly flexible and 

semi-rigid canopy. The recorded relative increase in sweep contributions at the flexible canopy 

top eludes that processes differ due to canopy flexibility. The differences in sweep and ejection 

magnitude between the rigid and flexible canopies are likely due to fluid transfer at the canopy-

water interface. Bailey and Stoll (2016) previously suggested the canopy impedes a vortex ability 

to draw fluid form below, thus limiting the presence of ejections near the canopy top, while 

sweeps dominate due to ability to draw fluid from the unobstructed and higher momentum flow 

above. The deflection of blades increases the canopy-top blockage area, effectively increasing the 

canopy density, which has previously been shown to increase sweep dominance (Poggi et al., 

2004). In contrast, upright blades or a rigid canopy do not provide the same top-down area 

blockage and dissipation. It is suggested that the streamlining of the flexible canopy blades under 

sufficient flow result in the formation of effective barrier to the vertical dissipation of larger-scale 

turbulence into the canopy. Bailey and Stroll (2016) supported findings that sweeps were stronger 

at the canopy top but recorded a greater number of ejection events, however, they implemented a 

hole size of 𝑀 = 0, thus including analysis of low-energy turbulence. This emphasises that 

smaller-scale events in the canopy-top region are likely ejection driven and are disregarded when 

evaluating flow dynamics in conjunction with larger magnitude Q2 and Q4 events.  

The region above the sweep-dominated flow transitions into an ejection dominated zone, 

supporting the instantaneous point measurements shown in Figure 3.8. This ejection-dominated 

region alternates back towards a sweep-dominated layer higher in the water column for the 

flexible canopies (Figure 3.10d-f). Although as shown in Figure 3.9e-f, this region is not 

dominated by a single quadrant. This stratified layering of turbulent processes can be seen in 

Figure 3.10, notably for the flexible canopy (d-f), but the FOV within the rigid canopy did 

vertically extend far enough to capture the transition above the ejection dominated layer. 

3.3.4. Power-frequency spectral analysis 

The frequency of turbulence structures are evaluated using power-frequency spectral analysis of 

the streamwise velocity fluctuations (𝑢’), conducted using Welch periodogram method without 

overlapping windows, similarly to Marjoribanks et al. (2017). The frequency-energy spectra and 

associated power spectral density (𝜙) were calculated throughout the vertical from the bed to free 

stream at the centre of the field of view (𝑥 = 1.23m). A low pass filter with cut off frequency of 

10Hz was applied when calculating the 2D spectra in Figure 3.11, which presents the 
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compensated velocity power spectra normalised by the maximum, 𝑓𝜙∗ = 𝑓𝜙 [𝑓𝜙]234⁄ . 

Compensation of the velocity power spectrum enhances the higher frequency turbulence, 

revealing secondary motions (Jin and Chamorro, 2017) that illustrate the turbulence distribution 

throughout the frequency scale otherwise undistinguished within visualisation of non-

compensated 2D spectra. 

 

Figure 3.11. Compensated 2D spectra of streamwise velocity fluctuations at 𝑥 = 1.23 m for (a-c) rigid canopy runs R1, 
R3 and R5, and (d-f) flexible canopy runs F1, F3, F5. As labelled in (a) the horizontal dashed lines indicate the canopy 
top (ℎ'), and dotted lines indicate 𝑧- and 𝑧%. 

Within the rigid canopy (Figure 3.11a-c), a distinct vertical band of higher frequency turbulence 

is present from the bed to	𝑧? that increases in frequency with 𝑅𝑒7, which is absent within the 

flexible canopies. Poggi et al. (2004) recorded a double peak in rigid velocity spectra for within 

the canopy due to the dissipation of larger structures into stem wake scales, thus showing the in-

canopy region is dominated by wake scale processes. As such, the peaks recorded within this 

study are likely to be a product of vortex shedding from the rigid rods. This is evaluated based on 

the measured Strouhal Number 𝑆𝑡2 =	𝑓234,C𝑑C 𝑈?⁄ , whereby 𝑓234,C is the peak frequency at the 

elevation of interest, hereby sampled at 𝑧? 2⁄  (𝑧 = 0.05 m). At this location 𝑆𝑡2 ≈ 0.19-0.20 (Table 

3.3) for all runs, which matches the predicted Strouhal number associated with vortex shedding 

for a rigid cylinder of 0.19-0.20 at comparable Reynolds numbers (Norberg, 1994, 2001). Thus, 

confirming the higher frequency turbulence recorded in the rigid canopy represent vortex 
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shedding from the rigid stems, subsequently introducing higher frequency turbulence structures 

that are not present within a flexible canopy. The distinction of stem generated turbulence is less 

distinct between 𝑧? and ℎ0 despite the presence of the rigid rods, indicating that mixing layer 

turbulence penetrates into the canopy and interrupts the stem generated turbulence. 

A region of lower frequency turbulence (< 1 Hz) extends above the rigid canopies between 𝑧?	and 

𝑧-	and corresponds to the previously identified mixing layer region (§3.3.2), with the highest 

magnitude frequencies focused at ℎ0 	 = 1.1 (Figure 3.11a-c). Peak frequencies are also present at 

the flexible canopy top covering a vertical zone comparable to the mixing layer thickness, but do 

not extend fully to the vertical upper limit 𝑧-. The largest magnitude frequencies associated with 

the flexible canopies occupy the region below the canopy top between ℎ0 and 𝑧? at higher 

Reynolds number (F3 and F5), which corresponds to location experiencing canopy height 

variation due to canopy motion. This region between ℎ0 and 𝑧? is accompanied by a band of 

increased magnitude turbulence comprising of higher frequencies into upper limit of signal 

processing frequency of 10hz (Figure 3.11c,f). The higher frequencies correspond to flexible 

blade waving and subsequently reveal the generation of higher frequency blade scale vortex 

shedding or the dissipation of larger vortices into smaller structures.  

Turbulence frequencies associated within the mixing layer region are further evaluated in Figure 

3.12 based on power spectra derived from the spatial average of spectra at each elevation 

throughout the shear layer (𝑧?	to	𝑧-). Spectra from each of the three individual repeat acquisition 

sets are presented in Figure 3.12, along with the mean of the spectra derived from the three 

measurement sets. Firstly, spectra within the shear layer above both canopies present a slope 

consistent with the traditional Kolmogorov -5/3 rate of decay (Figure 3.12), indicating the 

fulfilment of isotropic turbulence in the internal subrange.  
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Figure 3.12. Power spectra of streamwise velocity fluctuations (𝑢′) spatially averaged between 𝑧-and 𝑧% for each of 
the three repeat acquisition sets, along with the combined average of all sets. (a-c) rigid canopy runs R1, R3 and R5, 
and (d-f) flexible canopy runs F1, F3, F5. The dotted vertical line indicates the predicted theoretical Kelvin-Helmholtz 
frequency (𝑓.&). 

Frequency spectra support the definition of canopy related turbulent processes, whereby previous 

research has recorded agreement between the measured peak frequency of streamwise velocity 

fluctuations above the canopy, and the predicted theoretical Kelvin-Helmholtz (KH) vortex 

frequency, thus indicating the presence of a mixing layer (Ghisalberti, 2002; Okamoto and Nezu, 

2009; Okamoto et al., 2016; Marjoribanks et al., 2017). The peak spectral frequency associated 

with the shear layer above the canopy obtained from mean spectra in Figure 3.12 is detailed in 

Table 3.3. These values are provided in comparison to the predicted theoretical Kelvin Helmholtz 

vortex frequency (𝑓D7): 

 
𝑓D7 =	𝑆𝑡6
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(3.3) 

whereby 𝜃 is the momentum thickness associated with the mixing layer, and 𝑆𝑡6 = 𝑓𝜃 𝑈l⁄ =

0.032  corresponds to the natural frequency of unforced mixing layers (Ho and Huerre, 1984). It 

should be noted the assumed value 𝑆𝑡6 = 0.032 can vary by up to 5% depending on the velocity 

ratio 𝑅 = ∆𝑈 2𝑈l⁄ , (whereby, ∆𝑈	 = ((𝑈- − 𝑈?) 𝑈-⁄ ) , and 𝑈l =	𝑈- − 𝑈?) when 0 < 𝑅 > 1.  
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Table 3.3. Spectral analysis results and corresponding predicted properties.  

Run 𝑆𝑡2 𝑅 𝑓6 𝑓234 𝑓D7 Δ𝑓 
F1 - 0.92 0.337 0.208 0.168 21 

F3 - 0.87 0.337 0.134 0.358 91 

F5 - 0.80 0.337 0.366 0.540 38 

R1 0.198 0.62 NR 0.147 0.240 48 

R3 0.194 0.62 NR 0.518 0.500 4 

R5 0.204 0.60 NR 0.879 0.739 17 
𝑆𝑡) = measured Strouhal Number. 𝑅 = velocity ratio between the above canopy and in-canopy streamwise velocities. 
𝑓+ = predicted blade natural resonance frequency [Hz]. 𝑓)/0 = recorded mean peak spectral frequency as per Figure 
3.12 [Hz]. ∆𝑓 denotes the absolute percentage difference between 𝑓.& and 𝑓)/0 [%].  
 

The peak spectral frequency derived from the mean spectra of all three acquisition sets (𝑓234) as 

per Figure 3.12 is detailed in comparison to 𝑓D7 in Table 3.3. along with the absolute percentage 

difference, ∆𝑓, between 𝑓234 and 𝑓D7.  

The measured peak frequencies are proximal to the predicted KH frequency, where ∆𝑓 ranges 

between 4 and 48% with the exclusion of Run F3 (Table 3.3). Run F3 𝑓234 (Figure 3.12e) is 

notably lower than 𝑓D7 and is suggested to occur due to the limited power peak at 𝑓D7 and thus 

the extension of lower frequency signals due to edge effects during spectral transform processes. 

The proximity between 𝑓234 and 𝑓D7 in the remaining runs suggest that KH vortices are present 

above the canopy, thus validating a mixing layer definition.  

The justification for the slight differences the between the 𝑓234 and 𝑓D7 is evaluated herein. 

Firstly, given that 𝑆𝑡6 = 0.032 is only valid for parallel unforced flows, the canopies may 

introduce sufficient additional forcing, notably regarding the flexible canopy motion, that the 

assumption of 𝑆𝑡6 = 0.032 may no longer be valid. Mandel et al. (2019) recorded an average of 

𝑆𝑡6 = 0.064 at the water surface above a rigid canopy, thus indicating deviation from 𝑆𝑡6 = 0.032 

provides a credible source of explanation for the difference experienced between predicted and 

measured frequencies. 

Furthermore, it is known that as Reynolds numbers increases, KH instabilities are accompanied 

by additional small-scale turbulent structures (see Figure 20 in Brown and Roshko, 1974) which 

can hamper the detection of larger instantaneous structures due to their coevolution (Bailey and 

Stoll, 2016). The presence of additional frequency scales due to the aforementioned blade scale 

vortex structures can limit the detection and presence of a dominant spectral peak corresponding 

with 𝑓D7. Several spectral peaks are recorded surrounding 𝑓D7 	in F5 (Figure 3.12f) for the 

separate acquisition sets, as such, given the acquisition duration, the mean spectral peak does not 

always correspond directly to the possible presence of KH vortices.  
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It is recorded that for F5 there is close agreement (8% difference) between 𝑓234 (0.366 Hz) and 

the natural resonance frequency of the flexible blades (𝑓6 = 0.337 Hz): 

 𝑓6 = 𝐶6u𝐸𝐼 𝑙+
' v𝜌#𝑤+𝑡+ + 𝜌*𝐶E(𝜋𝑏- 4⁄ )xy  (3.4) 

whereby the constant 𝐶6	= 0.56 and the added mass coefficient 𝐶E is assumed to be unity (Luhar 

and Nepf, 2016). As such, it is suggested that the turbulent fluctuations presented by multiple 

peaks in Figure 3.12f indicate that the blades were oscillating at their natural frequency, while 

accompanied by signals corresponding to 𝑓D7. This indicates that the canopy may have alternated 

between oscillating at the blade natural frequency and yet KH vortices may also have been 

present. O’Connor and Revell (2019) concluded that canopy motion is a coupled response 

between the fluid and structure (vegetation blade) properties. As presented in F5, a lower structure 

natural frequency than the fluid frequency led flapping motions of the canopy. Future direct 

tracking of the blade movement is required to validate these dynamics.   

Assessment of the spectra obtained for each separate repeated data acquisition set is displayed by 

coloured lines in Figure 3.12, revealing that peak frequencies corresponding to 𝑓D7 occur in some 

sets but not others. Spectra of R1 presents a peak in spectra close to 𝑓D7 for the acquisition Set 2, 

while for other sets the peak frequencies occur either side of 𝑓D7. A distinct peak in R3 spectra is 

proximal to 𝑓D7 (Δ𝑓 = 4%) and is present in acquisition Set 1 and Set 3, while a peak is not present 

within Set 2. Peaks in R5 occur in all sets with slightly higher frequency than 𝑓D7 (Δ𝑓 = 17%), 

yet a second lower frequency peak is present near 0.34 Hz for Set 1. 

Similarly, Set 1 of the flexible canopy F5 presents a peak at 0.586 Hz, accompanied by a lower 

frequency very close to 𝑓234 (0.540 Hz). The less defined agreement of peak in spectra between 

acquisition sets in F5 compare to R5 indicates the turbulence frequency associated with the 

flexible canopy is less consistent and expresses a wider range of frequencies. Ultimately, peak 

spectra corresponding to predicted KH frequencies occurred during some of the acquisition 

periods but not others, therefore, the averaged spectra overall sets do not always produce a 

dominant frequency linked to KH. This suggests that over the relatively short acquisition 

durations applied in this study, the presence of KH vortices may not always be present and are 

temporally intermittent.  
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3.3.5. Wavelet analysis 

To decompose the temporal evolution of streamwise turbulent fluctuations (𝑢’), the frequency 

spectra is evaluated using Morlet wavelet analysis. This technique offers the benefit over Fourier 

transformation, as the signal decomposition into time-frequency space enables assessment of the 

previously determined peak frequencies and possible variation throughout time. 

 

Figure 3.13. Wavelet analysis for acquisition Set 1 within the (a,c) rigid (R5) and (b,d) flexible (F5) canopy at 𝑅𝑒& = 
1.1 × 105. Data is spatially averaged (a,b) through the canopy mixing layer (𝑧-	to	𝑧%) and (b,d) from the bed to 𝑧-. White 
dashed (--) lines indicate the cone of influence, whereby results may be distorted due to boundary effects. A horizontal 
dotted (..) line indicates	𝑓.&. 
 

Wavelet results for acquisition Set 1 of Runs R5 and F5 are examined to determine the temporal 

properties of turbulent fluctuations based on spatially averaging the spectra throughout the canopy 

mixing layer (𝑧?	to	𝑧-; Figure 3.13ab) and inside the canopy below the mixing layer (𝑧 = 0 to 𝑧?; 

Figure 3.13c,d).  

It is evident that the magnitude of peak frequencies is not constant throughout the time duration. 

The peak frequencies within the rigid canopy mixing layer (Figure 3.13a) include higher 

frequency signals corresponding to the previously identified stem wake vortices, while the highest 

magnitude signal occurs within the region close to 𝑓D7. A weaker magnitude signal matching 𝑓D7 

is present within the rigid canopy below 𝑧? (Figure 3.13c) and is attributed to the intrusion of the 

coherent vortex presence into the canopy below ℎ0. The largest magnitude peaks within the rigid 

canopy correspond with vortex shedding from the rigid rods.  

The flexible canopy wavelet series (Figure 3.13b) presents a peak corresponding to 𝑓D7 within 

the mixing layer between 0-7 seconds, which then merges with a lower frequency signal and is 

no longer present in the proceeding time duration of the series. The corresponding process 

associated with the lower frequency peak remains unclear. The frequency within the flexible 
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canopy (Figure 3.13d) partially resembles the signal durations related to the mixing layer at the 

canopy top, but with a weaker magnitude. Interestingly, a peak frequency close to 𝑓D7 occurs 

within the canopy between 7-11 seconds, and is present far into the canopy, yet this signal is not 

detected within the mixing layer. 

The correspondence with 𝑓D7 for a limited duration of the series confirms that KH vortices occur 

within the suggested mixing layer, but the presence of KH vortices is temporally intermittent. 

Through additional evaluation of all acquisition sets (not presented), KH vortices are confirmed 

to be quasiperiodic. It is evident that averaging flow data reveals a primary frequency 

corresponding to KH, yet shorter or instantaneous temporal evaluation reveals additional detail 

not captured in averaged data, thus emphasising the importance of evaluating the instantaneous 

timescales to fully assess the temporal complexity turbulence processes. 

Sukhodolov and Sukhodolova (2012) noted quasiperiodic signals withing the streamwise velocity 

signal in a flexible canopy mixing layer during an experimental field study. Similarly, numerical 

modelling implemented by Marjoribanks et al. (2017) recorded that KH frequency signals were 

not always present within the mixing layer throughout a measurement period associated with both 

semi-rigid and flexible canopies. Broader research has shown variability in the periodicity of 

canopy-top turbulence and has previously been detailed in terrestrial canopies whereby three or 

four eddies were recorded to occur as a group (Finnigan, 1979, 2000). This holds comparability 

to the results presented, whereby a cluster of distinguishable turbulent events occurred, followed 

by absent periods. The observed unsteady temporal intermittency of vortices poses further 

difficulty in defining the periodicity and spatial properties of monami. It is suggested that the 

presence of the flexible blades initiate the dissipation of larger-scale turbulent structures into 

smaller-scale turbulence at the canopy top, which in turn alter the frequency of canopy-top 

turbulence over relatively short time scales (several monami periods). At the same time, the 

additional production of vortices from canopy blades is expected to additionally modulate the 

canopy motion (Jin et al., 2018). Unpicking the causality of the observed mixing layer periodicity 

within this study remains an area requiring further investigation, but it is suggested to focus on 

the ability of a canopy to absorb momentum associated to temporally varying drag of the flexible 

canopy and the porous nature of the rigid canopy top. 

Considering the applications of these findings, it is fundamental to recognise that KH vortices 

may not be continually present above the canopy, as this will result in overestimation of 

momentum transport into canopies when assessing canopy flows based on time-averaged data 

alone. The momentum transport is likely to be less, as large coherent vortices are shown to not 

always be present above canopies.  
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3.3.6. Vortex identification: Galilean decomposition 

Instantaneous flow fields provide visualisation and spatial evaluation of turbulent flow structures 

throughout the canopy. Visual identification of vortex cores are revealed using Galilean 

Decomposition (Figure 3.14). A constant convention velocity (𝑈.) is subtracted from the 

instantaneous flow field, as detailed by Adrian et al. (2000). 𝑈. is defined as the mean streamwise 

velocity throughout the entire instantaneous flow field, which is multiplied by a constant scaling 

factor commonly ranging between 0.5 and 1 to adjust the size of vortex revealed.  

 

Figure 3.14. Galilean Decomposition for (a) R5 (b) F5, with a scaling factor of 0.75. Vectors indicate 𝑢’ and v’ velocity 
fluctuations, and contour shades represent the normalised streamwise velocity fluctuations. Grey regions are not 
analysed. Black lines in (b) indicate flexible canopy blades, and the dashed black ovals indicate the presence of vortices 
at the canopy top. 

Vortex structures are revealed above both the rigid and flexible canopies, with Figure 3.14 

illustrating examples at 𝑅𝑒7 	= 1.1 × 105. The visual confirmation of large-scale structures 

supports the presence of flow representative of a mixing layer containing coherent turbulence 

structures. Vortices above both canopies express clockwise rotation, with positive streamwise 

velocity fluctuations at the vortex top. Above the rigid canopy in Figure 3.14a the vortex identified 

at 𝑥 = 1.23 m penetrates into the canopy, and would alternatively correspond to depressions of 

the flexible canopy and did not penetrate below the canopy-water interface. The vortices express 

a more elliptical shape above the flexible canopy, in comparison to circular structures associated 

with the rigid canopy. Further decomposition techniques are required to quantify the coherent 

vortex structures.  

Smaller-scale structures are also visible in the stem wake region of the rigid canopy (Figure 

3.14a), visually confirming smaller scale vortex shedding from the rigid rods, while no stem 

induced vortex structures are identified within the flexible canopy.   
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3.3.7. Instantaneous Vortex Evolution 

 
Figure 3.15. The upper panel represents a time series of instantaneous FOV snapshots, containing 𝑢’ contours overlaid 
with 𝑢’𝑣’	vectors for F5. Black outlines denote the canopy. Lower panel (a-f) shows a continuous time series of 𝑢’, 𝑣’ 
and 𝑢’𝑣′ above the canopy (a-c) at 𝑧/ℎ𝑑 = 1.3 (z = 0.055m) and within the canopy (d-f) at 𝑧/ℎ𝑑  = 0.4 (z = 0.017m) at 
𝑥 = 1.23 m, such that the red lines correspond to the 5 FOV snapshots in the upper panel. 

A three-second time-series of instantaneous flow fields during F5 acquisition Set 1 are presented 

in the upper panel of Figure 3.15, detailing a period where the vortex evolution and presence is 

temporally periodic and relatable to monami. This data corresponds with the wavelet data 

previously presented in Figure 3.13(b,d). Coherent turbulence structures are present and identified 

by three sweep events (𝑡 = 4.25 s, 5.91 s, 7.3 s) and two ejection events (𝑡 = 5.28 s, 6.46 s); an 

animated time series of the full acquisition set (1) is available in supplementary material “S-F5-

Movie”. The timesteps between each snapshot presented in the upper panel of Figure 3.15 (sweep 

to sweep, ejection to ejection) were manually selected whereby vortex appears in the centre of the 

FOV, and reveal a mean period of 1.41s ± 0.24 (1 S.D.), which is close to 𝑓D7 (0.54 Hz; 1.85 s) 

as per §3.3.4. The canopy experiences a depression of the blades and reduction of canopy height 

in correspondence with the sweep events, forcing the blades closer to the bed, followed by upward 

motion during ejection events. This waving motion of the canopy is comparable to previously 

reported monami processes. Although coherent vortices are identified during this time-series, it 

is revealed that the canopy oscillation amplitude and frequency express slight variations 

throughout the measurement duration. Not all events are of the same magnitude, with the ejection 

at 𝑡 = 5.28 s expressing a weaker intensity of velocity fluctuations, which is detailed through 
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assessment of the velocity and turbulence time series presented in Figure 3.15a-f. The red lines 

in Figure 3.15(a,d) correspond to the snapshots and indicate alternating 𝑢’ recordings above and 

within the canopy, such that positive fluctuations above the canopy (𝑧/ℎ0  = 1.3) corresponds to 

negative fluctuations within the canopy (𝑧/ℎ0 	 = 0.4), and vice versa. Above the canopy, the 

sweep events correspond to a rise in 𝑢’ and a fall in 𝑣’ (Figure 3.15ab), while ejection events 

express the opposite trends (Figure 3.15de). The Reynolds stress peaked with each event, yet the 

weak ejection event at 𝑡 = 5.28s expresses a notably lower magnitude (Figure 3.15c,f). The 

behaviour within the canopy is less clear, suggesting a lag in processes between the two regions.  

The timesteps proceeding those of Figure 3.15 did not express the same periodicity of canopy 

oscillation and corresponding prevalent turbulent fluctuations (see supplementary material “S-

F5-Movie”). Irregularity in processes is recorded, whereby canopy oscillations and flow 

processes vary in magnitude and frequency, in agreement with wavelet data presented in §3.3.5, 

coherent vortices are not continuously present above the flexible canopies throughout the full 

measurement duration, affirming the quasiperiodic nature of mixing layer turbulence.  

 

Figure 3.16. Illustration of blade separation and associated turbulent fluctuation during out of phase canopy oscillation 
and vortex passage during F3. 

Figure 3.16 illustrates that in some instances the canopy blade reconfiguration can occurs out of 

phase with vortex evolution over the canopy top, such that the canopy blades are not deflected in 

unison to cause a depression of the canopy when exposed to positive streamwise velocity 

fluctuations. Instead, the blades are separated or fragmented and occupy the region of positive 

turbulence at the canopy top, in contrast to being deflected as an adjoined streamlined group, as 

shown in Figure 3.15. It is visible that the canopy remains an effective barrier, preventing the 

penetration of stresses entirely to the bed, but results in higher magnitude turbulence at the canopy 

top. It is suggested that this may correspond to a time point when the KH vortex evolution does 
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not dominate the blade oscillation frequency, but a product influenced by the blade natural 

frequency, or modulated by vortices shed from the blades. 

3.4. Concluding Remarks 

The principal flow dynamics, identified with rigid and flexible canopies and similarities and 

disparities, are represented in Figure 3.17. 

 

Figure 3.17. Schematic summary of flow processes associated with (a) rigid canopy and (b) flexible canopy based on 
𝑅𝑒& = 1.0 × 105. 

This research validates and advances previous research on the turbulent processes associated with 

a dynamically scaled canopy representative of natural seagrass vegetation. Streamwise velocities 

are attenuated within both the rigid and flexible canopies, resulting in an inflection point 

indicative of a mixing layer, which was stronger for the flexible canopy. The mixing layer type 

flow is confirmed through agreement between the frequency of turbulent fluctuations above the 

canopy and the predicted theoretical Kelvin-Helmholtz frequency. Further confirmation is 

provided by the dominance of sweep and ejection turbulence events, and the visual identification 

of coherent vortices at the canopy top through flow decomposition.  

Positive turbulence fluctuations at the canopy top and corresponding sweep events are shown to 

depress the flexible canopy blades, such that stresses occurred closer to the bed, yet the complex 

blade morphology results in the dissipation of larger-scale turbulence at the canopy top. It was 

recorded that in some instances that the blades can become out of phase and are not depressed 
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during the vortex passage over the canopy. Fundamentally, vortex structures differed form a 

classical plane mixing layer, and were recorded to be quasiperiodic. This highlights an embedded 

intermittent periodicity of turbulent processes that are not fully captured in time-averaged results. 

Subsequently, during periods where KH vortices are absent at the canopy top, the degree of 

mixing is expected to be lower, which is not accounted for when assuming KH frequency is 

continually present as indicated time-averaged data. Therefore, applying averaged datasets to the 

interpretation of particulate and nutrient mixing may result in an overestimation. 

Additional localised peaks in turbulence occur within the region occupied by the flexible blade 

groupings and corresponded to Q1 turbulent quadrant events. The rigid canopy expresses vortex 

shedding in connection to the rigid canopy rods. Elevated RSS and TKE occur at the top of both 

canopies, but the magnitude associated with the flexible canopy is greater, and the peaks occur 

higher above the canopy top. This is linked to the vertical blade movement and increased 

magnitude of all quadrant turbulent events and sweep events were more frequent at higher 

Reynolds numbers. Interestingly, with an increasing Reynolds number, the magnitude of peak 

RSS increases for the flexible canopy but decreases for the rigid canopy. Thus, indicating that the 

frictional forces at the canopy top may be reduced above the rigid canopy at higher flow 

conditions likely attributed to streamlining of the flow, yet the opposite occurs for the flexible 

canopy in association with canopy waving and additional turbulence scales attributed to the 

blades.  

Vortices at the canopy top do not penetrate as far into the flexible canopy as the rigid canopy, 

indicating a depth limitation phenomenon. This is suggested to correspond with the overlapping 

of deflected blades resulting in a streamlining effect and creating a somewhat impermeable 

interface. This is evidenced through turbulent quadrant analysis, whereby sweeps dominated the 

top of both canopies, and within the rigid canopy, but not to penetrate deep within the flexible 

canopy. Alternatively, the flexible canopies are ejection dominated below the canopy top, which 

is suggested to occur due to the fluid being drawn up from within the canopy during the passing 

of ejection events at the canopy top. While the deflection of blades during the evolution of sweep 

events prevents penetration of sweeps into the canopy, which is seen in the rigid canopy. The 

depth limitation of stresses will ultimately reduce mixing and a longer hydraulic retention time 

within the flexible canopy, fundamental to biological processes, including nutrient and particulate 

exchange between the canopy and open flow above. Furthermore, it is proposed that the depth 

limitation of stresses will provide greater bed protection. These protective processes are not 

present within the rigid canopy, consideration should be taken when applying data obtained from 

a rigid canopy to broader numerical modelling applications.  

There remains a need to obtain longer duration datasets at a high temporal frequency in order to 

further evaluate the observed quasiperiodic nature of vortex structures at the top of canopies, 
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which would be further aided through the acquisition of three-dimensional velocity fields. 

Furthermore, assessment of near-bed processes, including quantification of bed shear stress, and 

physical sediment dynamics is required. Finally, direct comparisons between artificial vegetation 

used in this study, and natural vegetation will benefit the validation of experimental research 

presented here. 
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Chapter 4.  
 
Influence of varying canopy flexibility on 
wave induced mean currents, canopy 
motion, and turbulence 

Abstract 

Coastal aquatic vegetation characteristics vary spatially and temporally and modify local flow 

conditions, in turn modulating sediment mobility and impacting overall coastal morphodynamics 

and stability. Herein vegetation canopies with varying degrees of blade flexural rigidity are 

systematically evaluated to determine the relative influence on wave-induced mean currents, 

blade motion, and canopy turbulence. Laboratory experiments are conducted involving 

progressive surface waves over submerged surrogate seagrass canopies spanning four flexural 

rigidities, with Cauchy number 𝐶𝑎 ∈ [1, 3330] for two canopy stem densities. Three regular wave 

conditions were tested with 𝐻 = 0.18 m, 𝑇 = 1.6 s; 𝐻 = 0.09 m, 𝑇 = 1.6 s; and 𝐻 = 0.18 m, 𝑇 = 

1.1 s. Laser Doppler anemometry (LDA) was used to measure horizontal and vertical velocities 

above and within the canopies, along with measurements of water surface elevations using 

resistance type wave gauges. The influence of varying canopy flexural rigidity is found to alter 

the magnitude and vertical distribution canopy generated mean currents. Canopy motion was 

found to change non-linearly with mean currents, and offshore (into wave) canopy deflection is 

recorded due to overlying negative mean currents above the canopy. Fundamentally, a more 

flexible canopy is found to: (1) introduce regions of high-intensity turbulence due to blade scale 

processes, (2) reduce canopy-top mean currents at a non-linear rate, (3) promote canopy 

reconfiguration under sufficient wave forcing, (4) increase bed shear stress in dense canopies, and 

(5) decreases the magnitude of wave velocity attenuation in the near-bed region. Alignment with 
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the model proposed by Luhar (2020) confirms that mean currents are shown to be most accurately 

predicted based on Eulerian principles, which is improved through incorporation of measured 

bulk drag coefficients. The canopy stem density and wave properties are shown to be fundamental 

to the hydrodynamics, and under some conditions more influential than the canopy flexibility. 

Results are contextualised in terms of sediment dynamics and mixing processes.  

4.1. Introduction 

Seagrass canopies are global assets that support coastal protection, biodiversity, and carbon 

storage (Short et al., 2007; Barbier et al., 2011), and have recently been linked to microplastic 

trapping (Huang et al., 2020). Aquatic vegetation canopy processes are controlled by the 

relationship between the hydrodynamic forcing and the response associated with vegetation 

properties and characteristics. The geometric and biomechanical properties of seagrass vary 

naturally between species, environmental settings, and plant health status (La Nafie et al., 2012; 

Albayrak et al., 2013; de los Santos et al., 2016; Paul and de los Santos, 2019). Experimental 

research has implemented artificial surrogates to evaluated the effect of various vegetation 

properties on hydrodynamics, hence providing control of individual properties and alleviating 

challenges associated with maintaining plant health in laboratory conditions (Johnson et al., 

2014). Canopy hydrodynamics differ due to canopy submergence ratio (Manca et al., 2012), stem 

density and geometry (Liu et al., 2008; Chen et al., 2011), yet there remains a requirement to 

systematically assess the role of varying vegetation flexural rigidity under wave forcing.  

 

Figure 4.1. Flexible blade motion relative to wave (𝑈1) and current (𝑈2) velocity components, and the ratio of blade 
length to wave orbital motion (𝐿, defined in Table 4.3) for large Cauchy numbers (equation (4.2) in §4.2.1). Figure 
source: Gosselin (2019), based on Lei and Nepf (2019a). 

Wave-dominated canopies commonly induce a vertical discontinuity in the horizontal velocity 

profile, producing a shear layer at the canopy top (Hansen and Reidenbach, 2017) that 

corresponds to a mean shoreward current (Luhar et al., 2010; Abdolahpour et al., 2017; van 
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Rooijen et al., 2020; van Veelen et al., 2020). In contrast, Luhar et al. (2010) and Luhar and Nepf 

(2013) recorded a mean current within the canopy as opposed to at the canopy top in both flume 

and field studies, which is thought to likely depend on the canopy height. Prediction of flexible 

canopy mean currents and their distribution throughout the canopy vertical remain limited (Luhar 

et al., 2010; Abdolahpour et al., 2017; van Rooijen et al., 2020), and the detailed  influence of 

canopy flexibility requires further assessment. The combined influence of wave oscillations and 

mean currents can deflect flexible blades, reduce mean canopy height, and is fundamental to 

biological processes including photosynthesis (Koehl and Alberte, 1988), in turn further 

modifying the hydrodynamic processes. The magnitude of reconfiguration is a function of the 

blade restoring forces (stiffness and buoyancy) and the hydrodynamic forcing, commonly defined 

by the Cauchy number (𝐶𝑎) (defined in §4.2.1). Leclercq and De Langre (2018) classified flexible 

blade motion based on the ratio of wave frequency to the natural blade frequency, further 

validated by Jacobsen et al. (2019). Canopy deflection ultimately decreases the drag imposed by 

the canopy due to a reduction in the frontal area and streamlining of the blades (Koehl, 1984; 

Vogel, 1994; Gosselin et al., 2010; Luhar and Nepf, 2011). Lei and Nepf (2019a) evaluated blade 

motion under various wave and current conditions, as summarised in Figure 4.1 (Gosselin, 2019). 

Simplistically, current dominated flow results in primary pronation in the direction of wave 

propagation, while weaker currents allow the oscillatory flow component to vary the vegetation 

blade position. Blade deflection can also occur due to a difference in phase between the blade 

motions and wave forcing (Mullarney and Henderson, 2010; Niels G. Jacobsen et al., 2019), or 

due to the vertical velocity component contributions (Gijón Mancheño, 2016; Zhu, Zou, et al., 

2020). 

 

Figure 4.2. Schematic of flexible blade motion throughout the wave cycle. Source: Dobken (2015). 

The posture of flexible canopy blades varies in height and shape throughout a wave cycle, as 

summarised in Figure 4.2 (Dobken, 2015), with a maximum deflection at the wave trough, and 

maximum vertical extension during the horizontal velocity increase before the wave crest (Luhar 

et al., 2010, 2017; Gijón Mancheño, 2016). The varying motion of canopy blades throughout the 

wave cycle can result in additional small-scale turbulence production. Luhar and Nepf (2016) 
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reported a transition between force dominated and stiffness dominated conditions throughout the 

wave cycle, resulting in unsteady flexible blade behaviour. During this transition, the blade 

rapidly moves in an upstream direction described as a ‘springing back’ motion, accompanied by 

a vortex shedding from the blade, resulting in increased drag for this short period. Flapping 

motions of flexible structures have been attributed to mechanical properties including flexural 

rigidity (Zhang et al., 2000), along with the presence of flow instabilities due to fluttering and 

twisting motions (Jin et al., 2019). Rominger and Nepf (2014) evaluated individual scaled 

surrogate kelp blades in unidirectional flow, and found that higher flexural rigidity resulted in 

higher mass flux due to increased blade fluttering. As such, the flexural rigidity of a vegetation 

canopy is expected to alter the blade scale vortex production and mean turbulence processes, 

which are otherwise not captured within rigid canopies. Previous investigation of flexible 

canopies has predominantly involved a binary comparison between flexible and rigid canopies, 

limiting the full representation of blade motion and associated turbulence. Furthermore, only 

some studies employ scaled artificial flexible vegetation to represent a chosen natural vegetation 

prototype, restricting the comparability of findings to physical environments.  

The comparison between rigid and flexible canopies in unidirectional flow has revealed that 

flexible canopy motion increases turbulence penetration depth into the canopy (Ghisalberti and 

Nepf, 2002a) and in-canopy velocities (Ghisalberti and Nepf, 2009b), yet weakens vortices above 

the canopy (Nepf and Ghisalberti, 2008; Toloui et al., 2019). Similar observations were made 

under wave forcing by Abdolahpour et al. (2018), whereby in comparison to a rigid canopy a 

flexible canopy resulted in: higher in-canopy velocities, enhanced near-bed turbulence, and 

reduced vertical mixing. When compared to an unvegetated bed, Pujol et al. (2013) reported that 

a rigid canopy increased near-bed turbulent kinetic energy (TKE); whereas that TKE can be 

reduced in the flexible canopy compared to an unvegetated bed due to energy dissipation 

associated with blade movement. The reduction in bed shear stress within a seagrass canopy 

compared to an unvegetated bed is supported by field data (Hansen and Reidenbach, 2013). Ros 

et al. (2014b) found near-bed turbulence in rigid canopies to reduce for higher stem densities and 

wave frequencies. As such, the contrasting increase in near-bed turbulence reported by 

Abdolahpour et al. (2018) likely occurred due to the canopy-top shear layer occurring in the near-

bed region due to canopy deflection, along with the respective wave properties and canopy stem 

density. Zhang et al. (2018) evaluated wave orbital excursion (𝐴$) in terms of stem spacing (𝑆) 

and concluded that turbulence near the bed of a flexible canopy increased when 𝐴$/𝑆 > 0.5, and 

was greater in the blade region than the lower stem region. These alterations highlight that 

fundamental changes in processes are present when canopy flexibility and blade morphology are 

incorporated. Systematic assessment of canopy flexural rigidity and associated hydrodynamics 

remains limited, although it has been documented that an increase in flexibility reduces drag force 

due to enhanced reconfiguration (Albayrak et al., 2012; Houser et al., 2015b). Paul et al. (2016) 
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concluded that drag force increases with orbital velocity, yet blade flexibility was found to 

primarily determine drag force due to reconfiguration, as blades with greater flexibility expressed 

an increased oscillation amplitude and relative velocity. Zhang et al. (2018) suggested vegetation 

with stiffer blades would correspond to greater TKE, yet this was not validated. 

Summarisation of present studies identifies vegetation flexibility, which varies naturally, as a first 

order control on canopy hydrodynamics. Although, there remains a knowledge gap concerning 

the influence of the varying degree of vegetation canopy flexibly on the distribution of mean 

currents within and above canopies, and the influence on near-bed turbulent processes. As such, 

there is a need to fully quantify the influence of seagrass flexural rigidity on the wave 

hydrodynamics to further understand the associated interactions with other coastal processes, and 

thus support the growing interest in nature-based coastal defences.  

This study employs an experimental approach to quantify the influence of blade flexural rigidity 

on wave-induced hydrodynamics, including near-bed and above canopy processes. Furthermore, 

most studies that have evaluated in-canopy hydrodynamics have required removal of canopy 

elements to allow for insertion of intrusive measurement devices, which has been shown to alter 

the corresponding velocity and turbulence data (Luhar et al., 2010; Abdolahpour et al., 2017). 

Herein, a combination of strategic methodical approaches in experimental design coupled with 

laser Doppler anemometry (LDA) measurement technique allow for non-intrusive data 

acquisition and prevents disturbance of the flow data. Horizontal and vertical velocity data are 

acquired throughout the vertical profile, enabling evaluation of hydrodynamics process within 

and above canopies. Four differing canopy flexural rigidities are evaluated, providing a systematic 

assessment of canopy flexibility on the generation of mean currents, the associated canopy motion 

properties, and the near-bed turbulence and bed shear stress.  

The experimental methods, including scaled vegetation design, is described in §4.2. The results 

comprise of phase-averaged statistic in §4.3, time-averaged statistics and the generation of mean 

currents §4.3.2, canopy reconfiguration and motion §4.4, near-bed processes §4.5, and the 

concluding remarks are given in §0. 

4.2. Experimental methods 

The hydrodynamics and canopy motion of four representative surrogate seagrass canopies of 

varying flexural rigidity was experimentally evaluated under progressive regular wave forcing. 

The experiments were conducted in the Aberdeen University Random Wave Flume (AURWF, 

see Figure 1), which is 20 m long, 0.45 m wide, and 0.9 m deep with a still water depth of 0.7 m 

at the paddle. Vegetation elements were mounted to a 0.015m thick based board, resulting in local 

still water depth (ℎ$) of 0.685m in the test section. The coordinate system 𝑥, 𝑦, 𝑧 corresponded 
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to the direction of wave propagation, spanwise, and vertical; origins are respectively defined as 

the canopy front, spanwise measurement origin (see §4.2.2), and baseboard top. Regular surface 

waves were generated by a bottom-hinged wave paddle fitted with active wave absorption, while 

at the opposing end of the flume a porous parabolic sloped beach was installed to minimise wave 

reflection (Figure 4.3). Surrogate vegetation canopies (detailed in §4.2.1) were located in the 

central working section of the flume, spanning the entire flume width, and covering a length of 

7.5 m.  

 

Figure 4.3. Schematic of experimental setup within the Aberdeen University Random Wave Flume (AURWF). 

A total of eight different submerged canopies were tested, encompassing four different blade 

flexibilities: Semi-Rigid (SR), Low-Flexibility (LF), Moderate-Flexibility (MF), and High-

Flexibility (HF); at two canopy densities (𝑛#) of 142 and 566 stems per m2, defined respectively 

as sparse and dense.  

All eight canopy configurations were tested under three regular wave conditions (detailed in 

§4.2.3): (W1) 𝐻 = 0.18 m, 𝑇 = 1.6 s; (W2) 𝐻 = 0.09 m, 𝑇 = 1.6 s; and (W3) 𝐻 = 0.18 m, 𝑇 = 1.1 

s; whereby 𝐻 = target mean wave height, and 𝑇 = target mean wave period. Additional baseline 

measurements were acquired for each wave condition without the vegetation (NV). A two-

component laser Doppler anemometer (LDA) system, located in the centre of each canopy along 

the 𝑥-axis, provided high-resolution non-intrusive horizontal (𝑢) and vertical (𝑤) velocity profile 

measurements within and above the canopy (§4.2.2). In addition, a twin-wire resistive wave gauge 

located seaward of the canopy (WG1), and a second (WG2) at the LDA measurement location 

(Figure 4.3) provided water surface elevation measurements at a sampling rate of 100 Hz and 

fully described in Chapter 5. Canopy motion was recorded via thirty-second long videos obtained 

via DSLR camera and confirmed with manual measurements.  

Complimentary wave attenuation measurements and canopy deflection measurements 

incorporating additional wave frequencies and wave heights are investigated separately in 

Chapter 5. The associated canopy deflection data is utilised for secondary comparison but does 

not contribute to any quantitative analysis within this chapter. Furthermore, drag coefficients 

obtained via wave attenuation measurements are utilised to evaluate the prediction of mean 

currents and are fully detailed when implemented in §4.3.4.  
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4.2.1. Artificial surrogate vegetation 

Bespoke artificial surrogate vegetation canopies were designed to represent a natural seagrass 

species Zostera marina, considering both plant morphology and biomechanical properties. A 

simplified plant structure comprised of a rigid PVC polymer stem representative of the naturally 

higher rigidity plant sheath (Albayrak et al., 2013), of exposed length 𝑙C = 0.06 m and diameter 

𝑑C= 0.0063 m, with four flexible blades extending of length 𝑙+ = 0.20 m, width 𝑤+ = 0.0041 m 

(Figure 4.4a). The combined blade and sheath produced a plant height (ℎ#) of 0.26 m, producing 

a static submergence ratio (ℎ# ℎ$⁄ ) of 0.38, consistent within the broad range of the natural 

environment (de los Santos et al., 2016). Each individual vegetation element was inserted into a 

pre-drilled baseboard to produce a full vegetation canopy (Figure 4.4b) with a systematic 

staggered geometry comparable for both stem densities (Figure 4.5).  

 

Figure 4.4. (a) Illustration of singular vegetation element (MF) depicting installation within the baseboard. (b) 
photograph of MF canopy in situ during LDA data acquisition.  

Quantification and scaling of mechanical properties were based on two non-dimensional 

parameters: the ratio of drag to rigidity force (Cauchy Number, 𝐶𝑎) and the ratio of buoyancy to 

rigidity force (Buoyancy parameter,	𝐵) as per Luhar and Nepf (2016): 

 𝐵 =
I𝜌* −	𝜌+K𝑔𝑤+𝑡+𝑙+

(

𝐸𝐼
 (4.1) 

 𝐶𝑎 = 	
𝜌*𝑤+𝑢)234-𝑙+

(

𝐸𝐼
 (4.2) 

where 𝜌* is fluid density (assumed to be 1000 kg m-3), 𝜌+ is blade material density,	𝑔 is the 

acceleration due to gravity, 𝑡+ is blade thickness, 𝑢)234	is the maximum velocity within the wave 
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cycle at the canopy-top, 𝑧 ℎ0,234⁄  = 1, where by ℎ0,234 is the highest canopy elevation 

throughout the wave cycles.	𝐸 is the bending Young’s Modulus, and 𝐼 is the second moment of 

inertia (𝐼 = 𝑤+𝑡+( 12⁄ ). It is emphasised that within this study, 𝐸 is defined as the bending 

Young’s modulus (e.g. as per data presented in Paul and de los Santos (2019)), which is different 

from the tensile Young’s modulus (e.g. data presented in de los Santos et al. (2016); thus caution 

should be taken when comparing published values of 𝐸 and 𝐸𝐼 as they may not be directly 

comparable. 
 

Table 4.1.  Summary of geometric and mechanical properties of surrogate vegetation blades with comparison to Zostera 
marina field data collected from Rødsand Lagoon, Denmark (Vettori and Marjoribanks, 2021), and field data from 
Paul and de los Santos (2019). Extensive surrogate vegetation details, including standard deviations, are provided in 
Appendix B. 

   

Surrogate vegetation Field data 
Semi-
Rigid 
(SR) 

Low-
Flex 
(LF) 

Mid-
Flex 
(MF) 

High-
Flex 
(HF) 

Vettori & 
Marjoribanks 

(2021)  
Paul and de los 
Santos (2019) 

Sample location   - - - - Rødsand, 
Denmark 

Neustadt, 
Germany 

Culatra 
Island, 

Portugal 
Blade density 𝜌3 [Kg m3] 887 874 866 871 907 - - 
Blade Young’s 
modulus 𝐸 [N mm-2] 1400 1058 1328 1315 245 36.9 75.5 

Blade flexural 
rigidity 

𝐸𝐼 [Pa m4] 6.3×10-4 4.1×10-5 4.5×10-6 4.8×10-7 2.27×10-6 3.5×10-7 3.77×10-6 

𝐸𝐼 [N mm2] 640 41.0 4.5 0.63 2.27 0.35 3.77 

Blade thickness 𝑡3 [mm] 1.1 0.5 0.2 0.1 0.35 0.34 0.44 

Blade width 𝑤3	 [mm] 4.1 4.1 4.1 4.1 4.08 2.81 7.09 

Blade length 𝑙3 [mm] 200 200 200 200 240* 183* 455* 
* blade length used to determine biomechanical properties, not representative of blade length employed in 
experiments. 

Artificial flexible surrogate seagrass blades were designed with comparable 𝐶𝑎 and 𝐵 values to 

field data for Zostera marina. They were produced from strips of a polypropylene polymer as 

specified in Table 4.1; see Appendix B for broader dataset and comparison to field data. All 

vegetation dimensions were held constant except for blade thickness, producing four canopies 

with differing flexural rigidity (𝐸𝐼) spanning magnitudes of order 10-4 (Semi-Rigid, SR) to 10-7 

(High-Flexibility, HF). Vegetation bending Young’s modulus (𝐸) for HF, MF, and LF blades 

were measured using the benchtop cantilever test detailed by Henry (2014) SR blades were too 

rigid for this benchtop test, and 𝐸𝐼 is calculated based on 𝐸 value provided on supplier material 

datasheet. The 𝐶𝑎 and 𝐵 values corresponding to each wave condition are provided in Table 4.3. 

All vegetation surrogates under the tested conditions are stiffness dominated, as opposed to 

buoyancy, such that 𝐵9?𝐶𝑎 >> 1 (Luhar and Nepf, 2016). 

Paul and de los Santos (2019) provided detailed Zostera marina field data, including variability 

in flexibility (𝐸𝐼) due to season, site exposure and water depth. Table 4.1 details two sites that 
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cover greatest recorded range in 𝐸𝐼, which was found to be tenfold. Both were sampled during 

summer, but Neistant site is shallower (mean water depth = 1.5 m) than Culatra Island site (mean 

water depth = 3.0 m). The MF and HF artificial vegetation tested in this study are closely 

comparable to mechanical properties to the field data. While a common European species of 

seagrass (Zostera marina) was used to inform this experimental work, it is essential to note that 

vegetation geometric characteristics and stem biomechanics vary across the world depending on 

species and local conditions (de los Santos et al., 2016). Detailed technical information of seagrass 

biomechanics remains limited, as such this research tests a range of blade flexibilities, thus 

providing results that can be applied to a variety of seagrass species and environments. The 

methodological approach of varying blade thickness is supported by Paul and de los Santos (2019) 

who recorded changes in natural seagrass flexibility due to variation of blade thickness instead of 

changes in Young’s modulus. Furthermore, Paul et al. (2016) validated that stiffness rather than 

biomass was the driving force in the flow-velocity relationship.  

The properties of the combined canopies are defined by the solid volume of stems (𝜙C =

	𝑛#𝜋𝑑C
- 4⁄ ), along with the canopy frontal area (𝑎#) which is defined to incorporate the different 

morphology of the stem and blades, presence of 4 blades per stem, and canopy deflection: 

𝑎# =	
stem	frontal	area + 	blade	frontal	area

canopy	layer	volume
=
(𝑛#𝑑C𝑙C) + v4𝑛#𝑤+Iℎ0,2!0 − 𝑙CKx

ℎ0,2!0𝐴+
 (4.3) 

Where ℎ0,2!0 is the median elevation on canopy height due throughout the wave cycle, and 𝐴+ 

is the corresponding bed area per unit. 

4.2.2. Measurement instruments 

Horizontal (𝑢) and vertical (𝑤) velocities were acquired using a Dantec Dynamics FiberFlow two-

component backscatter laser Doppler anemometry (LDA) system powered by 300 mW Ar-Ion 

air-cooled laser. The probe was fitted with 112 mm diameter lenses with a focal length of 500 

mm in air and was mounted with a 45° clockwise rotation, and 3° downward tilt. This setup 

optimised data acquisition proximity to the bed, and an ellipsoid measurement volume of diameter 

76 μm and (spanwise) length 1.37 mm.  

The water was seeded with glass microspheres resulting in data acquisition rates typically between 

10 and 200 Hz, depending on vertical location in the water column and corresponding wave 

orbital size. A longer measurement acquisition time-period was applied in regions closer to the 

bed where the data acquisition rate was lower. The probe was attached to a computer-controlled 

vertical frame, enabling accurate positioning of the measurement volume throughout the water 

column. Measurement locations were offset from the flume wall and positioned centrally between 

vegetation stems as detailed in Figure 4.5. Full vertical canopy profiles from 𝑧 = 0.5 mm to 550 
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mm were measured at location ‘C’ for the dense vegetation and ‘H’ for the sparse vegetation 

(Figure 4.5). Profiles comprise point measurements at irregular intervals throughout the vertical, 

allowing the acquisition of increased spatial data at regions of greatest flow variability. Additional 

measurement positions spanning the 𝑦-direction were acquired from 𝑧 = 0.5 to 90.0 mm for the 

MF canopy, as detailed in Figure 4.5 and Table 4.2. The influence of spatial variation in 

measurement location is evaluated and justified in results §4.5.1.  

 

Figure 4.5. Stem arrangement for (a) dense and (b) sparse canopies for a section of the 7.5m long canopy that extends 
beyond the dotted lines, horizontal solid lines enclosing each rectangle denotes the flume walls. Red crosses mark the 
location of LDA measurements, with the relative coordinates detailed in Table 4.2.  

 

Table 4.2. Summary of data acquisition locations, with correspondence to Figure 4.5. 

Blades  𝑛$ 𝑧*+,	[mm] Relative 𝑦 [mm] 𝑦		(Figure 4.5) 
HF 566 550.0 0.0 C 
HF 142 550.0 0.0 H 
MF 566 90.0 7.4 A 
MF 566 90.0 3.7 B 
MF 566 550.0 0.0 C 
MF 566 90.0 -3.7 D 
MF 566 90.0 -7.4 E 
MF 142 90.0 15.1 F 
MF 142 90.0 7.4 G 
MF 142 550.0 0.0 H 
MF 142 90.0 -7.4 I 
MF 142 90.0 -15.1 J 
LF 566 550.0 0.0 C 
LF 142 550.0 0.0 H 
SR 566 550.0 0.0 C 
SR 142 550.0 0.0 H 
NV 0 550.0 0.0 H 

× 
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Table 4.3. Tested wave climate and experimental conditions for each canopy scenario. 

Run 𝑡3  𝐸𝐼  𝐻  𝑇  𝑛!  𝑅𝑒(c) 𝐴1(a) 𝐴1 𝑆⁄ (b) 𝐿(e) 𝐾𝐶(d) 𝐶𝑎  

 mm - m s stems  
m-2 

- m - - - - 

HF-D-W1 0.1 6.3×10-7 0.18 1.6 566 1.23×104 0.065 1.59 3.08 102.1 3294.7 

HF-D-W2 0.1 6.3×10-7 0.09 1.6 566 2.15×103 0.028 0.76 7.25 43.3 592.7 

HF-D-W3 0.1 6.3×10-7 0.18 1.1 566 1.99×103 0.022 0.48 9.22 34.1 775.4 

HF-S-W1 0.1 6.3×10-7 0.18 1.6 142 1.20×104 0.061 0.72 3.29 95.4 2872.5 

HF-S-W2 0.1 6.3×10-7 0.09 1.6 142 2.37×103 0.028 0.35 7.22 43.2 598.2 

HF-S-W3 0.1 6.3×10-7 0.18 1.1 142 2.03×103 0.021 0.22 9.62 32.7 712.6 

MF-D-W1 0.2 4.5×10-6 0.18 1.6 566 1.73×104 0.069 1.50 2.90 108.3 521.3 

MF-D-W2 0.2 4.5×10-6 0.09 1.6 566 2.28×103 0.025 0.74 7.99 39.3 68.8 

MF-D-W3 0.2 4.5×10-6 0.18 1.1 566 2.21×103 0.020 0.48 9.78 32.1 97.1 

MF-S-W1 0.2 4.5×10-6 0.18 1.6 142 1.39×104 0.063 0.69 3.19 98.4 430.5 

MF-S-W2 0.2 4.5×10-6 0.09 1.6 142 2.87×103 0.028 0.35 7.03 44.7 88.4 

MF-S-W3 0.2 4.5×10-6 0.18 1.1 142 2.30×103 0.021 0.22 9.53 33.0 102.3 

LF-D-W1 0.5 4.2×10-5 0.18 1.6 566 1.22×104 0.065 1.49 3.09 101.7 49.6 

LF-D-W2 0.5 4.2×10-5 0.09 1.6 566 2.40×103 0.029 0.68 6.87 45.7 10.0 

LF-D-W3 0.5 4.2×10-5 0.18 1.1 566 2.32×103 0.023 0.46 8.54 36.8 13.7 

LF-S-W1 0.5 4.2×10-5 0.18 1.6 142 1.07×104 0.060 0.66 3.31 95.0 43.3 

LF-S-W2 0.5 4.2×10-5 0.09 1.6 142 2.58×103 0.030 0.35 6.63 47.4 10.8 

LF-S-W3 0.5 4.2×10-5 0.18 1.1 142 1.42×103 0.018 0.22 10.93 28.7 8.4 

SR-D-W1 1.1 6.3×10-4 0.18 1.6 566 1.62×104 0.075 1.37 2.68 117.1 4.4 

SR-D-W2 1.1 6.3×10-4 0.09 1.6 566 3.86×103 0.037 0.69 5.42 58 1.1 

SR-D-W3 1.1 6.3×10-4 0.18 1.1 566 3.63×103 0.029 0.46 6.82 46 1.4 

SR-S-W1 1.1 6.3×10-4 0.18 1.6 142 1.46×104 0.068 0.67 2.93 107.4 3.7 

SR-S-W2 1.1 6.3×10-4 0.09 1.6 142 3.53×103 0.035 0.35 5.75 54.6 1.0 

SR-S-W3 1.1 6.3×10-4 0.18 1.1 142 2.75×103 0.024 0.21 8.43 37.3 0.9 

NV-W1 - - 0.18 1.6 0 1.02×104 0.0593 - - - - 

NV-W2 - - 0.09 1.6 0 2.29×103 0.0285 - - - - 

NV-W3 - - 0.18 1.1 0 1.60×103 0.0194 - - - - 

(a) Horizontal wave excursion at the canopy top (𝑧 ℎ$,*+,⁄ 	= 1), 𝐴# =	𝑢A*+,𝑇/2𝜋, whereby 𝑢A*+, is the 
maximum phase averaged horizontal velocity. 

(b)  𝐴# 𝑆⁄  = ratio of horizontal wave excursion to stem spacing at 𝑧 = 30 mm, whereby 𝑆 is the edge-edge 
stem spacing. 

(c) Reynolds number at the canopy top (𝑧 ℎ$,*+,⁄ 	= 1) 𝑅𝑒 = 	𝑢A*+,𝐴#/𝜐	 (= 𝐴#:𝜔 𝜈⁄ ) whereby 𝐴# is used 
as the characteristic length scale, 𝜐 = kinematic viscosity. 

(d) Keulegan-Carpenter number, 𝐾𝐶 =	 (𝑢A*+,)𝑇/𝑤! defined as the ratio of drag force to inertial forces 
was estimated at the canopy top (𝑧 ℎ$,*+,⁄ 	= 1). 

(e) Ratio of blade length to wave excursion 𝐿 = 𝑙!𝜔 𝑢A*+,⁄ = 𝑙! 𝐴#⁄  as per Luhar and Nepf (2016), 
whereby the wave radian frequency 𝜔 = 2𝜋 𝑇⁄ . 
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4.2.3. Test conditions 

Three regular waveforms were evaluated in this study that apply to natural environments. The 

wave conditions were selected to cover both low and high-energy conditions encompassing 

differing combinations of wave heights and periods. The reasonably energetic conditions 

produced substantial near-bed velocities to ensure interaction with the canopy and subsequent 

interesting results. The use of regular waves permits extraction of phase-averaged and time-

averaged data, which is notably more complex and challenging in irregular waves. 

 

Figure 4.6. Phase-averaged horizontal and vertical velocities at	𝑧 = 260 mm in relation to the phase-averaged water 
surface elevation at WG2 for each wave condition without the presence of vegetation. 

 

 

Figure 4.7. Vertical profiles of velocities and turbulent kinetic energy (𝑘) for all wave conditions without the presence 
of vegetation. 

Figure 4.6 details the water surface elevation (𝜂GH-) at WG2 and corresponding horizontal and 

vertical phase-averaged velocities for each wave condition at 𝑧 = 260 mm in the absence of 

vegetation canopies, but with the bare baseboard installed. Waves were representative of near-

shore conditions as wave shoaling in the test section resulted in asymmetry typically found in 

nature, with a larger crest than their trough. Higher magnitude negative horizontal velocities 

coincide with the wave trough. As detailed in Figure 4.7a, the vertical time-averaged horizontal 

velocity (𝑢') profiles are shown for all wave conditions tested when no vegetation canopy is 
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present. A mean negative horizontal “undertow” current is present at a certain elevation above 

the bed. This mean current increases towards the surface for W1 and W3, while for W2 it is 

reasonably uniform with depth above 𝑧 = 0.12 mm. The wave velocity was defined by the root 

mean square of the phase average velocities (𝑈𝑅𝑀𝑆), typical of intermediate water wave conditions 

(Figure 4.7b), although, W3 presents deeper water properties with a notable increase towards the 

surface. 

The hydrodynamic properties recorded at 𝑦 = 0 for all experimental conditions are detailed in 

Table 4.3, the table footnotes detail the corresponding formula used to define parameters. 

Reference to the canopy type, associated stem density and wave forcing is herein referred to in 

the format ‘SR-D-W1’, which denotes the Semi-Rigid canopy with dense stem arrangement under 

wave forcing W1. Sparse canopies are noted by inclusion of ‘S’ and ‘NV’ indicates that no 

vegetation is present, referred to as an unvegetated bed. 

4.2.4. Data processing  

The methodologies employed in data processing of LDA and wave gauge data are briefly outlined 

here, and more comprehensively described in Appendix C. Processing was applied to calculate 

the phase-averaged and time-averaged: horizontal (𝑢) and vertical (𝑤) velocity components, 

turbulent Reynolds shear stress (𝜏), and turbulent kinetic energy (𝑘). The wave velocity is defined 

by the root mean squared phase averaged horizontal velocity (𝑈𝑅𝑀𝑆). 

The velocities associated with the oscillatory flow can be decomposed through phase-averaging 

techniques, for example, the horizontal instantaneous velocity: 

𝑢	 = 	𝑢' + 𝑢) + 𝑢" 

whereby 𝑢' is the steady current represented time-averaged data, 𝑢)  is the wave velocity component 

represented by the phase-averaged data, and 𝑢" is the turbulent velocity fluctuations; the same 

applies to the vertical velocity component. 

Time-varying two-component velocities were acquired via the LDA whenever a seeding particle 

travels through the measurement volume, thus the sampling rate is irregular. Synchronous water 

surface elevation measurements were recorded inline at WG2. A so-called “phase-bin” averaging 

method was applied, whereby velocities throughout the measurement duration were separated 

into individual wave cycles with phase origin defined by the zero-up crossing of water surface. 

Instantaneous velocity data was assigned to the corresponding phase bin (𝜑) of width of 4.68 ° 

and 3.21 ° respectively for 𝑇 = 1.1 s and 𝑇 = 1.6 s. Within each bin, any instantaneous 

measurement exceeding five times the standard deviation of the median velocity was considered 

an outlier and removed from further analysis. The convergence of first and second-order statistics 

was evaluated by cumulative averaging of instantaneous data within each phase bin, followed by 
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root-mean-square-deviation windowing. A phase bin was deemed suitably convergent if the final 

windowed value was less than 10% of the first window value; otherwise, the bins were deemed 

non-convergent and excluded from further analysis. If four or less consecutive phase bins were 

non-convergent or contained no data due to optical impingement by vegetation blades, the non-

convergent bins were populated via linear interpolation. Averaging instantaneous data within a 

phase bin defined the phase-averaged velocity and turbulence statistics, denoted by a tilde � (𝜑). 

Where all phase bins were valid, the time-averaged datasets were defined by averaging the phase-

averaged data throughout all phase bins and is denoted by an overbar (l ).  

Bed shear stress (𝜏,) was calculated using the gradient between a velocity measurement within 

the laminar wave boundary layer (𝑧 = 0.5 mm), and the no-slip boundary condition. 

4.3. Results and discussion (1): velocity and turbulence 

The results presented herein detail the hydrodynamics, and associated canopy motion, of aquatic 

vegetation canopies with varying flexibility under three of regular wave conditions. 

Hydrodynamic forcing on the flexible canopies invokes temporal oscillations of the canopy blades 

to varying degrees and can result in a time-averaged mean deflection, which is evaluated fully in 

§4.4. In order to initially contextualise the vertical distribution of velocity and turbulence results, 

the data is referenced to various canopy heights, whereby the median deflected canopy height is 

ℎ0,2!0 and the maximum and minimum deflected heights throughout the wave cycle are ℎ0,234 

and ℎ0,256	respectively. Evaluation of the vertical distribution of processes is referred to as within 

canopy whereby 𝑧 < ℎ0,234, and above canopy whereby 𝑧 > ℎ0,234, such that ℎ0,234 is referred 

to as the canopy-top.  

The results are separated into three sections, the phase- and time-averaged velocity and 

turbulence, and generation and prediction of mean currents throughout the water column are 

presented here. The canopy motion and reconfiguration processes are presented in §4.4, and the 

turbulence within the stem region and bed shear stress is presented in §4.5. 
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4.3.1. Phase-averaged velocities and turbulence 

 

Figure 4.8. Phase-averaged velocity, Reynolds shear stress, and for W1, normalised by the maximum horizontal phase-
averaged velocity above the canopy (𝑢G)/0,$) at 𝑧 ℎ',)/0⁄  = 2, or when no vegetation is present 𝑢G)/0,$ is defined at 𝑧 
= 500 mm. The solid horizontal line marks the ℎ',)*' , and the upper and lower lines represent ℎ',)/0 and ℎ',),+ 
respectively. Grey regions correspond to non-convergent phase bins. The wave crest and trough correspond to 90° and 
270° respectively, as indicated by the white line in (a) (not to scale). 
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Figure 4.9. Velocity and turbulence phase-space statistics for the sparse canopies under W1, which are complimentary 
to the data presented in Figure 4.8. 
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The vertical distribution of phase-averaged velocity and turbulence properties are presented for 

the dense canopies in Figure 4.8 and for the sparse canopies in Figure 4.9 under the most energetic 

wave condition tested (W1); complimentary figures for the W2 and W3 scenarios are provided in 

Appendix D. Initial assessment of the unvegetated conditions (Figure 4.8a-d, and Figure 4.9a-d) 

reveals typical characteristics of intermediate-water waves following linear wave theory. Due to 

wave shoaling, slight asymmetry in the velocities exists, which is more pronounced closer the 

surface, with comparable asymmetry W2 and W3 is evident, as previously noted in Figure 4.6 

(§4.2.3). Under W1 the maximum phase-averaged horizontal velocity decreased by 24% from z 

= 500 mm to 50 mm (Figure 4.8a), while the reduction in vertical velocities with depth was more 

pronounced and decreased by 168% (Figure 4.8b). Importantly, canopies that are deflected 

towards the bed experiences lower magnitude vertical velocities than the undeflected SR canopy. 

Contrary to the unvegetated condition, vegetation canopies introduce discontinuity in the 

velocities with depth, which is associated with canopy induced drag and the differentiation at the 

interface between the canopy-top overlying unobstructed flow (van Rooijen et al., 2020). 

Discontinuity is most distinctive in the horizontal velocity of the SR-D canopy due to the highest 

levels of drag, producing a peak of 𝑢)(𝜑) 𝑢)234,8⁄  = 1.38 above the canopy top at 𝑧 = 290 mm 

(Figure 4.8e). The preceding negative horizontal velocities are diminished in magnitude 

indicating the presence of a horizontal mean current at the canopy top which is fully evaluated 

for all canopies and wave conditions in §4.3.2. The horizontal and vertical velocities are not 

precisely 90° out of phase (Figure 4.8e), which has previously been attributed to the generation 

of a mean current (Luhar et al., 2010). 

Within the canopies, the horizontal and vertical velocities experience a phase shift whereas the 

unvegetated scenarios express a constant spatiotemporal transition throughout phase with depth. 

The phase shift is most clearly visible in Figure 4.8 (Column 1 and 2) through assessment of the 

phase of zero magnitude horizontal velocities, whereby the zero-up and -down crossings at 𝑧	= 

50 mm are 180° for the unvegetated bed, yet 194° for SR-D due to a phase lag of the zero-down 

crossing (Figure 4.8a,e). Comparable findings are present for all canopy flexibilities presented in 

Figure 4.8, indicating the presence of vegetation canopies results in negative horizontal velocities 

occupying a greater proportion of the wave cycle in comparison to the unvegetated beds. The 

phase shifts under the same conditions, but for the sparse canopy density in Figure 4.9 they are 

much less pronounced and hold closer comparison to unvegetated beds, thus indicating that 

canopy stem density influences canopy velocity distributions. While alteration to the horizontal 

velocities have been clearly distinguished here for the largest waveform (W1), the deviations are 

less prominent under smaller magnitude flows associated with W2 and W3. 

The increased heterogeneity of phase-space horizontal and vertical velocity distribution within 

canopies corresponds to regions of increased turbulence (Figure 4.8: Column 3 and 4). Turbulence 
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production increases compared to the unvegetated bed for all canopies tested, although weaker 

energy waves (W2 and W3) produce lower levels of turbulence than W1. Turbulence below the 

canopy-top (𝑧	 < 	ℎ0,256) express zones of increased magnitude TKE in correspondence with the 

decelerating (90° - 180°) and accelerating (270° - 360°) horizontal velocity components, whereby 

the direction of horizontal and vertical velocities are opposing, 𝑢  > 0, 𝑣 < 0 and 𝑢  < 0, 𝑣 > 0 

respectively (Figure 4.8: Column 3 and 4). Pujol et al. (2013) similarly recorded peak TKE below 

their rigid canopy-top during the phases of decreasing wave velocity. The TKE extends further 

below ℎ0,2!0 between 90° - 180° as the unobstructed flow above the canopy enables more fluid 

to be drawn into the canopy. The drawing up of fluid from within the canopy between 270° - 360° 

is restricted by the canopy, thus more limited in depth and focused closer to ℎ0.2!0. Enhanced 

regions of turbulence between 𝑧 = 0 – 60 mm indicate the presence of stem generated turbulence 

associated with vortex shedding. Regardless of wave conditions and canopy flexibility, canopy 

associated turbulence is greater within the dense canopies (Figure 4.8: Column 3 and 4) compared 

to the sparse canopy (Figure 4.9: Column 3 and 4), indicating that turbulence production is a 

function of canopy density. Canopy turbulence magnitude has correlated to the ratio of wave 

orbital excursion to stem spacing 𝐴$/𝑆 (Ros et al., 2014b; Zhang et al., 2018) and is evaluated in 

§4.5.2.  

Notwithstanding the common flow dynamics associated with the vegetation canopies, the vertical 

distribution and magnitude of flow and turbulence properties are altered due to differing canopy 

flexural rigidity. When hydrodynamic forcing overcomes the restoring forces of the blade, the 

canopy is deflected, thus shifting the canopy-top interface closer to the bed along with the 

associated hydrodynamic processes. Canopy motion is fully evaluated in §4.4, but introduced 

here given the presence of discrete influence on phase-averaged flows. The addition of temporal 

variation in canopy height throughout the wave cycle further complicates the spatiotemporal 

hydrodynamics and leads to the presence of small regions of high-intensity turbulence, defined 

herein as ‘hotspots’. Hotspots are identifiable by positive turbulent Reynolds stress within the MF 

and HF canopies under W1 conditions in Figure 4.8o,s between ℎ0,234	to slightly below ℎ0,256, 

at wave phases 0° - 180° in association with the wave crest. Peak magnitude turbulence at the 

canopy-top under the wave crest is in agreement with Abdolahpour et al. (2018) and is in relation 

to the offshore movement corresponding to the maximum horizontal velocity. A second hotspot 

is present between 270° and 360° corresponds to observations by Luhar and Nepf (2016) whereby 

blade deflection reversal from onshore to offshore, a vortex was shed from the tip of a flexible 

blade. As such, the occurrence of turbulence hotspots observed in association with to flexible 

canopy motion are suggested to occur due to relative blade motion in respect to the surrounding 

fluid, thus resulting in vortex shedding from the blades. Jacobsen et al. (2019) have demonstrated 

that the blade motion and fluid motion can occur out of phase, with increasing phase difference 

along a flexible blade than a rigid blade. The vertical location of a hotspot and board span of wave 
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phases are believed to occur due to the blade motion being out of phase with the surrounding fluid 

and a subsequent trail of vortex shedding production form the blade during forwards and 

downward motion. While additional analysis of turbulence spectra or flow field data acquisition 

is required to validate this, the vortex production form flexible blades due to oscillations in respect 

to the flow have been recorded in previous studies (Kim et al., 2019).  

Thus far, the phase-averaged results indicate the presence of a mean positive horizontal velocity 

at the canopy-top for W1, while negative in-canopy velocities occupy a greater phase duration. 

The presence of canopies introduces a phase shift in the horizontal and vertical velocities, which 

is most prevalent for the dense canopy. Additionally, turbulence is greatest in the dense canopies, 

however, the flexible canopies introduce attitudinal turbulence at the canopy-top region which is 

suggested to correspond to canopy motion and vortex shedding.  

4.3.2.  Time-averaged horizontal velocities 

Evaluation of mean current generation throughout the vertical profile is evaluated via time-

averaged horizontal velocities presented in Figure 4.10. The horizontal velocity is normalised 

(𝑢'6L/2) to account for the underlying mean currents generated during unvegetated conditions 

due to the flume closed system, such that: 𝑢'6L/2 = (𝑢' − 𝑢',) 𝑢)234⁄ , whereby 𝑢', is the time-

averaged horizontal velocities associated with the unvegetated bed profile at each z elevation. 

Thus 𝑢' − 𝑢', is considered the ‘canopy generated mean current’ solely due to the introduction of 

a canopy, which is normalised by 𝑢)234 to support comparison between the three wave conditions.  

The vertical axis is nondimensionalised to account the canopy deflection, such that data below ℎ0 

is represented by 𝑧 ℎ0,234⁄ , whereby 0 corresponds to the bed, and 1 is the canopy-top. 

Representing the data above the canopy-top using 𝑧/ℎ0,234	can produce spatially misleading 

trends, therefore, data above the canopy (𝑧 ℎ0.234⁄ > 1) is presented by 𝑍@ =

�I𝑧 − ℎ0,234K (ℎ − 𝑧234)⁄ � + 1, whereby 𝑧234 is the maximum 𝑧 elevation of data acquisition 

(𝑧234 = 550 mm), thus 𝑧@ = 2 does not indicate the water surface.  
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Figure 4.10. Normalised time-averaged horizontal velocity for all canopy flexibilities under: W1 (a,d), W2 (b,e) and 
W3 (c,f), for both the dense (a-c) and sparse stem densities (d-f). Grey region indicates data within the canopy. Data is 
absent at some elevations due to incomplete data throughout the wave cycle. 

4.3.3. Canopy generated mean currents 

At the top (𝑧@	~	1) of the SR-D and SR-S canopies a prominent positive increase in 𝑢'6L/2 

indicates the generation of mean currents for all wave conditions tested (Figure 4.10), while an 

overlying offshore (negative) return current (𝑧@ > 1.5) fulfils the conservation of mass through 

the vertical. The canopy-top mean current magnitude varies with canopy density, and is stronger 

for SR-D (𝑢'6L/2	= 0.27 to 0.39) than SR-S (𝑢'6L/2	= 0.20 to 0.21), which is in agreement with 

the observations of  by (Abdolahpour et al., 2017). Strong positive mean currents occur at the top 

of the flexible canopies (LF, MF, HF) for W1  with magnitude of at least half the peak 𝑢'6L/2	of 

the comparable SR canopies (Figure 4.10a,d), while canopy-top 𝑢'6L/2 nears zero for lower wave 

forcings of W2 and W3 (Figure 4.10b,c,e,f). Mean currents have previously been recorded above 

flexible canopies (Abdolahpour et al., 2017), yet several studies have reported no notable change 

in velocity profiles in comparison to an unvegetated bed (Pujol, Serra, et al., 2013; van Veelen et 

al., 2020). The results presented indicate that large energy waves and sufficient canopy density 
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are required to generate a mean current at the canopy-top of a flexible canopy, offering 

explanation for the limited change in flexible canopy currents compared to unvegetated beds 

reported by previous studies. The normalised wave velocity (𝑈MEN 𝑈MEN,,)	⁄ profiles in Figure 

4.11(a,d) correspond to the mean current processes, whereby a peak wave velocity occurs at the 

SR canopy top, yet a strong reduction in wave velocity occurs below the canopy top.  

 

Figure 4.11. Time-averaged normalised wave veliocity for all wave conditions: W1 (a,d), W2 (b,e) and W3 (c,f), for 
both the dense (a-c) and sparse stem densities (d-f). Grey area indicates data within the canopy. 

Canopy-top mean currents decay with depth below ℎ0,234 in correspondence with turbulence 

production inside the canopy previously shown in Figure 4.8, yet the rate of decay differs with 

canopy flexibility indicating varying scales of turbulence are present. Evaluation of the sparse 

canopy for W1 (Figure 4.10d) reveals the peak velocities at the canopy top decrease rapidly with 

depth below the SR canopy, while the HF and MF canopies experience elevated velocities further 

into the canopy and diminish around 𝑧 ℎ0.234⁄  = 0.5. This diffusion of the peak for the flexible 

canopies compared to rigid canopy has been noted by Abdolahpour et al. (2017 a) and suggested 

to occur due to canopy motion.  
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Mean current magnitude at the canopy top varies non-linearly with canopy flexural rigidity for 

W1, whereby the largest mean current corresponds to the most rigid (SR) canopy, yet the smallest 

current does not correspond to the most flexible canopy (HF). At both canopy densities for W1 

(Figure 4.10a,d) the MF and HF canopies have comparable canopy-top peak 𝑢'6L/2 and express 

a similar vertical profile shape, however, the LF canopies deviate from the expected trend and 

express the smallest mean canopy-top velocities that are negative in the sparse canopy. 

Assessment of canopy motion in §4.4 indicates these LF canopies move passively with the flow 

oscillations, inhibiting a strong shear production and associated presence of mean current. This 

disordered trend emphasises the requirement to evaluate and quantify canopy motion in response 

to wave properties, and that variation in canopy flexibility can present non-linear trends with 

canopy mean current magnitude. As opposed to a canopy-top mean currents, the LF-S-W1 canopy 

expresses a mean current peak within the canopy at 𝑧 ℎ0⁄  = 0.45. Peak mean currents within the 

canopy, as opposed to at the canopy-top, are further present under smaller wave forcings. In the 

absence of a strong canopy-top mean current, a comparably weaker 𝑢'6L/2 maximum is observed 

within the canopy (𝑧	 < 	ℎ0,256) between 𝑧 ℎ0⁄  = 0.3 and 0.6 for the sparse canopies under W2 

and W3 (Figure 4.10e,f). The limited data present between 𝑧 ℎ0⁄  = 0.5 and 1.0 within dense 

canopies (Figure 4.10)  prevents a full assessment of mean velocities throughout the canopy.  

Luhar et al. (2010) first reported the presence of a mean shoreward current within the lower region 

for a flexible canopy under wave forcing, which was further supported by field data during high 

energy wave conditions Luhar et al. (2013). However, the magnitude of currents recorded here 

are of smaller magnitudes than that recorded by Luhar et al. (2010), and van Veelen et al. (2020) 

additionally noted they were unable to reproduce comparable in-canopy currents to (Luhar et al., 

2010). However, Zhang et al. (2018) recently reported mean currents within the canopy under 

larger wave forcing, and in agreement with van Rooijen et al. (2020) it is suggested that the 

canopy height tested are small enough to enable penetration of canopy-top currents into the 

canopy, thus resulting in a mean shoreward in-canopy current which is part of the canopy-top 

current.  

Regardless of peak 𝑢'6L/2 elevation, below this point all dense canopies associated with W1 and 

W2 express negative 𝑢'6L/2 towards to the bed (𝑧 ℎ0⁄  < 0.3) (Figure 4.10a,b), while the higher 

frequency waves (W3) resulted in zero 𝑢'6L/2 located around 𝑧 ℎ0⁄  < 0.2 (Figure 4.10c). The near 

the bed (𝑧 ℎ0⁄  < 0.4) wave velocity (𝑢'MEN 𝑢)MEN,,⁄ ) decreases with increasing canopy rigidity for 

the dense canopies, such that a peak reduction of over 10% is recorded for the for the SR-D 

canopies under all wave conditions tested (Figure 4.11a-c) while the HR and MF canopies are 

closer to the unvegetated conditions with a reduction between a 0 to 4%. This overestimation of 

wave velocity attenuation by rigid canopies, relative to more realistic flexible canopies, is 

supported by findings from Pujol et al. (2013) and Abdolahpour et al. (2018). The reduction in 
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wave velocity due to canopy flexibility is more constrained in the sparse canopy between canopy 

flexibility. Overprediction of near bed wave velocity attenuation by rigid canopies as opposed to 

flexible canopies will have consequences during implementation of results to sediment transport 

dynamics, whereby the sediment suspension critical threshold associated with wave velocity may 

not be accurate. Thus, an emphasis is placed on the requirement for accurate consideration of 

canopy flexibility as opposed to binary rigid or flexible approaches. The near bed processes 

including turbulence and bed shear stress are further evaluated in §4.5. 

4.3.4. Prediction of mean current magnitude 

The magnitude of mean currents and the respective elevation of peak values are influenced by the 

wave conditions, canopy density, and canopy flexibility. This section evaluates the maximum 

wave-induced mean current in the presence of a canopy throughout the vertical, 𝑢'234. This differs 

slightly from the isolated canopy-induced mean currents explored in §4.3.3 that removed any 

underlying current in the absence of canopy.  

Based on the assumption that the peak mean velocity occurs at the canopy top, Abdolahpour et 

al. (2017) attributed the maximum recorded mean velocity throughout the vertical to Lagrangian 

processes analogues to Stokes drift. They developed the following empirical formula to predict 

this wave-induced mean current for canopies in shallow water environments: 

 
𝑢'234	(<-,?P) = 0.5	𝑈/2C �

𝜀R
𝐿S
�
,.(

 (4.4) 

Given that mean currents are proportional to the wave velocity, 𝑈/2C was defined at a point far 

above the canopy by Abdolahpour et al. (2017), however, due to the intermediate water depths 

investigated here, 𝑈/2C was redefined at 𝑧 = ℎ0,234 as per Chen et al. (2019). 𝜀R is the vertical 

orbital excursion defined by linear wave theory (Dean and Dalrymple, 1991):  

 𝜀R =
𝐻
2
sinh	I𝑘ℎ0,234K
sinh(𝑘ℎ$)

 (4.5) 

The calculation and implementation of 𝜀R based on equation (4.5) produces results proportional 

to the vertical orbital excursion recorded in the experiments presented here. Canopy flexibility 

was indirectly incorporated through the application of canopy frontal area along with canopy 

density within the canopy drag length scale: 

 𝐿S =
(1 − 𝜙C)
𝐶S𝑎

 (4.6) 
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where 𝐶S is drag coefficient, commonly assumed to be 1. Application of equation (4.4) had 

proven successful in predicting canopy-top currents in numerical studies by Chen et al. (2019) 

while van Rooijen et al. (2020) found a good agreement to most conditions within their numerical 

study, although, an overprediction occurred when a strong return current was present.  

Limited validation is published for flexible canopies and is evaluated herein. 𝑢'234 is presented 

in comparison to equation (4.4) assuming 𝐶S = 1	in Figure 4.12a. Using this prediction, the mean 

currents are not fully representative of measured results (𝑟- = 0.5668), whereby currents within 

the canopy are overpredicted, and currents at higher energy conditions correspond with currents 

above the canopy are underpredicted. Abdolahpour et al. (2017) assumed the maximum velocity 

would occur at the canopy top, due to the perceived location of greatest shear. Although, it is 

indicated in Figure 4.12a that the peak mean current does not always occur at the canopy top and 

can occur within the canopy. When 𝑢'234 peaks within the canopy-top (𝑧 < 	ℎ0,256) the 

magnitude is lower than currents surrounding and above the canopy top (𝑧 > 	ℎ0,256). Given the 

implementation of 𝑈/2C at the canopy top in equation (4.4), currents within the canopy are not 

fully represented and implementing 𝑈/2C based on the measured maximum value throughout the 

vertical vastly improves the accuracy of the prediction mean current (not shown). However, this 

does not support a simplistic estimate of 𝑢'234 based on a single specific known velocity within 

the vertical, which is highly beneficial when conducting field measurements. This analysis herein 

continues to implementation 𝑢'234 at the canopy top, yet the currents that occur within the canopy 

are subsequently overpredicted. As such, the predictive equation may require modification to 

account for mean currents that occur within or above a canopy.  

This prediction of canopy mean currents assuming a constant 𝐶S = 1 do not fully account for 

changes in drag due to canopy reconfiguration, whereby the ability for a flexible canopy to bend 

under hydrodynamic loading reduces the imposed drag (Albayrak et al., 2012; Houser et al., 

2015b). The accuracy of prediction following 𝑢'234	(<-,?P) for the data presented here is slightly 

improved (𝑟- = 0.5730) through the implementation of empirical drag coefficients obtained from 

supporting wave attenuation measurements (detailed in Chapter 5), whereby 𝐶S	is replaced with 

𝐶S,T/!0 = (13.11 𝐶𝑎⁄ ),.'U?; + 2.392 (Figure 4.12b). This emphasises the role of drag variation 

on mean current predictions, although some variation between the recorded and predicted data 

remains due to the use of an empirical prediction instead of measured data that would more wholly 

represent the drag and the specific canopy motions. Furthermore, despite the recognised difficulty 

in defining the frontal area of vegetation canopies (Tinoco et al., 2020), the methods employed 

suitably incorporate the mean canopy morphology and deflection. The results presented confirm 

here that equation (4.4)  developed by Abdolahpour et al. (2017) offers a reasonable 

approximation of mean current, yet conditions are not fully represented due to the assumption of 
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𝐶S	= 1. As shown, the implementation of a more representative drag coefficient is required to 

fully incorporate the influence of canopy flexibility and corresponding wave conditions. 

 

Figure 4.12. Predicted maximum time-averaged current throughout the vertical following predictive formula by 
Abdolahpour et al. (2017) for (a) 𝐶4	= 1 (𝑟% = 0.5668) and (b) 𝐶4 =	𝐶4,56*'	(𝑟% = 0.5730), while and (c) implements 
predictive formula by Luhar (2020) with 𝐶4 = 1 	(𝑟% = 0.7109) and (d) 𝐶4 =	𝐶4,56*'	(𝑟% = 0.8390); relative to the 
maximum time-averaged velocity (current) within the vertical. The dashed line presents a 1:1 relationship. Faded points 
are excluded from data analysis due to the insufficient data in the vertical profile to provide accurate analysis. 

Luhar  (2020) recently suggested that Lagrangian processes implemented by Abdolahpour et al. 

(2017) may not be the definitive process behind the presence of canopy mean currents. Luhar 

(2020) upholds the work of Luhar et al. (2010) whereby prediction of mean current is represented 

based on boundary layer streaming and Eulerian principles originally proposed, for depth-

averaged canopy mean currents, such that the mean current was redefined as: 
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 𝑢'234	(V-,-,)	~	𝑈/2C �
𝜀R
𝐿S
�
,.;

 (4.7) 

Despite the similarity to equation (4.4) the exponent has changed. Luhar (2020) defined the 

parameters as of 𝜀R =	𝑘ℎ0,234𝑢)𝑚𝑎𝑥 𝜔⁄ , and 𝐿S ≈ 𝑎9?. However, for comparison here, these 

varying definitions are not implemented, and those of equations (4.4) and (4.5) are adopted for 

consistency. Based on 𝐶S = 1, as shown in Figure 4.12c, Luhar (2020) reported the most 

applicable line of best fit to be 𝑈234	(V-,-,) = 0.9	𝑢'/2C(𝜀R 𝐿S⁄ ),.;, which reasonably well 

represents the data (𝑟- = 0.7106) in (Figure 4.12c). Implementation of 𝐶S,T/!0 improves the 

predicted results, whereby 𝑢'234	(V-,-,) = 0.525	𝑈/2C(𝜀R 𝐿S⁄ ),.; produces the best fit with 𝑟-	= 

0.8390 (Figure 4.12d).  Therefore, prediction of mean canopy currents following proportional to 

𝑢'234	(V-,-,) are found to be more representative than 𝑢'234	(<-,?P), regardless of 𝐶S = 1 or 

𝐶S,T/!0; although, implementation of suitable drag coefficients improves prediction in all cases. 

This suggests that the recorded mean currents are more likely to be attributed to boundary layer 

streaming processes that are expected for currents located at  𝑧 < 	ℎ0,256, although this predictive 

formula is found to be repetitive of the mean current regardless of vertical location. Recent 

numerical investigations by van Rooijen et al. (2020) recorded Stokes drift to be small throughout 

the vertical, yet expressed a peak just below the canopy top, and identified that mean wave and 

turbulent Reynolds stresses drive currents. As such Lagrangian processes and models are 

suggested to be most applicable to canopy top currents, while Eulerian models are representative 

of depth-averaged of in-canopy flows, thus justifying the stronger relationship of mean current 

regardless of vertical location by Eulerian principles following (Luhar, 2020).  

The circled points in Figure 4.12 correspond to LF-S canopy exposed to W1, whereby the 

recorded mean current was much lower than the predicted current, despite sufficient data 

throughout the vertical, similar result occurs for LF-D. This deviation was previously noted in 

§4.3.2, yet further analysis indicates that a reduction in drag does not account for the 

uncharacteristically low peak mean velocity. It is further affirmed that the role of canopy motion 

inhibits the formation of a mean current within or above the canopy, emphasising that the 

prediction of canopy mean currents are not suitable in all cases. The dynamics of flexible canopies 

must be further evaluated. The application of mean current prediction has recently been applied 

by Abdolahpour et al. (2020) to develop a framework determining the material residence time in 

coastal canopies, indicating the importance of ensuring the mean current predictions are 

appropriate depending on the corresponding canopy and flow conditions.  

The predicted mean currents based on the formulae presented are notably better representative of 

the canopy induced mean currents (𝑢'6L/2) presented in §4.3.3. This suggests that the predictive 

formula do not fully account for the underlying currents in the absence of vegetation, and more 
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intermediate water waves present in this study. Notably, Abdolahpour et al. (2017) and Luhar et 

al. (2010) generated waves via a piston wavemaker, as opposed the paddle implemented here, 

thus the waveforms have closer comparability to shallow water environments.  

4.4.  Results and discussion (2): canopy reconfiguration and motion 

The associated canopy motion is presented herein, although it is noted that the data presented in 

§4.3.2 removes the underlying mean currents present within the flume, and that the canopy motion 

is a product of the overall hydrodynamic forcing experienced. Fundamentally, in comparison to 

the normalised data presented in §4.3.2 the in-canopy velocities are of greater magnitude and 

negative velocities far above the canopy top (𝑧@ > 1.5) are of larger magnitude due to the presence 

of return currents. 

4.4.1. Phase based blade reconfiguration 

 

Figure 4.13. Generalised schematics detailing the categorisation of canopy reconfiguration and phase-related motion: 
(a) Undeflected Swaying, (b) Bidirectional Swaying, (c) Positive Deflection, and (d) Negative Deflection. Only two of 
the four blades per stem are illustrated, whereby blade shading indicates the change in position throughout one wave 
cycle. Water depth in the lower panel is not to scale. Colour legends correspond to graphs throughout §4.4. 

The observed canopy motion is separated into four categories as represented in Figure 4.13: (a) 

Undeflected Swaying, blades express small magnitude oscillations without sufficient motion to 

invoke a mean deflection; (b) Bidirectional Swaying, larger magnitude oscillations whereby the 

blades express a swaying motion with deflected both positively (shoreward) and negatively 

(seaward) throughout the wave cycle in respect to the direction of wave propagation; (c) Positive 

Deflection, the blades expresses a mean deflection and asymmetric motion in the positive 
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horizontal direction throughout the entire wave cycle along with oscitations in the vertical; (d) 

Negative Deflection, the blades express a mean deflection in the negative direction (seaward) 

relative to the direction of wave propagation throughout the entire wave cycle.  

 

Figure 4.14. Snapshot photographs of maximum and minimum canopy deflection for (a) SR-D-W1 (b) LF-D-W1 (c) 
MR-D- W1 and (d) HF-D- W1. 

Figure 4.13 summarises the general blade motions, yet the blades reconfiguration of the blades 

varies in magnitude of deflection and degree of asymmetry between different wave conditions. 

Photographs in Figure 4.14 provide an additional visual representation of blade positions at the 

wave crest and trough during for each canopy W1. Figure 4.14a presents Undeflected Swaying, 

while Figure 4.14b presents Bidirectional Swaying and reveals a positive asymmetric deflection 

bias. It is shown that blades within a canopy can express differing magnitudes of deflection, 

whereby some blades may remain more upright than other neighbouring blades. This difference 

is attributed to the blade orientation around the rigid stem, and the subsequent relative area of the 

blade exposed perpendicular to the horizontal flow and thus variance in forcing experienced by 

the flow. 

Figure 4.14c,d presents Positive Deflection, whereby the greatest deflection (ℎ0,256) occurs just 

before wave trough, while least deflection (ℎ0,234) occurs just before the wave crest (Figure 

4.13c) in agreement with previous studies (Luhar et al., 2010, 2017; Gijón Mancheño, 2016). 

Figure 4.14c,d demonstrates that the blades can overlap in an organised manner when positively 

deflected, thus reducing the porosity and forming a consolidated layer. The fluctuations of blades 

throughout the wave cycle associated with mean positive deflection (Figure 4.13c) has 

comparability to whip-like motions described in previous research (Ghisalberti and Nepf, 2002a), 
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and the transition from cantilever type motion (comparable to bidirectional swaying defined here) 

to whip-like motions (comparable to positive deflection defined here) has been recognised for 

differing blade stiffness (Manca et al., 2012). Symmetrical bidirectional swaying has previously 

been associated with pure waves (Leclercq and De Langre, 2018), thus suggesting deviation from 

pure oscillatory flow is present. Blade asymmetry has been attributed to several factors including, 

but not limited to: wave asymmetry and accompanying horizontal mean current (Luhar and Nepf, 

2016; Luhar et al., 2017; Lei and Nepf, 2019a), contributions from the vertical velocity 

component (Gijón Mancheño, 2016; Zhu, Zou, et al., 2020), and a phase shift between the fluid 

motion and the canopy motion (Mullarney and Henderson, 2010; Niels G. Jacobsen et al., 2019). 

The associated drivers of mean deflection are later evaluated in §4.4.2. 

The negative deflection was not recorded for W1 and occurred only for the HF canopy under the 

higher frequency wave conditions W3, as detailed in Figure 4.13d. The occurrence of negative 

deflection is previously unreported, yet Leclercq and De Langre (2018) noted under pure waves 

that the relationship between blade natural frequency and wave forcing frequency could produce 

blade motions with multiple points of curvatures, which may attribute partially to the negative 

deflection. 

4.4.2. Time-averaged blade deflection and associated motion characteristics 

The time-averaged blade deflection is dependent on the relationship between vegetation 

properties and hydrodynamic forcing, which is presented in Figure 4.15 as a function of the 

Cauchy number (𝐶𝑎). All flexible canopies fulfil 𝐶𝑎	 ≫ 𝐵, indicating they are stiffness dominated 

thus confirming the change in flexural rigidity is appropriately represented by 𝐶𝑎 (Luhar and 

Nepf, 2016). The rigid sheath length is subtracted from the recorded canopy median elevation 

(ℎ#,2!0), providing the median deflected the blade length excluding the rigid stem length 𝑙+,0!*	 =

	ℎ#,2!0 − 𝑙C.  

The deflected height of flexible canopies with differing canopy density and blade rigidity is well 

represented as a function of 𝐶𝑎 in Figure 4.15. When 𝐶𝑎	 < 10 the canopies remain upright with 

minimal swaying and thus negligible mean deflection and for 10 < 𝐶𝑎	 < 100 the time-averaged 

deflection is minimal at up to 10% of the blade length and is predominantly associated with 

bidirectional swaying and positive deflection (Figure 4.15). Within this region, differing modes 

of canopy motion are recorded yet the motion nor dominant direction of deflection are described 

by 𝐶𝑎.  
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Figure 4.15. Median deflected blade length normalised by blade length relative to 𝐶𝑎. Bold points illustrate median 
deflection associated with corresponding LDA measurements, and error bars represent the maximum (ℎ',:;<	) and 
minimum (ℎ',:=>	) deflection elevations throughout the wave cycle. Points are categorised based on blade motion 
defined in Figure 4.13. Faint points support data for observation only (i.e. does not contribute to the determination of 
trendlines) and were obtained during wave attenuation measurements detailed in Chapter 5. 

For 𝐶𝑎	 > ~100 the blades predominantly express a positive deflection throughout the entire 

wave cycle. It is noted that due to the nondimensional nature of 𝐶𝑎, the thresholds of change 

magnitude may differ from previous studies. Canopies expressing bidirectional swaying 

correspond to a trend 𝑙+,0!*	 𝑙+⁄ = 	−0.005(𝐶𝑎)- (W + 1 (𝑟- = 0.8561) and provides a reasonable 

approximation for canopy deflection for all canopies when 𝐶𝑎 < 100. 

The error bars in Figure 4.15 reveal the range of canopy height due to oscillating motion 

throughout the wave cycle, whereby the bidirectional swaying expresses small amplitude motions 

with, while larger amplitude waving motions occur when 𝐶𝑎 > 100 in correspondence to positive 

deflection. The degree of positive deflections increases with 𝐶𝑎 following a strong power 

relationship whereby 𝑙+,0!*	 𝑙+⁄ = 	2.75(𝐶𝑎)?@.BC  (𝑟- = 0.9517), this power trend is in agreement 

with similar deflection metrics by Luhar and Nepf (2016) and Abdolahpour (2018). However, as 

indicated in Figure 4.15 not all canopies expressed positive deflection when 𝐶𝑎 ≫ 100, with the 

recorded deviation associated with the HF canopies under W3 wave conditions, which 

corresponds to the higher frequency waveform tested. Furthermore, it is noted that not all blades 

within a canopy correspond to a single category, notably several canopies with blades expressing 

negative deflection, including blades that express a strong positive deflection. 
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Figure 4.16. Canopy deflection in respect to (a) CaL, (b) (𝑇+𝜔)%. Bold and faint points are consistent with the 
description in  Figure 4.15. Power trendline in (a) is based on positive deflections only (𝑟%	= 0.8087), while (b) all 
canopy motions deflections (𝑟% = 0.9000). 

Assessment of flexible vegetation deflection in association with 𝐶𝑎 was initially applied to under 

unidirectional flow (e.g. de Langre, 2008; Luhar et al., 2008; Luhar and Nepf, 2011) and while 

the velocity component within 𝐶𝑎 is replaced for a characteristic wave governed velocity when 

quantifying wave forced flows (Luhar and Nepf, 2016), it is suggested that this does not fully 

encompass the wave hydrodynamics and canopy dynamics in all conditions. Luhar and Nepf 

(2016) accounted for the additional influence of wave frequency based on the length ratio of the 

vegetation to horizontal wave orbital excursion (𝐿 = 𝑙+ 𝐴$⁄ ), such that 𝐶𝑎𝐿 was implemented as 

the applicable nondimensional parameter when the wave amplitude is small in comparison to the 

blade length (𝐿	 ≫ 1) under pure waves. While 𝐿	 ≫ 1 for all runs within this study, the 

representation of canopy deflection is not improved through the implementation of 𝐶𝑎𝐿 (Figure 

4.16a). Representation via 𝐶𝑎𝐿, is not improved by implementing the measured drag coefficients 

(not shown), thus indicating that more complex processes contribute to the blade deflection within 

this study. 

The possible interaction between wave frequency and blade natural frequency is evaluated to 

investigate the processes behind negative deflection associated only with the HF canopies. In pure 

oscillatory flow Leclercq and De Langre (2018) defined the motion of isolated flexible blades 

based on the wave frequency of to the natural blade period (𝑇6𝜔), and the scale of wave amplitude 

to blade length (𝐿9? = 𝐴$ 𝑙+⁄ ). The blade natural period is defined as 𝑇6 = 𝑙-T𝑚3 𝐸𝐼⁄ , whereby 

the blade added mass 𝑚3 = 𝜌+𝜋𝑤+- 4⁄ . This was further validated under regular waves by 

Jacobsen et al. (2019) who reported flexible blade motion under regular waves was represented 

by a factor proportional to (𝑇6𝜔)-. When 𝑇6𝜔 < 1, the wave period is large compared to the blade 

frequency thus the motion is considered static equilibrium with the fluid (Leclercq and De Langre, 

2018), yet for all flexible canopies tested in this study 𝑇6𝜔 > 1 suggesting the blade motion is a 
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function of both wave amplitude and frequency. Jacobsen et al. (2019) further noted that blade 

deflection was better represented when normalised by 𝐴$ as opposed to 𝑙, represented in Figure 

4.16b based on the canopy height reduction due to deflection. The application of these parameters 

applied in Figure 4.16b provides a strong relationship between all canopies whereby 

(ℎ. − ℎ0.2!0) 𝐴$⁄ = 0.11((𝑇6𝜔)-),.; = 0.11(𝑇6𝜔). While representation of canopy deflection 

via 𝐴$ improves some of the supporting negative deflection data (faint points in Figure 4.16b), 

has not accounted for all negative deflections nor has representation by (𝑇6𝜔)-. As such relative 

canopy frequency is not believed to be the fundamental process associated with negative canopy 

deflections, and better representation is obtained via the use of 𝐶𝑎, although measured velocity 

data is required.  

The aforementioned studies are based on evaluation of measurements on isolated blade as 

opposed to a full canopy, yet critically Lei and Nepf (2019b) noted that full canopies experience 

a greater deflection than an isolated blade. However, Abdolahpour et al. (2018) successfully 

defined canopy reconfiguration by the shear layer height at the canopy top as a function of 𝐶𝑎𝐿, 

yet this was only evaluated for longer wave periods (𝑇 = 5 – 9 s) and corresponded larger canopy 

deflection of more than half the blade length. It is possible that 𝐶𝑎𝐿 is not applicable for shorter 

wavelengths. Additionally, the waves generated in the aforementioned studies utilised a paddle 

wavemaker as opposed to the hinge-paddle wavemaker implemented in this study, thus the 

differences are suggested to be associated with the differing orbital motion and ultimately the 

influence of both the horizontal and vertical velocity component. 

 

Figure 4.17. Canopy deflection is respect to the ratio of mean horizontal velocity to wave velocity with the addition of 
parameter 𝑇+ to incorporate the properties of the canopy blades. 

The nondimensional parameter Ca is largely dependent on the associated wave velocity, however, 

it has previously been noted that different combinations of wave amplitude and period can result 
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in similar wave velocities, despite contrasting spatiotemporal flow forcing (Luhar and Nepf, 2016; 

Gijón Mancheño, 2016), and therefore canopy motion. Furthermore, the velocity squared 

component in 𝐶𝑎 formula limits the distinction between positive and negative mean currents, yet 

negative mean currents are present throughout the vertical within this study and are expected to 

fundamentally influence canopy processes. The use of a combined wave-current Cauchy number 

(𝐶𝑎$.) presented by Lei and Nepf (2019a) are not representation of negative flows as their 

formula relates to forced primary positive current in addition to wave forcing. In order to assess 

the influence of mean currents and preserve the directional component of the horizontal velocity, 

the ratio of mean flow (𝑈l) to oscillatory flow (𝑈MEN) at the canopy top (ℎ0,234) is presented in 

(Figure 4.16). To account for the differences due to canopy flexibility, 𝑇6 parameter is 

incorporated. While the oscillatory flow component was always larger than the mean current, it 

is shown in Figure 4.16a that the two runs expressing negative deflection experienced the 

strongest mean negative current at the canopy top, offering possible reasoning for this motion. It 

is found that several of the results corresponding to bidirectional swaying experience a negative 

mean current, however, Lei and Nepf (2019a) recorded that without a positive mean current the 

blades expressed bidirectional behaviour similar to Figure 4.13b, while a positive mean current-

induced positive deflection. Positive mean currents are shown to occur for the majority of points 

expressing positive deflection, while two correspond to a negative mean current, which is 

expected to be associated with the used of velocities at ℎ0,234 while the peak may occur below 

ℎ0,234 but insufficient data in the vertical is available to confirm this. One additional hypothesis 

of processes initiating negative deflecting is the presence of a positive current within the canopy 

preventing mean deflection, while the above canopy negative mean current initiates the negative 

curvature of blades observed; however, as mentioned, insufficient data throughout the vertical is 

recorded to conduct thorough evaluation for the negative deflected canopies. 

Asymmetric blade deflection is not solely attributed to the presence of wave-induced mean 

currents and has previously been recorded under near sinusoidal waves due to the phase difference 

between the wave forcing and blade motions (Mullarney and Henderson, 2010; Niels G. Jacobsen 

et al., 2019). Therefore, the additional parameters associated with asymmetric blade motion and 

deflection are suggested to contribute to the variance in blade motion, which is not fully 

represented by 𝐶𝑎 or 𝑈l. For example, Mancheño (2016) attributed asymmetry due to the blade 

experiencing positive forcing in the direction of wave propagation for over half the wave cycle, 

as the reverse flow only initiates a negative movement of the vegetation after the point of flow 

reversal. The vertical velocity component has been shown to be fundamental to this process of 

blade asymmetry (Gijón Mancheño, 2016; Zhu, Zou, et al., 2020). As previously mentioned, the 

blade orientations implemented in this study will result in differing interaction with hydrodynamic 

forcing, and that not all blades behaved the same within one canopy under the same wave 

condition. Zhang et al.,  (2018) noted that mean current did not fully justify the mean deflection 
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recorded and suggested this was due to asymmetry between wave forcing and blade motion, as 

such, additional properties beyond the mean current and wave asymmetry are suggested to 

contribute to the slight variation of canopy motion observed in this study. Dispite the knowledge 

of additional processes contributing to asymmetric blade motion, assessment of these parameters 

does not provide full justification of the differences observed in this study, and thus requires 

additional future data acquisition to obtain the associated thresholds of change which goes beyond 

the scope of this study. It is suggested that assessment of hydrodynamic forcing is required along 

the entire blade length, as opposed to being based on velocity point data the canopy-top as applied 

here, although this is not possible within this study due to the absence of data within the upper 

canopy region.  

Fundamentally, the diversity of blade motion presented illustrates that multiple modes of motion 

are present, although not fully captured through evaluation in terms of 𝐶𝑎 and further study is 

required to isolate the driving principles. Furthermore, given the diversity and complexity of 

canopy motion within the scaled models implemented here, the simplified numerical models 

based on cantilever-beam theories, e.g. Zhu et al. (2020) may require modification to fully account 

for the hydrodynamic processes and subsequent application to real-world examples. However, 

the complexity of such tasks is appreciated, especially given the underpinning processes are not 

fully defined within this research alone.  

4.5. Results and discussion (3): near-bed processes 

4.5.1. Influence of spanwise location on stem region hydrodynamics 

Near bed processes are influenced by the short rigid stem (𝑧 = 0 to 60 mm), therefore, assessment 

is made for the MF canopy to evaluate the influence of the spanwise measurement location as 

detailed previously in Figure 4.5. The schematic in Figure 4.18 summarises the spanwise 

measurement locations relative to the surrounding stems, whereby the full vertical profiles from 

bed too far above the canopy were recorded at locations C (dense canopy) and H (sparse canopy), 

while all other locations span the vertical stem region (𝑧 = 0 to 90 mm). In reference to the 

direction of wave propagation, for the dense and sparse canopies respectively (Figure 4.18) 

locations A and F are directly offshore of a stem while locations E and J are positioned onshore 

of a stem. 
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Figure 4.18. Planform view schematic of point measurement locations (red crosses) assessed in reference to the 
surrounding stems (black circles). Labels A-E correspond to the dense canopy, while F-J correspond to the sparse 
canopy as per Figure 4.5, and associated colour coding of horizontal lines correspond to the data legend presented in 
Figure 4.19. 

 

Figure 4.19. Normalised horizontal velocity in the near bed region, and the influence of spanwise measurement location 
in reference to Figure 4.18. The horizontal grey line at 𝑧 = 60 mm indicates the height of the rigid stems.  

The horizontal velocity profiles obtained at the central locations C and H are well representative 

of the mean profile (Figure 4.19), whereby the mean profile at these locations deviate from the 

mean profile by less than 6% for both 𝑈MEN and 𝑢'234. Therefore, these the primary measurement 

location suitably capture the spatially averaged canopy horizontal velocity. The point locations in 

closer proximity to the stem (Locations B/G and D/I) express a larger magnitude mean velocities 

that are not captured within the mean. Horizontal velocities positioned in the lee of the stem in 

respect to the direction of wave propagation (Locations A/F) express a mean negative horizontal 

velocity, while the region upstream of the stem (Locations E/J) express a mean positive horizontal 

velocity. The slight difference in magnitude is first attributed to the deviation form purely 

oscillatory and influenced by underlying currents within this system, thus resulting in differing 

flow conditions either side of a stem. These findings have implications on a range of factors, 
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whereby the mean currents within canopies are largely dependent on measurement location in 

respect to canopy elements, and the associated stem arrangements and density. Measurement 

location alone could result in the identification of opposing mean currents, thus emphasising the 

requirement for carefully consideration and quantification of the measurement location in the 

spanwise location.  

 

Figure 4.20. Time-averaged turbulent kinetic energy (𝑘K) in the near bed region respective to spanwise location. The 
horizontal grey line at 𝑧 = 60 mm indicates the height of the rigid stems. 

While the full profile Locations C and H capture the mean horizontal flow velocity, the full range 

of turbulence is as not as fully represented, as an increase in TKE is recorded at locations 

surrounding the stems (Figure 4.20). Subsequently the full TKE profiles from bed to above 

canopy obtained at Locations C and H do not fully capture the near-bed processes due to spatial 

variability and turbulent fluctuations surrounding the stems. The largest discrepancy between the 

mean profiles and full profile locations (C/H) is most prevalent under the largest test wave energy 

(W1) whereby the mean TKE is underrepresented by 28% and 59% for the dense and sparse 

canopy respectively (Figure 4.20a,b). The increased turbulence in the measurement locations and 

compared to the unvegetated beds is believed to correspond to the generation of stem wakes, as 

previously reported by Pujol et al. (2013). The additional wave and density scenarios tested 

express a tighter range in TKE throughout the measurement locations (Figure 4.20c-f), and thus 

the averaged turbulence is closely represented by the central full profile measurement Locations 

(C and H).  
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4.5.2. Stem region turbulence  

It is most apparent that the higher stem density resulted in higher levels of TKE than the sparse 

canopy (Figure 4.21a). It is found that increasing canopy flexibility, as represented by a larger 

Ca, results in a decrease in stem region TKE. Power trendlines presented in Figure 4.21a have 𝑟- 

of 0.4338 and 0.2433 for the dense and sparse canopies respectively, indicating the relationship 

between stem region turbulence and 𝐶𝑎 is not well represented. The weak relationship is likely 

due to the primary generation of turbulence in this region due to the rigid stems as opposed to a 

dependence on the blade flexibility.  

 

Figure 4.21. Relationship between the time averaged turbulence kinetic energy (𝑘K) spatially averaged over the length 
of the rigid stems (𝑧 = 0.5mm to 60mm) in relation to (a) 𝐶𝑎  for dense (solid points) and sparse (hollow points) 
canopies, and (b) 𝐴1 𝑆⁄ . 

The magnitude of stem region turbulence has previously been suggested to correspond to with the 

relationship between wave orbital excursion and the stem spacing (𝐴$ 𝑆⁄ ). The data and 

corresponding trendline in Figure 4.21b show the stem region TKE increases with 𝐴$ 𝑆⁄ , as a rate 

of (5.7 × 109;)𝑒?.X4 whereby 𝑟- = 0.9430. Figure 4.21b is comparable to Zhang et al.,  (2018) 

[Figure 10b], whom reported that when 𝐴$ 𝑆⁄ > 0.5, the near-bed turbulence was increased 

compared to the unvegetated bed and when 𝐴$ 𝑆⁄ > 1.0 the turbulence led to stem generated 

turbulence through the canopy. The results in Figure 4.21b show that TKE is increasing in the 

region of 𝐴$ 𝑆⁄ > 0.5, and is substantially higher when 𝐴$ 𝑆⁄ > 1.0. In contrast to Zhang et al. 

(2018) it is found that the turbulence is higher than the unvegetated bed in all cases, indicating 

the that the generation of stem wake is present in all circumstances regardless of 𝐴$ 𝑆⁄ . This is 

associated with Ros et al. (2014b) and Pujol et al. (2013) whereby relative to an unvegetated bed, 

the TKE was greatly elevated in rigid compared and diminished in flexible vegetation. As such, 

the rigid stems employed within this study may result in increased near-bed turbulence 

comparable to a rigid canopy. The results presented indicate the influence of canopy flexibility 
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on turbulence proximal to the bed is limited, and the proximity of canopy elements within 

vegetation canopies in relation to wave properties is most influential. However, it is expected that 

this conclusion is bias by the presence of the rigid stems at the flow is dominated by the stems 

and not the flexible elements, and further investigation in required to establish if turbulence would 

be diminished if flexible stems were present at the bed. 

4.5.3. Maximum bed shear stress  

The bed shear stress is estimated based on the non-slip velocity gradient method using the 

measured velocity data within the near-bed laminar wave boundary layer; the supporting methods 

are detailed in Appendix C.1. The maximum phase-averaged bed shear stress (𝜏̃+,234) is 

presented for all runs at spanwise Locations C/H (Figure 4.18).  

 

Figure 4.22. Estimated maximum phase-averaged bed shear stress (𝜏̃3,)/0) for all canopy flexibilities and wave 
conditions for (a) dense- and (b) sparse- canopy densities. Normalised results are presented in (c,d), whereby 𝑢G)/0,$ 
is defined as the maximum horizontal phase-averaged velocity above the canopy at 𝑧 ℎ',)/0⁄  = 2, or when no vegetation 
is present at 𝑧 = 500 mm. Uncertainty is represented by error bars indicating 1 standard deviation. 

 

Figure 4.22(a,b) reveals that the most energetic incoming wave condition (W1) results in the 

greatest 𝜏̃+,234 for both the dense and sparse canopies. This corresponds with the largest 𝐴$/𝑆 
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and the elevated stem region turbulence previously identified in Figure 4.21b. Regardless of 

canopy flexibility, all dense canopies express a reduction in 𝜏̃+,234	compared to an unvegetated 

bed (NV). Furthermore, 𝜏̃+,234 reduces with increasing rigidity in the dense canopies (Figure 

4.22a), although the relationship is non-linear, with the lowest values recorded for MF-D, which 

is valid outside the range of uncertainty. Comparable trends are not present in the sparse canopy, 

whereby the incoming wave conditions W2 and W3 express similar magnitudes of 𝜏̃+,234 

regardless of canopy flexural rigidity. It is suggested that the recorded relationships and 

differences in 𝜏̃+,234 are related to the wave attenuation capacity of each canopy; whereby the 

mean wave height at the measurement location canopy can be lower than incoming wave 

conditions defined as W1, W2 and W3. Wave attenuation is greatest for denser and more rigid 

canopies due to larger corresponding drag (detailed in Chapter 5), thus these canopies are 

expected to result in the greatest respective reduction in bed shear stress, as confirmed by the data 

presented in Figure 4.22(a,b). The attenuation in the sparse canopies is minimal, offering 

explanation for the similarity in 𝜏̃+,234 regardless of canopy flexibility, and further indicating that 

a sufficient canopy density is required to protect the bed and limit 𝜏̃+,234. 

The effects of wave attenuation on 𝜏̃+,234 is isolated through normalisation by the free stream 

velocity (Figure 4.22c,d), enabling assessment of canopy flexibility on the bed shear stress 

regardless of differing wave heights at the measurement location. While Figure 4.22c,d confirms 

that wave attenuation strongly controls the respective bed shear stress magnitude, additional 

variation due to the canopy flexibility is present. Relative to the unvegetated bed, an increase in 

bed shear stress is associated with the HF-D canopy for W1 and W2 (Figure 4.22c), along with 

the SR-D canopy at W2. The higher frequency waves (W3) corresponded with a reduction in bed 

shear is recorded regardless of canopy density or flexibly. Furthermore, the non-linear 

relationship identified in Figure 4.2.2a remains present in the normalised data (Figure 4.22c), 

indicating additional processes beyond wave attenuation contribute to the bed shear stress 

magnitude.  

It has previously been presented by Abdolahpour et al. (2018) that flexible canopies can result in 

increased near-bed turbulence in comparison to a rigid counterpart, which may explain the 

recorded increasing bed stress with the HF-D canopies. Although, the elevated normalised bed 

shear stress for the SR-D and SR-S canopies under W2 conditions indicates that the occurrence 

of canopy motion is not the sole possible contributor to increased bed shear. Focusing on the SR-

D canopies at W2, it is suggested that the strong mean current at the canopy top (Figure 4.10) and 

skimming flow limits the transfer of fluid into the canopy and towards the bed. Although, the 

stronger the canopy top mean current, the stronger the return undertow current within the canopy 

near the bed, which is suggested to result in the elevated bed shear stress magnitude. The MF-D 

canopy under W2 expressed the smallest canopy top mean current and near-bed streamwise 
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velocity. Thus, this offers a reasonable hypothesis for the non-linearity observed with flexural 

rigidity, whereby the presence of a mean current and undertow is suggested to control the bed 

shear stress magnitude. Additionally, the canopy motion is expected to further increase the bed 

shear stress as it can continue to oscillate while experiencing canopy top mean current, thus 

increasing the turbulence within the canopy. This hypothesis is reasonable given the consideration 

of the previously presented results, but further evaluation is required to directly track the canopy 

motions and validate across additional wave conditions.  

4.6. Concluding remarks 

Experimental evaluation of canopy flexural rigidity on wave hydrodynamics reveals that 

compared to unvegetated beds, aquatic canopies exposed to wave forced flows can invoke mean 

currents and control the spatiotemporal distribution and magnitude of turbulence. This is proposed 

to correspond to the relative motion blade motion with respect to the surrounding fluid and the 

subsequent potential for blade scale vortex shedding, which varies with canopy flexibility. 

A distinction is made between canopy generated currents that are solely attributed to the 

introduction of a vegetation canopy regardless of underlying flows present in the absence of a 

canopy (‘Canopy-generated mean currents’), and wave generated currents which presented the 

combined and recorded flows (‘Wave-generated mean currents’). Canopy generated mean 

currents occur at the canopy top under the largest wave forcing (W1) with the semi-rigid canopy 

expressing twice the magnitude than flexible canopies under the same wave forcing. A disordered 

trend occurs based on flexural rigidity, whereby the more rigid LF canopy expresses notably lower 

canopy-top mean current than the MF and HF canopies at comparable wave forcing, this prevents 

the positive deflection of canopy blades. The peak canopy-top velocities penetrate further into the 

MF and HF canopies than the SR canopy, suggesting an enhanced exchange of fluid into the 

canopy with increased flexibility.  

Under lower energy wave environments, the peak time-averaged horizontal velocities or wave-

generated mean current occurs within the canopy instead of at the canopy top and is of lower 

magnitude than any canopy-top induced currents. The attenuation of wave velocities within the 

canopy depends on canopy flexibility, whereby greater rigidity results in a greater velocity 

reduction, regardless of canopy density or wave conditions. As such, the absence of proper 

quantification of canopy flexibility can result in differing near-bed velocities, and point 

measurements reveal a velocity and turbulence increase spanwise proximity to the stem. 

However, the range in wave velocity attenuation between canopy flexibility is less prevalent 

within the sparse canopy. The prediction of mean currents is most accurately represented based 

on a model following boundary layer streaming and Eulerian principles proposed by Luhar 
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(2020). The prediction of mean currents is improved by implementing informed drag coefficients 

across a range of wave velocities. 

The presence of mean currents partially drives canopy motion and the mean configuration, 

categorised based on directional and magnitude of canopy blades motion into Undeflected 

Swaying, Bidirectional Swaying, Positive Deflection, and Negative Deflection. Increasing the 

blade flexibility reduces the maximum canopy height and shifts the canopy top processes towards 

the bed. Canopy deflection in the onshore direction is represented by power relationship with 𝐶𝑎, 

due to positive horizontal mean and wave velocities. However, several canopies expressing a 

mean offshore deflection deviate from this power trend attributed to negative mean currents at the 

canopy top, which are not appropriately incorporated within 𝐶𝑎 due to the lack of dimensional or 

directional properties. 

In consideration of near-bed processes, variation in the spanwise measurement location proximity 

to the stems increased the magnitude of mean velocities and turbulence. This is associated with 

stem generated wakes and shows consideration of spatial variability is required during the 

acquisition of point-based data. Near-bed turbulence increases with canopy density and scales 

with the ratio of wave orbital excursion to stem spacing (𝐴$ 𝑆⁄ ). Although little relation is found 

with canopy flexibility, likely due to the flow being dominated by the rigid sheaths, further 

research is required to evaluate near-bed processes with fully flexible canopies at the bed. The 

variation in bed shear stress is most distinct for the higher density canopies, whereby the 

maximum bed shear stress reduced with increasing canopy rigidity in relation to the associated 

the wave attenuation capacity. Additional variation is recorded due to canopy flexibility, that is 

not accounted for by wave attenuation, which suggested to correspond with the development of 

mean currents throughout the water column, along with the influence of canopy motion. 

The subsequent changes to turbulence throughout the canopies and near-bed processes due to 

canopy flexibility are expected to influence the sediment and mixing processes directly. Nardin 

et al. (2018) linked the reduction in bed shear stress due to vegetation canopies with increased 

sediment disposition. Thus, it is suggested that more rigid canopies are expected to promote 

sediment deposition due to associated decrease in bed shear stress. Additionally, Tinoco and Coco 

(2018) found turbulent kinetic energy to be the primary driver of sediment resuspension, whereby 

lower turbulence is associated with reduced suspended sediment concentrations (Hansen and 

Reidenbach, 2012; Ros et al., 2014a). With higher turbulence levels associated with the more 

rigid canopies, this further indicates that the more flexible canopies may diminish sediment 

suspension compared to a more rigid canopy. Future research incorporating mobile sediment beds 

is required to determine the full effects of canopy flexibility, notably to consider the bed substrate 

cohesivity and biological properties known to alter the critical shear stress associated with 

sediment erodibility of seagrass beds (Widdows et al., 2008).  
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Fundamentally, it is shown that canopy flexibility must be accurately considered to apply findings 

to natural environmental settings, notably under higher energy conditions, including storm 

conditions that account for the largest environmental changes. 
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Chapter 5.  
 
Influence of canopy flexibility on wave 
attenuation and bulk drag 

Abstract 

Coastal vegetation provides a nature-based solution that supports protection of vulnerable 

coastlines through active dissipation of wave energy. This chapter reports on a set of experiments 

exploring the relative contribution of canopy flexibility on wave decay and canopy drag for 

submerged vegetation canopies of morphologically scaled Zostera marina. The experiments span 

low to high energy wave conditions with Reynolds number 𝑅𝑒$+ ∈ [1.0×102, 1.0×103] and 

Keulegan-Carpenter number 𝐾𝐶 ∈ [10, 140]. Assessment is made for canopies with four differing 

flexibilities spanning several orders of magnitude from Semi-Rigid to Highly-Flexible, with 

corresponding Cauchy numbers 𝐶𝑎 ∈ [1,3330]. Additional assessment considers the effect of 

differing canopy stem densities. These vegetation parameters are shown to be more suitably 

represented in relation to wave decay as a function of 𝐾𝐶 than 𝑅𝑒$+, which provides a shared 

relationship when coupled with the canopy biomass. The corresponding canopy bulk drag 

coefficients are analytically derived and defined based on a common empirical formula based on 

the Cauchy number (𝐶𝑎), which fully incorporates the range of wave conditions and canopy 

flexibilities evaluated into a single function. The role of plant motion is further assessed and 

shown to be suitably represented by Ca. 
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5.1. Introduction 

Coastal vegetation supports a broad range of ecosystem services, including the provision of 

nature-based defences associated with wave energy dissipation due to vegetation imposed drag 

(Pinsky et al., 2013). The attenuation of wave heights over vegetation canopies underpins coastal 

protection services through the subsequent mitigation of erosional processes and a reduction in 

the magnitude of inland flooding due to inundation during larger storm events (Nardin et al., 2016; 

Vuik et al., 2016). Field and laboratory measurements have credited wave attenuation to various 

types of coastal vegetation including intertidal mangroves (Horstman et al., 2014; Maza et al., 

2019), saltmarshes (Möller et al., 2014; van Veelen et al., 2020), kelp beds (Dubi and Torum, 

1997; Morris et al., 2020) and seagrass canopies (Infantes et al., 2012). A focus is placed herein 

on submerged aquatic canopies, notably seagrasses, yet this research complements knowledge of 

the surrounding ecosystems. The capacity to attenuate waves is dependent on the vegetation 

morphology and biomechanical properties relative to the incoming hydrodynamic forcing and is 

ultimately defined by the associated drag (Houser et al., 2015a; Twomey et al., 2020). 

 

Figure 5.1. Generalised illustration of wave attenuation over a submerged aquatic vegetation canopy, and wave orbital 
decay for intermediate water depths. 

Laboratory-based research provides controlled experimental environments that enable evaluation 

of differing vegetation properties and incoming wave forces on wave attenuation capacity. The 

principle of wave decay over submerged aquatic vegetation is illustrated in Figure 5.1, whereby 

wave height decays with shoreward distance along the canopy at a nearly exponential rate. The 

properties of incoming hydrodynamic forcing alter the magnitude of wave attenuation, whereby 

greater wave heights have been correlated to increased wave attenuation (Maza et al., 2016; Luhar 

et al., 2017; Reidenbach and Thomas, 2018), although trends are less ubiquitous for differing 

wave periods. Lowe et al. (2007) found shorter waves resulted in greater attenuation due to greater 

penetration into the canopies, with comparable results presented by Bradley and Houser (2009) 

under low-energy conditions, while Anderson and Smith (2014) reported no change for wave 

period.  
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The interaction of wave orbital motions with a canopy is dependent on the relative submergence 

ratio. In general, a larger submergence ratio, whereby a canopy occupies a greater proportion of 

water column, produces greater wave dissipation (Anderson and Smith, 2014; Luhar et al., 2017). 

This further depends on the strength of the wave orbital motions throughout the vertical due to 

vertical decay and subsequent interaction with the canopy as depicted in Figure 5.1 (Paul et al., 

2012). Paul et al. (2012) summarised that wave attenuation is associated with: skin friction, form 

drag, and canopy motion, such that wave attenuation cannot be quantified or effectively 

generalised without sufficient consideration of the accompanying canopy properties. A literature 

review by Anderson et al. (2011) revealed the percentage wave reduction is variable by species, 

as such there is a requirement to quantify the influence of the corresponding canopy properties. 

Ozeren et al. (2014) presented greater drag coefficients for live plants than flexible or rigid 

artificial canopies due to the difference in leaf density. Houser et al. (2015) recorded that a semi-

flexible canopy produced a higher bulk drag when submerged than emergent due to exposure to 

smaller wave velocities when submerged with insufficient capacity to deflect the submerged 

blades. Fundamentally, the drag force and associated wave attenuation are dependent on the 

relationship between hydrodynamic forcing and the restoring forces of the blades, defined as the 

Cauchy number (𝐶𝑎). 

The controls on force relationships are further embedded within the canopy stem density. For 

example, Paul et al. (2012) reported that a sparse canopy with longer blades could result in the 

same attenuation as a dense canopy with shorter blades, and longer blades will have higher 

attenuation if the wave velocities do not extend deeper towards the bed. In general, wave 

attenuation increases with canopy stem density (Anderson and Smith, 2014; Luhar et al., 2017), 

corresponding with seasonal variation (Reidenbach and Thomas, 2018). Paul and Amos (2011) 

suggest a minimum density may be required to achieve wave attenuation, although this is variable 

by seagrass species and natural setting. Canopy density is more coherently defined by the 

vegetation biomass and provides a highly effective parameter for quantifying wave attenuation 

capacity. A higher biomass corresponds to summer months and results in greater wave attenuation 

(Maza et al., 2015; Reidenbach and Thomas, 2018). Paul et al. (2012) recorded biomass to be the 

dominant defining parameter for wave attenuation capacity associated with mimic seagrass 

canopies, yet recorded that a stiffer seagrass canopy produced greater attenuation versus leaf area 

index, as further recorded for saltmarsh vegetation (Maza et al., 2015).  

Complimentary studies have noted the importance of canopy flexibility and the implications on 

wave attenuation due to reconfiguration and blade motion. The flexural rigidity of canopy 

elements (i.e. leaves, blade, stems) varies naturally by vegetation type, species, age, and 

environmental conditions (La Nafie et al., 2012; Albayrak et al., 2013; de los Santos et al., 2016; 

Paul and de los Santos, 2019). Bouma et al. (2005) reported plant flexibility to be the most 

significant plant property associated with wave energy reduction, whereby greater drag and wave 
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attenuation occurred for stiffer undeflected blades. The decrease in the frontal area due to 

deflection of flexible canopies reduces the canopy drag; therefore, rigid canopy assumptions 

overpredict wave attenuation (Paul et al., 2016; Luhar et al., 2017; van Veelen et al., 2020). A 

summary of measured and published drag coefficients associated with varying blade flexibility 

by Houser et al. (2015) confirmed that flexural rigidity is fundamental to the drag force. In 

general, more flexible canopies produce lower drag and thus reduce wave attenuation capacity.  

Paul et al. (2012) suggested that canopy motion may be a more critical contribution to wave 

attenuation than simply canopy flexibility. The blade motion relative to the surrounding fluid 

regulates drag and wave attenuation capacity, whereby this is limited when blades that move 

passively with the wave oscillations (Luhar et al., 2017). However, blades can move out of phase 

with the wave oscillations and increase drag compared to passive blade motions due to the 

respective wave frequency (Bradley and Houser, 2009; Mullarney and Henderson, 2010; Luhar 

and Nepf, 2016). Under larger forcing, flexible canopies can primary deflect in the onshore 

direction throughout the wave cycle, resulting in streamlining that reduces drag and wave 

attenuation (Bradley and Houser, 2009). As such, the assumption that blades move passively with 

the flow can result in the attenuation capacity to be overestimated (Houser et al., 2015b). Indeed, 

Bradley and Houser (2009) suggested higher frequency waves should experience greater 

attenuation as blades moved out of phase with waves but moved in phase with lower frequencies, 

however, the influence of the blade natural frequency in respect to wave frequency remains mostly 

unexplored.  

The magnitude of drag imposed by a vegetation canopy varies due to the morphological and 

biomechanical properties, which can range by orders of magnitude for seagrass due to individual 

canopy properties (Houser et al., 2015b). Pinsky et al. (2013) reviewed the role of several coastal 

vegetation types and wave attenuation associated with bulk drag coefficients and the contribution 

to coastal protection, yet noted the need for additional measurements to determine the role of 

flexural rigidity notably under storm conditions. The bulk drag coefficient associated with 

vegetation canopies has predominantly been quantified using empirical formulae based on the 

Reynolds number (𝑅𝑒) or Keulegan–Carpenter number (𝐾𝐶) (Anderson and Smith, 2014; Vuik 

et al., 2016). However, this approach does not account for the variability of canopy flexural 

rigidity. A limited number of studies have quantified the influence of varying canopy flexibility 

instead of binary evaluation between a flexible and rigid canopy. Houser et al. (2015) reveal the 

drag force of artificial seagrass (morphologically similar to Thalassia testudinum) with differing 

thickness and thus flexibly can be related to the ratio of blade rigidity to oscillatory velocity 

(inverse of the Cauchy number, 𝐶𝑎). Jacobsen et al. (2019) presented a subset of experiments 

associated with this research and reported that canopies with thicker blades representing more 

rigid canopies, resulted in greater dissipation of irregular wave trains. Luhar et al. (2017) 

accounted for variation in flexibility through implementation of an effective length, defined as the 
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length of a rigid blade that imparts the equivalent drag of a flexible blade based on 𝐶𝑎𝐿. A very 

recent literature review by Twomey et al. (2020) focused solely on seagrass and collated the drag 

coefficients associated with canopy morphology and wave properties. However, they did not 

address the role of flexural rigidity and noted the need to evaluate differing seagrass species. As 

such, there remains a need to evaluate varying wave forcing encompassing both low and high 

energy regular wave conditions and the associated influence of varying flexural rigidity associated 

with seagrass canopies.  

The work presented herein aims to advance knowledge of wave attenuation and canopy induced 

drag, a set of experiments explore a systematic variation of blade flexural rigidity within a 

laboratory. The experiment employs surrogate vegetation comparable to common seagrass, 

Zostera marina. Assessment of wave conditions spans from low energy environments to more 

energetic storm conditions, which are acknowledged as the range of conditions a prototype system 

would experience. Appropriate scaling of the physical environments is ensured by applying 

vegetation surrogates morphologically and biomechanically comparable to nature. This ensures 

that results are suitably applicable for future parametrisations of numerical modelling detailing 

larger scale morphodynamics.  

An initial overview of published wave attenuation models is provided in §5.2, and the 

experimental methods are detailed in §5.3. The results comprise of assessment of measured wave 

decay coefficients and the associated controls §5.4, which are utilised to determine the canopy 

bulk drag coefficients in and relationship with 𝑅𝑒, 𝐾𝐶 and 𝐶𝑎 in §5.5. Concluding remarks are 

given in §5.6. 

5.2. Theory: wave attenuation models 

Wave transformation over vegetation canopies and the corresponding wave energy dissipation is 

commonly associated with a model developed by Dalrymple et al. (1984) which is based on linear 

wave theory for regular waves and a rigid canopy: 

 
𝜀# =	

2
3𝜋

𝜌*𝐶S𝑛#𝑤+ �
𝑘𝑔
2𝜔�

( 	sinh(𝑘ℎ𝑣 + 3 sinh 𝑘ℎ𝑣
3𝑘 cosh( 𝑘ℎ$

𝐻( (5.1) 

where, 𝜌* is the fluid density,  𝐶S is the drag coefficient, 𝑛# is the canopy stem density (stems per 

m2), 𝑤+ is the vegetation diameter (herein blade width), 𝑘 is the angular wavenumber (2𝜋 𝜆⁄ , 

where 𝜆 is the wavelength), 𝑔 is the specific gravity, 𝜔 is the wave radian frequency (2𝜋 𝑇⁄ , 

where 𝑇 is the wave period), ℎ" is the vegetation canopy height, ℎ$ is the water depth, and 𝐻 is 

the wave height.  

The wave decay over a canopy is commonly expressed as:  
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 𝐻
𝐻,

=
1

1 + 𝛽𝑥
 (5.2) 

whereby, 𝐻, is the incident wave height and 𝛽 the model wave decay coefficient is described by 

Dalrymple et al. (1984) and recently applied by van Veelen et al. (2020): 

 
𝛽 = 	
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sinh(𝑘𝛼ℎ$ + 3 sinh 𝑘𝛼ℎ$

(sinh 2	𝑘ℎ$ + 2𝑘ℎ$) sinh 𝑘ℎ$
 (5.3) 

where 𝛼 is the canopy submergence ratio (ℎ# ℎ$⁄ ), such that effectively 𝛼ℎ$ =	ℎ#. 

It is noted that the model includes several assumptions that are outlined in full by Losada et al. 

(2016). In summary, beyond the fundamental assumptions associated with linear wave theory, the 

model is based on a canopy comprising of rigid cylinders, not flexible structures and thus has a 

range of limitations. The model developed by Dalrymple et al. (1984) has since undergone several 

iterations to improve the applicability to differing hydrodynamic conditions and improve the 

inclusion of canopy properties. Mendez and Losada (2004) included consideration for breaking 

and non-breaking irregular waves, which has been implemented with comparison to field studies 

(Losada et al., 2016; Garzon et al., 2019), which together have further included the influence of 

waves and currents, along with replacing the canopy height (ℎ#) with a deflected canopy height 

(ℎ0). 

Recent alterations have also been made to account for blade motion and respective drag imposed 

by flexible blades. Luhar and Nepf (2016) employed an effective length (𝑙!), defined as the rigid 

blade length that produces equivalent drag of a flexible blade considering the influence relative 

blade and fluid motion. 𝑙! was represented as a function of the Cauchy number (Ca) defined by 

the ratio of hydrodynamic drag to blade resorting forces (rigidity), and the ratio of blade length 

to wave excursion (L). Luhar et al. (2017) noted that the traditional equation (5.3) overpredicts 

the drag coefficient and wave attenuation for a flexible canopy comparable to seagrass (Zostera 

marina) due to the assumptions of a rigid canopy. As such, the implementation of 𝑙! 	obtained 

from blade motion observations was employed to improve the calculation of predictive 

capabilities of wave decay by replacing ℎ# with 𝑙!. Lei and Nepf (2019b) advanced this 

application and illustrated that suitable 𝑙! values for a vegetation canopy can be obtained from 

direct drag measurements on an isolated blade, thus omitting the need for  blade observations and 

associated calculations. Interestingly, while the effective length was calculated based on an 

isolated stem the results were shown to fit for a canopy. This is surprising given that blades within 

canopies are known to express greater deflection than an isolated blade (Lei and Nepf, 2019b). 

Lei and Nepf (2019b) further defined their predictive wave attenuation formula to consider the 

presence of vegetation elements comprising of a rigid sheath and flexible blades and incorporated 

the influence velocity difference within and above the canopy, which is otherwise not represented 
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by linear wave theory as discussed by Jacobsen et al. (2019). As such, the wave decay coefficient 

was redefined as: 

 
𝐾S =

2
9𝜋

𝐶S𝑎#𝑘𝛼$( q
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sinh 𝑘ℎ	(sinh(2𝑘ℎ) + 2𝑘ℎ)
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where 𝑎# is the vegetation frontal area,	𝛼$ is the ratio of in-canopy velocity to free-stream 

velocity (defined by Lowe et al. 2005), 𝐶S was assumed to be 1.95, and the effective canopy 

length scale (height) was predicted to be: 

 𝑙!,2 = 0.94(𝐶𝑎𝐿)+9,.-;𝑙+ + 𝑙C (5.5) 

where 𝑙C is the length of the rigid canopy stem, and 𝑙+ is the blade length.	(𝐶𝑎𝐿)+  denotes 𝐶𝑎𝐿 

calculated using only the blade length. 

5.3. Experimental methods 

 

Figure 5.2. Schematic of the experimental setup in AURWF for investigation of wave attenuation measurements. 

The attenuation of regular waves over surrogate vegetation canopies comparable to common 

seagrass species Zostera marina were experimentally investigated within the Aberdeen 

University Random Wave Flume (AURWF) of length 20 m, width 0.45 m, and depth 0.9 m with 

standing water depth (ℎ$) of 0.685 m (Figure 5.2). The associated coordinate system is defined 

as the direction of wave propagation (𝑥), vertical (𝑧), and spanwise (𝑦); with respective origins 

located the canopy front, spanwise flume centre, and standing water surface (note this differs from 

Chapter 4). Surrogate vegetation canopies occupied the centre of the flume, spanning the entire 

width, with a length of 7.5 m thus exceeding longest tested wavelength of 4.26 m. The primary 

focus is placed on evaluating the influence of varying canopy flexural rigidity while also assessing 

stem density. Four different blade flexibilities were evaluated (detailed in §5.3.1): Semi-Rigid 

(SR), Low-Flexibility (LF), Moderate-Flexibility (MF), and High-Flexibility (HF). Two canopy 

stem densities (𝑛#) were evaluated at 566 and 142 stems per m2, referred to as dense and sparse 

canopies. Each canopy was studied with standing height (ℎ#) of 0.260 m equating to a 

submergence ratio (ℎ# ℎ$⁄ ) of 0.38. A bottom-hinged wave paddle generated surface waves, and 
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a parabolic foam beach minimised reflection at the opposing end. Each canopy setup was exposed 

to 16 regular wave conditions, consisting of target wave period 𝑇 = {1.10, 1.35, 1.60, 1.85} s, and 

target wave height 𝐻 = {0.450, 0.090, 0.135, 0.180} m, and correspond to intermediate-depth 

waves. The water surface elevation was recorded across the canopy using twin wire resistive wave 

gauges, providing the wave properties as fully detailed in §5.3.2. Additional measurements 

validated through digital imagery provided acquisition of the canopy deflection and motion. 

Baseline measurements for all wave conditions were acquired when no vegetation (NV) was 

present. A detailed supporting data storage report is provided in Appendix A, and this 

experimental setup has previously been published along with a subset of the data for irregular 

waves (Jacobsen et al., 2019). 

5.3.1. Artificial vegetation 

 

Figure 5.3. (a) Individual LF vegetation element inserted into the baseboard (b) LF canopy with wave propagation and 
wave gauge.  

The artificial vegetation canopies morphologically and biomechanically comparable to natural 

seagrass species Zostera marina comprised of individual vegetation elements, which are 

extensively detailed in Chapter 4. Each vegetation element comprised of four flexible 

polypropylene blades attached to a short rigid PVC stem (Figure 5.3) and was inserted into a 

predrilled baseboard with equidistant spacing and comparable staggered geometry for both the 

sparse and dense canopies. The rigid stem of diameter 𝑑C = 0.0063 m protruded a length of 𝑙C	= 

0.06 m above the 0.015 m thick baseboard, with a constant blade 𝑤+ = 0.0041 m and length 𝑙+ = 

0.2 m, resulted in a submergence ratio ℎ# ℎ$⁄  = 0.38. Blade thickness (𝑡+) was varied to alter the 

flexural rigidity such that 𝑡+= {1.1, 0.5, 0.2, 0.1} mm respective to the SR, LF, MF, and HF 

canopies. The reader is directed to Chapter 4 (§4.2.1) for full details on the biomechanical 
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properties of the artificial vegetation and contextualisation to natural environments. The biomass 

(kg/m2) of each canopy is calculated considering the stem and blade properties and may also be 

referred to as standing biomass. 

The scaling of canopy mechanical properties is consistent with the methods presented in Chapter 

4 (§4.2.1). However, the core parameters are briefly described here for completeness, whereby 

the ratio of drag to rigidity force (Cauchy Number, 𝐶𝑎), and the ratio of buoyancy to rigidity force 

(Buoyancy parameter,	𝐵) are defined: 

 𝐶𝑎 = 	
𝜌*𝑤+𝑈234,Y-𝑙+

(

𝐸𝐼
, and	𝐵 =

I𝜌* −	𝜌+K𝑔𝑤+𝑡+𝑙+
(

𝐸𝐼
 (5.6) 

𝜌+ is blade material density. The velocity component is replaced with the predicted maximum 

streamwise velocity based on linear wave theory 𝑈234,Y (detailed in §5.3.2) at the canopy top.	𝐸 

is the bending Young’s modulus, and 𝐼 is the second moment of inertia (𝐼 = 𝑤+𝑡+( 12⁄ ). The 

tested vegetation surrogates are stiffness dominated instead of buoyancy based on 𝐵9?𝐶𝑎 > 1 

(Luhar and Nepf, 2011). Variation of wave properties in addition to 𝐶𝑎 can be represented through 

𝐶𝑎𝐿, whereby 𝐿 = 𝑙+ 𝐴$⁄  and the horizontal wave excursion 𝐴$ =	𝑈234,Y𝑇/2𝜋. 

5.3.2. Data acquisition and post-processing 

Surface water elevations were recorded by twin-wire resistive wave gauges at 200 Hz for 200 

wave periods, in a setup similar to Anderson and Smith (2014). A commonly applied wave gauge 

calibration procedure was implemented to convert measured data from volts to meters (Houseago 

et al., 2019). Two wave gauges remained in fixed locations throughout the study’s entirety, one 

upstream of the canopy (WG1; 𝑥 = −2.65) and at the canopy centre (WG2; 𝑥 = 3.74). A further 

four wave gauges (WG3 to WG6) were located throughout the canopy and repositioned (WG3a 

to WG6a) between two repeat measurement series to increase the spatial data coverage, thus 

enabling ten measurement locations at approximately metre intervals (Figure 5.2).  

The first 90 seconds of each wave measurement were not analysed in order to develop and 

stabilise the waves fully. A high pass and low pass filter were applied to remove and underlying 

noise within the signal. The wave heights and periods at each wave gauge location were calculated 

based on the zero-up crossing (similarly to Abdolahpour et al., 2016), enabling calculation of the 

time-averaged mean height (𝐻) and period (𝑇) at each wave gauge. The representative wavelength 

(𝜆) for each experimental condition was calculated based on the time lag and known distance 

between WG3 and WG4. 

Complimentary velocity data was acquired for three wave conditions using laser doppler 

anemometry (LDA) previously detailed in Chapter 4 with target wave properties: W1 (𝑇 = 1.6 s, 

𝐻 = 0.18 m); W2 (𝑇 = 1.6 s, 𝐻 = 0.09 m) and W3 (𝑇 = 1.1 s, 𝐻 = 0.18 s). Canopy blade motion 
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was captured using DSLR camera, enabling categorisation of the blade motion into Undeflected 

Swaying, Bidirectional Swaying, Positive Deflection, and Negative Deflection as defined in 

Chapter 4 (§4.4). Additionally, image analysis was employed to determine the maximum 

(ℎ0,234) and minimum (ℎ0,256) deflected canopy height throughout the wave cycle, and the 

associated median canopy height (ℎ0,2!0). 

In the absence of measured velocity data, the maximum streamwise orbital velocity is predicted 

for all wave conditions based on linear wave theory (Svendsen, 2006; Sorensen, 2006): 

 𝑈234,Z? =
𝜋𝐻
𝑇
cosh 	I𝑘(ℎ$ + 𝑧)K

sinh(𝑘ℎ$)
 (5.7) 

where 𝐻 is the measured wave height at a given 𝑥 location, and 𝑧 is the associated depth, here 

calculated at 𝑧	 = 	ℎ0,234 similarly to Lodsada et al. (2016). Despite the known assumptions of 

linear wave theory, including the lack of bed friction, Hansen and Reidenbach (2012, 2017) 

found reasonable agreement between measured and predicted wave orbital associated with 

natural seagrass. 

The maximum wave orbital velocities based on linear wave theory in equation (5.7) based on the 

wave height (𝐻) at WG2 is validated against measured maximum phase-averaged velocity 

obtained at in-line with WG2 within Chapter 4. Figure 5.4 reveals that linear wave theory 

produces a reasonable approximation, yet slightly underpredicts higher velocities, which is 

suggested to correspond to the lack of representation of strong mean currents which can form at 

the canopy top under higher energy conditions. The incorporation of stokes second-order wave 

theory accounts for non-linear wave properties through the inclusion of extra harmonics, where 

the additional maximum velocity contribution is given by (Sorensen, 2006; Gijón Mancheño, 

2016): 

 𝑈234,Z- =	
3
16
𝑐(𝑘𝐻,)- 	

cosh 	I2𝑘(ℎ$ + 𝑧)K
sinh'(𝑘ℎ$)

 (5.8) 

where 𝑐 is the wave celerity (𝜆 𝑇⁄ ). The solution to the predicted streamwise velocity based on 

the second-order stokes theory is defined as: 𝑈234,Y =	𝑈234,Z? +	𝑈234,Z- (Sorensen, 2006).  
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Figure 5.4. Comparison between the predicted maximum streamwise orbital velocity based on linear wave theory 
(𝑈)/0,D-) in relation to measured maximum streamwise data, while triangular points indicate the addition of second-
order stokes theory component (𝑈)/0,E) which is implemented as the given wave velocity component herein. The line 
indicates a 1:1 relationship of 𝑟% = 0.7855, and 𝑟% = 0.8494 respectively. 

Figure 5.4 presents an improved prediction of velocities based on stokes second-order theory, 

which agrees with previous canopy studies (Manca et al., 2012). Given the validity of 𝑈234,Y the 

characteristic velocity component implemented herein follows 𝑈234,Y based on 𝐻	located 

offshore of the canopy by WG1, and representative of the incident wave height.  

5.4. Results and discussion (1): canopy wave decay  

The results presented herein are separated into two parts: (1) the assessment of measured wave 

decay rates over canopies of various canopy and wave properties, and (2) the evaluation of canopy 

bulk drag and the underlying controls. Firstly, this section analyses the recorded wave heights 

along the canopy to determine a corresponding wave decay coefficient. An initial discussion of 

the measured datasets and common features provides the basis to define and calculate the decay 

coefficients. These decay coefficient subsequently support the evaluation of canopy wave 

attenuation capacity for different canopy properties and wave conditions.  

5.4.1. Wave decay coefficient 

The wave height is recorded to reduce with shoreward distance along the canopy, and represented 

by a wave decay coefficient. A least squared fit trendline is applied to the measured mean wave 

heights along the canopy to obtain a wave decay coefficient (𝛽) following equation (5.2).  
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Figure 5.5. (a) Measured wave decay based on SR-S canopy for 𝐻 = 0.18 m, 𝑇 = 1.85 s, with 𝜆 = 4.16m. Markers 
indicate wave gauge measurements. The dashed line indicates spline fit to demonstrate the oscillating mean wave height 
across a canopy, and the solid trendline represents the least square fit based on equation (5.9) whereby 𝑟% = 0.7618.  

Equation (5.2) assumes 𝐻 𝐻,⁄  = 1 at the canopy front, yet this is not a given in all datasets in this 

research. Firstly, because 𝐻, is obtained offshore of the canopy front at WG1 (𝑥 = -2.65 m, see 

Figure 5.2), as this measurement location remained fixed throughout the repeat measurements, 

whereas the canopy front wave gauge was relocated. Furthermore, oscillations in mean wave 

height across the canopy occur, thus depending on the spacing of wave gauges it is not a certainty 

that 𝐻 𝐻,⁄ 	= 1 at the canopy front, as shown by exemplar data in Figure 5.5. Such oscillations 

have previously been attributed to constructive interference associated with the presence of a 

standing wave due to wave reflections (Maza et al., 2013; Luhar et al., 2017; Zhang et al., 2018). 

The size and location of oscillations are dependent on the respective phase of interference, with 

variation due to canopy length, and greater prominence for flexible than rigid canopies (Chen et 

al., 2019). As such, even if wave height at the canopy front wave applied as 𝐻,, 𝐻 𝐻,⁄  = 1 at the 

canopy front can not be assumed due to the oscillations in mean wave height along the canopy, 

which are recoreded to occour at half-wavelength intervals (Figure 5.5). Therefore, the relative 

𝑦-axis intersecting height (𝐻5) must be implemented to appropriately calculate the wave decay 

coefficient based upon wave height measurements obtained along the canopy. As such, the 

commonly implemented approach based on equation (5.2) is modified: 

 
𝐻
𝐻,

=
𝐻5

1 + 𝛽𝑥
 (5.9) 

whereby 𝐻5 is the y-axis intersect of 𝐻 𝐻,⁄  at the canopy front (𝑥 = 0) which can be greater or 

less than unity depending on relative measurement location. 

Due to oscillations in wave height along the canopy, the measured wave decay coefficient (𝛽) is 

not always fully captured in the datasets obtained in this study. Essentially the rate of decay is 

insufficiently recorded due to wave gauge spacing, and thus the relationship was not distinctly 

identified. Therefore, only data obtained from equation (5.9) that fulfils		𝑟- > 0.7 is considered 
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to have a strong correlation (Moore, 2003) and included in further analysis herein. Furthermore, 

the wave decay coefficients discussed herein are adjusted to account for underlying wave 

attenuation linked to the experimental facility in the absence of any vegetation canopies. The 

adjusted wave decay coefficient is defined as 𝛽? = 𝛽 − 	𝛽,, whereby 𝛽 is the measured canopy 

wave decay coefficient over a canopy, and 𝛽, is the measured wave decay coefficient for the 

corresponding unvegetated bed. 

The decay coeffects for unvegetated beds were recorded to range between 8.9×10-4 and  

7.7×10-3, and between 5.7×10-3 and 6.0×10-2 for the vegetated beds, indicating the underlying 

wave decay is an order of magnitude lower within the experimental flume and is negligible. 

Seagrass field data recorded by Bradley and Houser (2009) reported decay coefficients within the 

same orders of magnitudes as those recorded here, thus supporting the overall applicability of 

results obtained here. Ultimately, a larger wave decay coefficient indicates wave height decreases 

at a faster rate with distance along a canopy. When applied to nature, this results in smaller waves 

reaching the coastlines and thus increased coastal protection capacity.  

The wave decay coefficients derived from the experiments in this study are firstly evaluated to 

assess the associated influence of canopy and wave properties. Secondly, the wave decay 

coefficients are implemented within a theoretical model to derive the bulk drag coefficient to 

support evaluation of the controls on canopy drag magnitude in the following results section 

(§5.5).   

5.4.2. Influence of incoming wave height and period  

 

Figure 5.6. Wave decay coefficient relative to (a) nondimensional incoming wave height, and (b) incoming wave 
period. Data is categorised by canopy flexibility and stem density. Solid linear trendlines correspond to respective 
colour labelled dense canopies, and the dashed trendlines correspond to sparse canopies. HF-S and SR-S trendlines are 
not presented due to insufficient data fulfilling the threshold for analysis, as explained in §5.4.1. 
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The wave decay coefficient (𝛽?) is found to be dependent on the incoming wave forcing and 

associated canopy properties, resulting in complex and interlinked relationships. In general, 

higher incoming waves correspond to greater magnitude wave dissipation, although several of the 

linear relationships in Figure 5.6a have a weak relationship, notably for the more flexible 

canopies. Thus, generalisations of wave decay based on wave height must be interpreted more 

holistically, despite previous results indicating wave attenuation increases for higher waves (Maza 

et al., 2016; Luhar et al., 2017; Reidenbach and Thomas, 2018).  

The wave decay relationships relative to the wave period presented in Figure 5.6b are more robust, 

likely due to the additional linear fit component, revealing longer wave periods correspond to 

greater wave decay. The recorded increase in decay for longer waves is not well reported within 

literature and is suggested to occur here due to the larger velocities at the canopy top. 

Consideration of canopy flexibility and stem density expresses notable scatter in 𝛽? as indicated 

by the 𝑟- regression values, emphasising the combined effects of wave height and period are 

fundamental to rates of wave decay. Given limited constraint between wave condition or canopy 

properties in Figure 5.6, the respective relationships are not qualitatively evaluated here. These 

results show that consideration of wave properties alone is insufficient to determine the wave 

attenuation capacity of canopies. 

Beyond the wave forcing, evaluation of the linear trends presented Figure 5.6a indicates a core 

dependency on the canopy flexibility and stem density. Thus, emphasising canopy flexural 

rigidity strongly controls the wave attenuation capacity. The greatest wave decay is attributed to 

the most rigid and highest density canopy (SR-D), while more flexible canopies result in a lower 

value of 𝛽?. This relationship with flexibility is comprehensively evaluated in the subsequent 

sections but can be attributed to more flexible canopies deflecting to a greater degree and a 

reduction in drag (Maza et al., 2015). Furthermore, the sparse canopies correspond with notably 

lower wave decay coefficients than the comparable dense canopies.  

The results in Figure 5.6 reveal that more rigid and denser canopies have a greater capacity reduce 

wave heights and ultimately protect coastlines, especially when considering larger incoming 

waves. The wave attenuation capacity is clearly shown to be dependent on both the hydrodynamic 

and canopy properties, thus, both must be suitably considered to evaluate the corresponding 

benefits including the coastal protection capacity.  

5.4.3. Relationship between hydraulic parameters and wave decay 

An improved wave decay relationship is presented in Figure 5.7ab based on the Reynolds number 

𝑅𝑒$+ =	𝑈234,Y𝑤+/𝜐, whereby 𝜐 is the kinematic viscosity, and Keulegan-Carpenter number 

𝐾𝐶 =	I𝑈234,YK𝑇/𝑤+. Incorporation of a characteristic velocity based in linear wave theory 

(𝑈234,Y) provides a substantial improvement in the representation of different wave 
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hydrodynamics, and results in a collapse of data regardless of the incoming hydraulic forcing 

based on wave height and period. Although differing trends remain present due to canopy 

properties, namely canopy flexibility and density. This is supported by Paul et al. (2016) who 

demonstrated that the measured drag force on blades of differing stiffness was dependent on 

horizontal orbital velocity, and the corresponding rate of change varied based on the blade 

flexibility. Similar wave decay relationships are presented for 𝑅𝑒$+ and 𝐾𝐶 in Figure 5.7ab, 

although a stronger regression is recorded based on 𝐾𝐶, which is likely associated with the distinct 

incorporation of the wave period. This shows that the variation in wave height and period are 

suitably accounted for through the use of a characteristic velocity (𝑈234,Y), and the distinction 

between individual wave characteristics is not essential to estimate the wave decay capacity when 

a characteristic velocity is available.  

As previously identified, there is a strong dependence on wave decay due to canopy flexibility 

and stem density, whereby more rigid and higher density canopies provide the greatest wave 

decay following power relationships (Figure 5.7a,b). Canopies with greater rigidity can sustain 

the rate of wave decay for larger wave forces, while for the most flexible canopies (HF-D) the 

wave decay coefficient plateaus, at lower 𝑅𝑒$+ and 𝐾𝐶 numbers. Thus, flexible canopies have a 

lower capacity to dissipate larger waves. This is associated with the deflection of flexible canopies 

to a greater degree under larger wave forcing, resulting in a reduction in drag as evaluated in §5.5. 

The influence of canopy flexural rigidity is of particular interest when applied to the most 

energetic conditions commonly associated with storms and therefore the most prominent socio-

economic impact in coastal regions.  

It may seem more appropriate to define Reynolds or Keulegan-Carpenter numbers based on length 

scale associated with varying canopy properties such as deflected canopy height or blade 

thickness; however, the recorded relationships are comparable regardless of chosen length scale. 

This indicates that canopy properties cannot be fully accounted for through hydraulic parameters 

alone.  
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Figure 5.7. Wave decay coefficient relative to (a) 𝑅𝑒𝑤𝑏, (b) 𝐾𝐶, along with coupled results regarding biomass and 
deflected canopy height. For simplicity, the given equations simplify the 𝑥-axis functions as ‘𝑥’.  

5.4.4. Coupling of hydraulic parameters and canopy properties 

A combination of hydraulic and canopy parameters is required to fully represent the blade 

flexibility and canopy density. The coupling of 𝑅𝑒$+ and 𝐾𝐶 with canopy standing biomass 

consolidates the representation of wave decay irrespective of the varying canopy flexibly and 

stem density, or incoming wave conditions (Figure 5.7c,d). While standing biomass does not 

explicitly represent canopy flexural rigidity nor the associated reconfiguration, the flexural 

rigidity variation tested is predominantly attributed to blade thickness, thus biomass is analogous 

to flexibility. Furthermore, biomass accounts for canopy element geometric properties: blade and 

stem width, thickness, length, and stem density. Additional coupling with the deflected canopy 

height accounts for the reconfiguration of flexible blades, and enables a collapsed representation 

of wave decay for all canopies as presented in Figure 5.7c,d. In agreement with previous 

assessment of hydraulic parameters, the strongest regression with 𝛽? is recorded based on 
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coupling with 𝐾𝐶, whereby 𝛽? 	= 5.746 × 109'	I𝐾𝐶	 × 	biomass	 × ℎ0,256K. Similar results can 

be obtained through implementation of ℎ0,234, suggesting that the smaller amplitude oscillations 

in canopy motions are less influential than the overall deflected canopy height. Without 

incorporating a deflected height parameter, the HF and MF canopy wave decay is 

underrepresented, indicating the role of mean reconfiguration is of notable influence. The 

remaining variability in the representation of wave decay is suggested to be partially attributed to 

differences in canopy imposed drag due to canopy motion. Further research is required to track 

the blade motions in relation to fluid motions, as previously discussed in Chapter 4. 

A linear relationship between wave decay and biomass has been recorded in previous research, 

whereby higher biomass resulted in a greater rate of decay. The dominance of biomass over 

canopy flexibility has been further presented by Maza et al. (2015), and while a similar rate of 

changes was recorded, they expressed differing relationships due to the associated wave 

condition, likely due to the vegetation morphology. Bouma et al. (2010) presented a single linear 

relationship between wave decay and biomass that was applicable to two saltmarsh species of 

contrasting flexibility (stiff and flexible) along with differing respective stem densities. This 

supports the approach employed here to represent varying flexibility through biomass. Paul et al. 

(2016) emphasised that while biomass is recognised to influence drag forces at higher velocities, 

the vegetation flexibility remains the dominant factor associated with associated drag over a 

broader range of flow conditions. This supports the improvement in relationships presented here 

through the implementation of the canopy deflected height.   

The results presented here advance to provide an approach to define the relationship between 

wave decay due to the combined influence of wave heights and periods, canopy flexibility, and 

stem density. Furthermore, it is shown that that changes in canopy flexural rigidity can be 

embedded within changes of biomass due to morphological differences, such as ticker stems. The 

results reveal that application of biomass can suitably account for variation in flexural rigidity, 

which is suggested to be beneficial during field measurements where accurate quantification of 

flexural rigidity is more challenging than obtaining geometric properties.  

5.5. Results and discussion (2): canopy bulk drag 

This section utilises the measured wave decay coefficients to analytically derive bulk drag 

coefficients using a theoretical model. The bulk drag coefficients are subsequently discussed and 

presented in respect to the underlying canopy and wave properties, specifically to evaluate role 

of flexural rigidity.   
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5.5.1. Calculation of bulk drag 

The wave decay coefficients discussed in the previous section are utilised herein to analytically 

determine the corresponding bulk drag coefficients via theoretical wave decay models outlined in 

§5.2. The implementation of the more recently refined model presented in equation (5.4) by Lei 

and Nepf (2019b) could not be implemented due subsequent lack of velocity attenuation 

parameter between in-canopy and above canopy (𝛼$). As such, canopy bulk drag coefficients are 

calculated using the measured wave decay (𝛽?) based on equation (5.3), whereby isolation of the 

𝐶S component (as per Maza et al., 2019) is defined as: 

 𝐶S =	
9𝜋

4𝑤+𝑛#𝐻,𝑘
(sinh 2	𝑘ℎ$ + 2𝑘ℎ) sinh 𝑘ℎ$
sinh(𝑘𝛼ℎ$ + 3 sinh 𝑘𝛼ℎ$

𝛽? (5.10) 

This commonly applied analytical approach is deemed suitable for both rigid and flexible 

canopies as the relative non-linearity in drag due to canopy motion is encapsulated with the bulk 

drag coefficient, similar justification was applied in previous studies (Mendez and Losada, 2004; 

Bradley and Houser, 2009; van Veelen et al., 2020). It is acknowledged that the neglect to isolate 

motion-related processes results in drag coefficients that are not universally applicable, but this 

method remains appropriate as such factors are explicitly embedded within the bulk drag 

coefficient. This approach enables assessment of drag associated with differing canopy flexural 

rigidity, which are supported by visual observations of the canopy motion. Furthermore, the 

acquisition of drag coefficients compliments and advances the understanding of canopy flow and 

turbulence processes through implementation of results in Chapter 4. 

 

Figure 5.8. Measured wave decay coefficients compared to the predicated analytical wave decay coefficients based on 
equation (5.3) for (a) 𝐶4	= 1, and (b) 𝐶4	 = 2. The labelled grey line indicates a 1:1 relationship. 

To confirm the model applicability, the predicted wave decay (𝛽) based on the analytical model 

in equation (5.3) in respect to the measured 𝛽? is presented in Figure 5.8, whereby general 
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agreement between the model and measured data. There is some difference in the magnitude of 

wave decay due to canopy flexibility, which is shown to be accounted for based on the associated 

drag coefficient, with the representation of 𝐶S = 1 in Figure 5.8a, and 𝐶S = 2 in Figure 5.8b. 

Ultimately, this provides an initial indication that the vegetation canopy flexibly is a dominant 

factor in defining the bulk drag coefficient. The use of unjustified drag coefficient values prompt 

further analysis of calculated bulk drag coefficients, along with investigation of the relationship 

with canopy flexibility and canopy motion.  

5.5.2.  Relationship between hydraulic parameters and canopy bulk drag  

 

Figure 5.9. Analytical canopy bulk drag coefficients relative to (a) 𝑅𝑒13 and (a) 𝐾𝐶. The combined equations for 
‘semi-flexible’ and ‘flexible’ canopies developed by Houser et al. (2015a) are included in (a) as denoted by ‘H-2015’.  

 

The analytical bulk drag coefficients (𝐶S) are well represented by both 𝑅𝑒$+ and 𝐾𝐶, as shown 

in Figure 5.9, following empirical relationships based on Kobayashi et al. (1993): 

 𝐶S = v 3
D[
x
+
+ 𝑐, and	𝐶S = v 3

M!HI
x
+
+ 𝑐, (5.11) 
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where 𝑎,	𝑏 and 𝑐 are the components of the fitted relationship, given 𝑐 > 0. Fundamentally, an 

increase in wave energy, indicated by larger 𝑅𝑒$+ and 𝐾𝐶, corresponds with decreasing 𝐶S for 

all canopies. This general trend has previously been widely reported for coastal vegetation (e.g. 

Vuik et al., 2016; van Rooijen et al., 2020). 

The empirical relationships associated with canopy stem density are presented for the SR-D and 

SR-S canopies in Figure 5.9, and it is noted that 𝑅𝑒$+ and 𝐾𝐶 do not account for the difference 

in stem density. This is not a surprising result but emphasises the requirement the notable 

influence of canopy stem density. The drag associated with the SR-S canopy remains elevated at 

higher energy wave conditions, despite the smaller volumetric obstruction within the water 

column by vegetation elements. It is suggested that the application of a velocity attenuation 

parameter, as implemented by Lei and Nepf (2019b) as per equation (5.4), is required to produce 

more relatable drag coefficient that account for the velocity differences due to stem density.  

The differences in relationship based on 𝑅𝑒$+ or 𝐾𝐶 are most distinct at lower energy wave 

conditions due to canopy flexibility and stem density. Overall a stronger regression is present 

between 𝐶S and 𝐾𝐶 in agreement with the previous wave decay results along with previous 

studies (Sánchez-González et al., 2011; Ozeren et al., 2014). Ozeren et al. (2014) produced similar 

results and suggested the elevated drag coefficients at lower 𝐾𝐶 may account for inertia forces 

due to the lack of associated consideration within equation (5.9). As 𝐾𝐶 increases, the bulk drag 

coefficient (𝐶S) reduces at a faster rate for more flexible canopies and has previously been 

suggested to correspond with the greater deflection of more flexible canopies at lower energy 

conditions, thus reducing the drag at a faster rate than a more rigid canopy (Houser et al., 2015a). 

Under sufficiently high wave conditions (𝐾𝐶	⪆	50), 𝐶S reaches a nearly constant value that is 

notably lower for more flexible canopies. For example, based on the fitted trends at 𝐾𝐶 = 150 the 

SR-D 𝐶S = 4.0, while the HF-D 𝐶S = 1.0. This difference due to flexibility is supported by Bouma 

et al. (2005). Principally, a rigid canopy always produces greater drag than a flexible canopy, as 

flexible canopies commonly deflect and blades streamline, which reduces the frontal area and 

lowers the imposed drag (Koehl, 1984; Vogel, 1994; Gosselin et al., 2010; Luhar and Nepf, 2011). 

Fundamentally, this shows that flexible canopies offer less resistance to larger wave forcing and 

a reduced ability to dissipate flows.  

Recent work by van Veelen et al. (2020) indicated that 𝐶S obtained for artificial saltmarsh 

vegetation was predominantly controlled by the hydraulic conditions, although canopy flexibility 

reduced the drag coefficient compared to a rigid canopy. This supports the results presented here, 

which advance by providing a comprehensive systematic assessment of variation in canopy 

flexibility, instead of a binary comparison between rigid and flexible canopies. Houser et al. 

(2015a) developed a combined equation for seagrass canopies (representative of Thalassia 

testudinum) of differing flexibilities by collating their measured data and empirical formulas from 
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previous publications. The associated combined empirical formulae based on Reynolds numbers 

for ‘flexible’ and ‘semi-flexible’ canopies are provided in Figure 5.9a, revealing that the data 

presented here provides a reasonable representation of similar flexible canopies. The H-2015 

(flexible) trendline provides the closest agreement to the dense canopies tested in this study, yet 

the H-2015 (semi-rigid) closely matches the SR-S canopy, indicating an overlap between canopy 

flexibly and the canopy density. It is noted that 𝐶S decreases to a lower value than the data 

presented here, likely due to the short rigid stem implemented in this study, and the associated 

drag imposed which does not decrease due to reconfiguration as per the flexible blades.  

The results presented reveal that while empirical drag formulae based on 𝐾𝐶 provide reasonable 

approximations, they do not provide a universal representation of all canopies. It is shown that 

within the four flexible canopies tested here, there is a recognised variation in the bulk drag values 

due to flexural rigidity. It is suggested that depending the required accuracy of such bulk drag 

values is dependent on the research question being investigated, and the determination more 

general approximations may be highly beneficial for larger scale evaluation of processes. 

Although, it is expected that evaluation of flow and turbulence processes in greater detail and at 

a smaller scale would require more accurate quantification of the associated drag. Thus, canopies 

cannot be considered solely as ‘flexible’, but their flexural rigidity must be accurately accounted 

for to suitably represent the corresponding drag and influence on hydrodynamics.   

In order to improve the representation of 𝐶S due to the recognised canopy variability, the coupling 

with biomass and deflected canopy height as implemented in terms of 𝛽?, is not appropriate as 

these parameters are inherently incorporated within the analytical model within 𝑤+	and 𝑛#. The 

incorporation of blade thickness within the analytical wave decay model would further improve 

the representation of the canopy properties. However, the modification of wave decay models is 

not implemented to maintain drag coefficients comparable to supporting studies.  

Alternatively, the development of empirical formulas based on a modified Reynolds number and 

Keulegan-Carpenter number can enable an improved common relationship. For example, 

modification to account for submergence ratio has previously achieved through the addition of an 

exponent that is chosen to improve the fit (Anderson and Smith, 2014; Garzon et al., 2019), 

alternatively, Ozeren et al. (2014) found improved relationship by accounting for the plant height. 

A similar approach can be implemented to account for the variation in blade flexural rigidity (𝐸𝐼), 

for example, a collapse of data on to a common trend can be achieved through a modified 

Reynolds number such as 𝑄M! = 𝑅𝑒$+ (𝐸𝐼),.;⁄ . However, given the parameters and forces 

involved it is more appropriate to evaluate the canopy flexibility variability based on the Cauchy 

number (Ca), which is widely acknowledged and offers a more universal application to the area 

of study.  
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Figure 5.10. Analytical bulk drag coefficients and corresponding Cauchy number (𝐶𝑎). Both graphs present identical 
data, yet is labelled based on (a) canopy flexibility category and stem density, and (b) canopy motion category. The 
circled point is excluded from the presented trendline due to its prominent deviation from remaining data.  

5.5.3. Canopy bulk drag and Cauchy number relationships 

A strong common relationship between 𝐶S and the Cauchy number (𝐶𝑎) (defined in §5.3.1) is 

presented in Figure 5.10a, which accounts the variation in canopy flexibility based on the 

following empirical relationship which is valid for 𝐶𝑎 ∈ [1, 3700]: 

 𝐶# = %
𝑎
𝐶𝑎'

$
+ 𝑐 = *

13.11
𝐶𝑎 .

%.'()*

+ 2.392 (5.12) 

with 𝑟- = 0.77. The canopy drag coefficients collapse onto a common trend regardless of canopy 

stem density and previous variation observed through representation based on 𝑅𝑒$+ or 𝐾𝐶. Thus, 

the canopy stem density variation is outweighed by the influence of hydrodynamic forcing and 

canopy flexibly. The results consolidate the aforementioned core dependency of canopy 

flexibility on canopy drag, whereby 𝐶S decreases with increasing flexibility and wave forcing. 
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The relationship presented has comparability to trends associated with 𝑅𝑒$+ or 𝐾𝐶, whereby the 

greatest rate of change is associated with the SR canopies, and 𝐶S becomes more constant with 

increasing 𝐶𝑎. Regardless of the wave forcing magnitude, the MF and HF canopies express a 

near-constant canopy drag (Figure 5.10a), which is attributed to the ability to reconfigure and 

deflect in response to the hydrodynamic forcing. This suggests that it is more acceptable to assume 

a constant drag value during assessment of canopy flow processes when 𝐶𝑎 is sufficiently large.  

A similar decline in drag force with decreasing blade rigidity has been presented for model kelp 

blades by Rominger and Nepf (2014), and despite differing drag relationship, this shows 

comparability and highlights the fundamental processes of flexible vegetation. Houser et al. 

(2015a) applied a similar assessment of canopy drag regarding canopy flexibility based on 

(𝐶𝑎)9?, and provided a common prediction of bulk canopy drag based on this rigidity parameter. 

Although their defined formula is shown to only be suitable for the given vegetation morphology 

associated with seagrass species Thalassia testudinum, and does not match the results presented 

here. This indicates the alteration to empirical bulk drag formula due to the vegetation 

morphology, thus consideration is required if implementing empirical bulk drag formula in further 

studies, even though variation in flexural rigidity is accounted for. Alternatively, it is suggested 

that in order to achieve to most applicable drag coefficients, measurements are required for the 

specific vegetation and flow conditions in question. While empirical formulae are not universally 

applicable, they offer a predictive capacity for vegetation with similar morphology.  

Alongside vegetation morphology, the canopy drag variation is linked to canopy motion, as 

presented in Figure 5.10b. Revealing that the highest drag associated with the SR canopies 

correspond with motion categorisation of undeflected swaying, such that the canopy does not 

express a mean deflection. When 𝐶𝑎 > 2, the canopy moves to a greater degree throughout the 

wave cycle which initially corresponds to bidirectional swaying and decreasing 𝐶S. At this 𝐶𝑎 

the canopy primarily moves passively with the flow, thus reducing the imposed drag compared 

to the undeflected rigid canopy. It is suggested that the enhanced drag associated with the outlying 

bidirectional swaying data point marked in Figure 5.10b may have occurred if the canopy forward 

and backward motions were out of phase with the flow oscitations (Bradley and Houser, 2009; 

Luhar and Nepf, 2016). Acquisition of additional data to track the canopy motion regarding the 

fluid flow would be required to validate this instance. Canopies of greater flexibility (𝐶𝑎 > 30) 

express positive deflection whereby they remain deflected in the shoreward direction throughout 

the wave cycle, and the associated drag is near constant regardless of wave forcing. This confirms 

previous suggestions that streamlining and reduced frontal area are attributed to lower wave decay 

and drag coefficients recorded in this study.  

The results reveals that a nondimensional threshold exists whereby the flexible canopy or the 

hydrodynamic forcing, as defined by 𝐶𝑎, is sufficient enough that the interaction on the wave 
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forcing and associated drag is minimal. Due to the presence of the rigid stems implemented within 

the vegetation structure, the 𝐶S trendline based on 𝐶𝑎 plateaus at a lower limit of 𝐶S = 2.4. Houser 

et al. (2015a) provided a comparison between drag coefficient data in associated models which 

account for canopy motion (i.e. swaying or non-swaying) thus accounting for variation in the 

estimation of drag, however, it is shown here that representation of bulk drag based on Ca suitably 

incorporates a range of canopy motions. This shows that while canopy motion has previously 

been found to alter drag, the effects are most often accounted for by evaluating the Cauchy 

number.  

In summary, it is clearly shown that the canopy flexural rigidity has a strong influence on the 

canopy drag, which has been coherently quantified through the use of the Cauchy number. Given 

the recognised importance of canopy drag on alteration to flow dynamics, and thus coastal 

protection benefits, it is imperative that the determination of canopy bulk drag coefficients 

suitably make account of this factor. Additionally, the analysis of canopy motion and drag support 

future studies implementing empirical canopy bulk drag formulae in regular wave environments, 

which are able to effectively represent the variation of canopy flexural rigidity based on 𝐶𝑎, 

without a specific requirement to consider canopy motion on the whole.   

5.6. Concluding remarks 

This research quantifies the wave decay and bulk drag coefficients for vegetation canopies similar 

to seagrass species Zostera marina and provides an improved understanding of the underlying 

contributing processes and properties, fundamental to the role of canopy flexibility under various 

wave conditions. Incoming waves of greater height and period result in a positive relationship 

with wave decay and bulk drag coefficients. It is identified that the wave hydrodynamic forcing 

is more suitably represented by the Keulegan-Carpenter (𝐾𝐶) number. The coupling of 𝐾𝐶 with 

canopy biomass and deflected canopy height provides a coherent representation of wave decay 

regardless of canopy flexural rigidity or stem density. The biomass parameter suitably accounts 

for the variation of canopy flexibly across several orders of magnitude, while the broad range of 

regular wave conditions is fully represented by 𝐾𝐶.  

The traditional wave decay model based on Dalrymple et al. (1984) was applied to determine 

corresponding bulk drag coefficients. The greatest canopy drag is associated with the semi-rigid 

canopies and decreases following a power relationship with increasing incoming wave forcing 

and more flexible canopies. The assessment of canopy bulk drag as a function of the Cauchy 

number (Ca) incorporates the variability in canopy flexibly and presents a common collapsed 

relationship. The drag coefficients stabilise to a nearly constant value due to the canopy’s 
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pronation at sufficiently high 𝐶𝑎, which is presented by an empirical formula applicable to 

common seagrass, Zostera marina.   

Variation in canopy drag is further evaluated for corresponding canopy motion characteristics, 

which somewhat relate to canopy flexibility. Semi-rigid canopies were not deflected by the wave 

forcing, while largest 𝐶𝑎 values (more flexible or higher wave forcing) corresponded to positive 

deflection and the lowest drag coefficients. The relationships are more complex in association 

with the canopies with low-flexibility, which primarily expressed bidirectional swaying. 

Bidirectional swaying is expected to correspond with passive movement with the wave oscillatory 

flow, although increased scatter about the presented trend suggests this is not always the case, and 

canopy motion may not be passive with the flow and thus increase the drag. The empirical formula 

presented for 𝐶𝑎	~	𝐶S relationship is shown to suitably encompass a range of canopy motions, 

which can aid application within future models without the need for distinction between canopy 

motion types. 

The results herein offer several outcomes for application to the physical environment more 

broadly. Firstly, the canopy flexibility must be accurately considered, and even slight adjustments 

in flexibility can notably alter the predicted coastal protection offered by the respective 

vegetation. Under or over-representation is suggested to further alter the perceived sediment 

transport processes, although additional analysis is required to link the wave attenuation and 

canopy drag to measured turbulence statistics and bed shear stress. There remains scope to 

evaluate the results presented in respect to the representation of canopy drag based on an effective 

blade length similarly to Lei and Nepf (2019b), along with refining the wave decay model to 

incorporate the influence of canopy flexural rigidity.  
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Chapter 6.  
 
Synthesis and Conclusions 

This chapter draws links between the three substantive studies presented in Chapters 3, 4, and 5. 

The core research advances are synthesised into two primary components: (1) the methodological 

developments and implementations which coupled the non-intrusive measurement approaches 

with dynamically-scaled experiments in aquatic vegetation research (§6.1), and (2) the advances 

in scientific knowledge concerning canopy-flows in steady and wave-driven environments with 

consideration of differing canopy flexural rigidity (§6.2). The broader implications and benefits 

associated with these advances are referred throughout within the context of how the advances 

shape new understanding. Some perspectives on future research directions are given in §6.3 and 

an overall thesis summary based on the initial research aims and objectives is given in §6.4 

6.1. Methodological considerations and advances 

The methodological innovations and associated advances implemented within this thesis 

comprise of the following aspects: 

1. Non-intrusive laser-based measurement techniques 

2. Geometric and dynamic scaling of surrogate seagrass vegetation canopies 

The coupling of these two methodological advances enabled non-intrusive velocity measurements 

within and above dynamically-scaled aquatic vegetation, unlocking spatiotemporal datasets 

previously impossible to obtain. While neither of these two methodical approaches are entirely 

novel in their individual form, successfully pairing the implementation achieved herein is novel. 

Most importantly the advances support an improved spatial and temporal investigation of the 

mean and instantaneous flexible canopy hydrodynamics (§6.2).  

Previous research into canopy and vegetation-influenced flows have commonly implemented 

intrusive instruments including Acoustic Doppler Velocimetry (ADV) or similar tools, which 

requires a clearing within the canopy to enable velocity data aquation (e.g. Ghisalberti and Nepf, 
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2002b; Pujol et al., 2012). However, the removal of these stems from the canopy can significantly 

alter the mean currents by up to 20% and root-mean-squared velocity turbulence magnitude by 

up to 30% (Luhar et al., 2010; Abdolahpour et al., 2017). Two non-intrusive measurement 

techniques that overcome these limitations were implemented in this thesis to acquire high 

accuracy velocity data. Laser Doppler anemometry (LDA) for the measurement of oscillatory 

flows (Chapter 4), and particle image velocimetry (PIV) for higher spatiotemporal coverage 

velocity flow fields using a complimentary refractive-index-matching technique in unidirectional 

flows (Chapter 3).  

A handful of previous studies have employed laser-based measurement techniques to assess the 

hydrodynamics of scaled flexible vegetation (e.g. Nepf and Vivoni, 2000; Ghisalberti and Nepf, 

2002; Yang and Choi, 2009) and for unscaled flexible arrays (Nezu and Sanjou, 2008; Okamoto 

and Nezu, 2009). However, they are predominantly constrained to the assessment of 

unidirectional flow conditions. The benefits of laser-based measurement methods are not easily 

implemented for vegetation canopy flows, as data is not obtained when the vegetation obstructs 

the laser beam or camera instrumentation. To overcome these restrictions, bespoke design of 

surrogate canopies was implemented in this thesis. 

Firstly, dynamic and geometrical scaling of surrogate vegetation is a critical element of the 

experimental design to ensure that the results represent natural seagrass canopies. It has been 

widely shown and discussed throughout this thesis that earlier simplified rigid canopies neglecting 

the influence of flexural rigidity can result in oversimplified hydrodynamic processes. Previous 

research has not always fully scaled the surrogates, for example, the flexibility may only be 

compared to natural values of the modulus of elasticity (𝐸), or has implemented an oversimplified 

vegetation morphology through rods or flat plates that may also neglect the influence of material 

buoyancy (Okamoto and Nezu, 2009; Okamoto et al., 2016; Paul et al., 2016; van Rooijen et al., 

2020). The required extent of scaling depends on the research question and desired outputs, as 

full scaling of morphology and biomechanics may only be necessary in some studies. Herein there 

was a focus on full mechanical and geometric scaling of surrogate vegetation, which has been 

successfully implemented (Chapters 3, 4, and 5), following some previous research based on 

comparisons of the Cauchy number (Ca) and a Buoyancy parameter (𝐵) (Luhar and Nepf, 2011, 

2016). Specifically, canopies were designed to replicate the common seagrass species Zostera 

marina. The natural variability in flexural rigidity values for Zostera marina between species and 

location was recognised (Paul and de los Santos, 2019) and as a result consideration was made to 

evaluate canopies of varying flexural rigidity (Chapters 4 and 5). This significantly broadens the 

research from previous studies that have predominantly evaluated a single scaled flexible 

surrogate (e.g. Ghisalberti and Nepf, 2002; Luhar et al., 2010; Pujol et al., 2013; Abdolahpour et 

al., 2017; Marjoribanks et al., 2017). Natural variation in canopy flexibility, which previously 

remained largely unquantified has been directly assessed in this thesis. The implications of 
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variations in flexural rigidity alterations on hydrodynamics are discussed in (§6.2), emphasising 

the requirement for surrogate vegetation to suitably represent natural examples.  

Four canopies with differing canopy flexural rigidity are evaluated in Chapters 4 and 5, with two 

of the canopies within the range of the prototype datasets for Zostera marina. The two additional 

flexibilities supported and developed the understanding of thresholds and transitions in 

hydrodynamic processes and the linkages between vegetation and flows. The two additional 

canopies expanded the scope of the results to encompass a broader range of flexural rigidities, 

thus enabling a more robust assessment of a range of process changes due to flexibility. This 

analysis benefits the scientific community by advancing beyond the evaluation of ‘rigid’ and 

‘flexible’ canopies, and an improved capacity to relate the canopy flexural rigidity to the predicted 

flow processes or canopy motions, and energy cascades. The differences recorded due to specific 

flexural rigidity will notably influence the broader system processes, especially when considering 

longer timescale processes. 

The accurate development of scaled surrogate vegetation required comprehensive evaluation of 

field datasets, development and design, sourcing of suitable material components, and testing. 

Additionally, an extensive period of time was required for the manual production of the surrogates 

to enable the fulfilment of the three substantive research chapters forming this thesis. The 

development of scale surrogates that suitably coupled with the laser-based measurement 

acquisition methods was a challenge solved within this research. The use of refractive-index-

matching (RIM) techniques provide a novel non-intrusive approach which unlocked novel 

datasets (Chapter 3). Geometrically and morphologically scaled vegetation surrogates produced 

from a transparent polymer with a refractive-index-matching the working fluid produced a 

transparent canopy with no optical distortion. Thus, enabling unobstructed spatial data acquisition 

within and above the canopy using refractive-index-matched particle image velocimetry (RIM-

PIV). Subsequent data collection was conducted using a state-of-the-art meter-scale RIM 

unidirectional flow flume at the University of Illinois. The combined production of RIM 

dynamically and geometrically scaled flexible vegetation was a novel method implemented for 

the first time in this thesis.  

Bespoke surrogate vegetation design considerations without the use of RIM (Chapter 4) was 

extended to the data acquisition in wave-driven flows for various canopy flexibilities, whereby 

the surrogates complimented previous research with a distinct stem and extending flexible blades. 

This maximised the spatial data acquisition throughout the canopy when using laser Doppler 

anemometry (LDA) techniques, specifically within the canopy near the bed.  

The methodological approaches implemented here overcame limitations previously associated 

with the acquisition of canopy-flow processes, particularly within the canopy, and prevented the 

need to remove stems or place devices that physically intrude into the canopy to obtain 
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measurements. The coupling of laser-based measurement techniques, RIM, and bespoke design 

of surrogate vegetation canopies enabled the acquisition of previously unobtainable velocity flow 

fields throughout fully scaled vegetation under steady flow (Chapter 3). Furthermore, the 

surrogate design enabled the acquisition of point measurements within and above canopies of 

various flexural rigidities under wave forcing (Chapter 4). However, limitations remain, whereby 

on occasion, the data sample rate was insufficient to produce robust data for analysis in the upper 

canopy region. Nevertheless, ultimately, these advances enabled developments in scientific 

knowledge presented in the following section, and inspire future research capabilities through the 

implementation of these methodological techniques. 

6.2. Substantive scientific advances: on the influence of flexible 
canopies on steady and wave-driven flows 

The methodological advances discussed in §6.1 unlocked the capacity to acquire novel spatial 

and temporal velocity datasets within and above surrogate vegetation canopies. This thesis 

supplements and advances the current understanding of steady and wave-driven canopy 

hydrodynamics, while embedding the systematic evaluation of flexural rigidity variation on 

detailed processes. The outputs provide an improved understanding of the interlinked 

relationships between canopy motion, mean currents, and turbulence processes. The assessment 

of hydrodynamic processes in both steady flow and wave-driven flows is supported by 

implementing comparable vegetation surrogates throughout this thesis. It is shown that the canopy 

flexibility must be accurately considered when evaluating canopy-flow processes, and even slight 

adjustments in flexural rigidity alters the flow-vegetation interactions with subsequent impacts 

on, for example, coastal protection capacity of vegetation. Under or over-representation of these 

dynamics, when considering simplified models, will further alter sediment and particulate 

transport processes and thus longer term morphodynamics. Notably, the outcomes encompass 

higher energy conditions, including higher energy hydraulic conditions which account for the 

most considerable environmental impacts. The results offer improved knowledge that underpins 

understanding of these detailed processes and the impacts they have on a natural environment's 

physical processes, which are critical to informing beneficial capacities outlined in §1.1. 
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Figure 6.1. A synthesis of the hydrodynamics for submerged rigid (a,c) and flexible (b,c) vegetation canopies under 
unidirectional (a,d) and wave driven (c,d) flows. ‘KH’ denotes Kelvin-Helmholtz vortices. 

6.2.1. Time-averaged hydrodynamics of rigid and flexible canopies 

The principal flow dynamics of rigid and a fully scaled seagrass canopy in unidirectional flow 

were graphically summarised in the concluding remarks of Chapter 3, and are synthesised in 

Figure 6.1(a,b). A reduction in streamwise velocities was recorded within both rigid and flexible 

canopies compared to an unvegetated bed, but to a greater degree within the flexible canopy. The 

slower in-canopy velocity and faster overlying flow produced an inflection point in the vertical 

velocity profile (Gambi et al., 1990; Folkard, 2005), which has been widely recorded in previous 

research and can indicate the presence of a mixing layer (Ghisalberti, 2002; Chen et al., 2013). 

Canopy-top processes transition with incoming hydraulic forcing, whereby a rigid canopy 

exposed to greater incoming Reynolds number (𝑅𝑒) corresponds with a decrease in canopy-top 

Reynolds shear stress (RSS), which is likely representative of boundary layer flow processes. 
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Alternatively, a corresponding flexible canopy expressed an increase in RSS with greater 𝑅𝑒 due 

to canopy motion and the presence of blade-scale turbulence (Chapter 3). 

Under wave-driven flows, strong gradients in the time-averaged velocity profiles are also 

recorded (Chapter 4) which represent the presence of mean currents due to disparity in the 

magnitude of the offshore and onshore flow oscitations. The vertical location of mean currents is 

shown to depend on the incoming wave energy. Lower energy conditions result in a mean current 

within the canopy, while larger energy conditions produce a mean current at the canopy top 

(Chapter 4). This is consistent with the expectation that under sufficient forcing the canopy top 

expresses strong shear (Abdolahpour et al., 2017) and subsequent generation of a strong mean 

current following Stokes drift (van Rooijen et al., 2020). Regardless of the vertical location, the 

wave-driven mean currents were most accurately predicted based on a depth-averaged model 

based on boundary layer streaming and Eulerian principles proposed by Luhar (2020) (Chapter 

4). The prediction of mean currents is improved by implementing informed drag coefficients 

based on an empirical bulk drag formula derived in Chapter 5, as opposed to a generalised value 

that is often assumed to be unity. The evaluation of models based on a characteristic wave velocity 

and canopy properties within Chapter 4 supports future modelling and prediction of wave-driven 

currents. Accurate prediction of mean currents is fundamental during consideration of the broader 

system processes as mean currents are vital drivers of canopy reconfiguration and associated 

distribution of turbulence processes. 

The differing magnitude of wave-related mean currents due to respective canopy flexural rigidity 

and the corresponding canopy motion is a key finding, as summarised in Figure 6.1(c,d). Under 

the same incoming wave forcing, the canopy-top mean currents are twice as large for semi-rigid 

canopies than flexible canopies (Chapter 4). Although, the relationship between canopy flexural 

rigidly and mean current magnitude at the canopy-top is non-linear. Canopy-top mean current is 

greatest for the most rigid canopy, while a canopy with low flexibility exhibits a smaller canopy-

top mean current than the most flexible canopy. These observations support the aforementioned 

improvement in the prediction of mean currents due to the implementation of empirical drag 

coefficients obtained in Chapter 5 based on the degree of flexural rigidity determined by the 

corresponding Cauchy number (Ca). This analysis provides several beneficial outputs; firstly, it 

validates that the use of Ca suitably quantifies the hydrodynamic forcing in relation to the canopy 

restoring force. Furthermore, these results emphasise that consideration of the flexural rigidity 

and associated drag is imperative to provide the most accurate prediction of wave-induced mean 

currents.  
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6.2.2. Time-averaged flexible canopy deflection 

The magnitude of mean currents contributes to the mean deflection of flexible canopies. The 

magnitude of mean offshore canopy deflection is shown to be represented by the power function 

~𝐶𝑎9,.-; in both unidirectional (Chapter 3) and wave forced flows (Chapter 4). Aided by the 

incorporation of a velocity component represents the mean current magnitude within 𝐶𝑎. A more 

flexible canopy experience a greater degree of positive (i.e. streamwise or offshore) deflection 

(Chapter 3 and 4), a logical conclusion that has been previously acknowledged (e.g. Luhar and 

Nepf, 2011, 2016). The data presented in Chapter 4 supplements current literature by providing a 

deflection relationship that encompasses four differing canopy flexural rigidities with exposure 

to a diverse range of wave periods and frequencies. Thus, the research output provides an 

improved capacity to predict mean canopy deflection for a broad range of flexible canopies and 

flow environments. Although, some canopies expressed an offshore (negative) mean deflection 

under waves due to a negative offshore mean current. Offshore deflection is poorly represented 

by the power relationship at the canopy top as 𝐶𝑎 lacks dimensionality (Chapter 4). Future 

evaluation is required to suitably resolve and incorporate these bidirectional effects.  

Canopy deflection shifts the canopy-top flow processes towards the bed, although this does 

necessarily result in an increased hydraulic magnitude near the bed. A depth limiting phenomena 

was observed for some flexible canopies, whereby the overlapping and streamlining of blades 

produced a more impermeable layer that limited the penetration of canopy-top stresses towards 

the bed (Chapter 3). The restricted penetration depth of coherent structures has previously been 

reported by Okamoto and Nezu (2009) for a flexible canopy but their study did not include the 

morphological complexity of natural seagrasses implemented here. The rigid canopy did not 

express these depth-limiting process, emphasising the distinctions in flow processes due to 

canopy rigidity. The recognition of this process is fundamental to understanding hydraulic 

retention within the canopy and suggests a reduction in fluid exchange rates for flexible canopies. 

This depth-limiting process does not transfer to wave-driven flows, as canopy-top streamwise 

velocities penetrated further towards the bed for flexible canopies than semi-rigid (Chapter 4). 

Thus, suggesting an enhanced exchange of fluid into the canopy with increased flexibility, 

although determination of the underlying processes requires further analysis of mean turbulence 

profiles. 

6.2.3. Canopy bulk drag 

Canopy mean deflection ultimately corresponds with the magnitude of canopy bulk drag. A more 

rigid canopy devoid of mean deflection expresses the greatest bulk drag, which reduces with 

increasing incoming wave forcing and more flexible canopies, represented by 𝐶𝑎. The general 

conclusion that flexible canopies produce a lower drag than a more rigid canopy is expected due 
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to reconfiguration and the reduction in spatial obstruction within the water column with 

hydrodynamic forcing; this process is widely acknowledged in previous publications (e.g. Bouma 

et al., 2005; Houser et al., 2015; Luhar et al., 2017; van Veelen et al., 2020).  

Published empirical bulk drag formula predominantly define drag coefficients based on hydraulic 

parameters including the Reynolds number (𝑅𝑒) or Keulegan-carpenter (𝐾𝐶) number, which do 

not appropriately quantify the variation in flexural rigidly. The most accurate relationship is 

presented based on 𝐾𝐶 due to the accountability of variation in wave frequency. The drag 

relationship was vastly improved through the coupling of 𝐾𝐶 with biomass and the deflected 

canopy height. The inclusion of biomass acts an analogue to canopy flexibility and stem density, 

while deflected canopy height accounts for canopy reconfiguration. This indicates that the 

implementation of canopy biomass can provide an improved representation of processes when 

the quantification of flexural rigidly is unavailable, which is more challenging to obtain during 

field research. 

The evaluation of canopy drag against parameters that directly account for flexural rigidity is 

limited. Houser (2015) provided a collation of laboratory and field data based on 𝐶𝑎9? that are 

applicable to the seagrass species Thalassia testudinum, yet this remains one of the only extensive 

studies related to seagrasses. The empirical bulk drag formula presented in Chapter 5 provides 

quantification that includes transitioning levels of canopy flexural rigidity with directly 

comparable morphology to typical seagrass Zostera marina. Given the widespread presence of 

this seagrass species, specifically in Europe, this research output provides a robust model for 

determining the associated bulk drag, providing consideration for additional canopy properties 

incorporated within the model used to derive the bulk parameter. The careful methodological 

consideration of morphology supports the suitability of these results to direct implementation to 

natural environments.  

6.2.4. Temporally varying canopy motions and associated turbulence 

Beyond time-averaged canopy reconfiguration, flexible blades express temporal oscillations of 

varying magnitude. Canopy motion in unidirectional flow is more simplistic than wave forced 

flows due to the single primary flow direction that results in dominant streamwise pronation 

(Chapter 3). Although the passage of coherent vortices at the canopy top in association with a 

mixing layer has been previously recognised to correspond with the coherent waving, or 

‘monami’ phenomena (Ikeda and Kanazawa, 1996; Ghisalberti, 2002). However, direct 

measurement of coherent vortices over flexible canopies remains limited (Nezu and Sanjou, 2008; 

Okamoto and Nezu, 2009, 2013; Okamoto et al., 2016), and the controlled evaluation is lacking 

for scaled canopies representative of natural vegetation. The presence of mixing layer type flow 

above a scaled seagrass surrogate is confirmed in this research. Initially validated through 
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agreement between the frequency of turbulent fluctuations in the shear layer and the theoretical 

Kelvin-Helmholtz frequency (Chapter 3), an approach implemented by previous research (e.g. 

Ghisalberti, 2002; Okamoto and Nezu, 2009; Marjoribanks et al., 2017). Coherent vortices are 

further justified by the recorded dominance of sweep and ejection quadrant events (Chapter 3). 

Instantaneous assessment of canopy-top vortices directly revealed a corresponding depression of 

the canopy top during their passage (Chapter 3) and supported previous reports of this mechanism 

in the initiation of blade waving. Fundamentally, this research advances current literature by 

providing novel spatiotemporal measurements of coherent vortex processes at the canopy top, 

which has otherwise remained lacking for scaled surrogate canopies in controlled experiments. 

This advancement is enabled by advances in methodological approaches, specifically the use of 

RIM, as previously discussed in §6.1.  

The periodicity of coherent vortices over canopies has previously been questioned and indicated 

to be quasiperiodic (Sukhodolov and Sukhodolova, 2012; Marjoribanks et al., 2017), and was 

evaluated further with high spatial and temporal datasets in this thesis. Coherent vortices above 

both flexible and rigid canopies were found to be quasiperiodic (Chapter 3), presenting chaos that 

complicates the system processes in the natural environment. This will have implications when 

considering mixing processes, as when KH vortices are absent, the mixing processes are expected 

to be reduced. Thus, any assumption that accepts a constant presence of canopy-top coherent 

vortices may result in an overprediction of processes. It is recognised this may be of limited 

importance when considering processes based on time-averaged data such as longer timescale 

sediment dynamics. At a shorter timescale, fluctuations in water movement modulate the 

formation of a diffusive boundary layer at the surface of vegetation elements (Wahl et al., 2015). 

This in turn, controls the net carbon exchange and surrounding pH values, which may be linked 

to the much larger scale of trends in global ocean acidification or carbon fluxes (Wahl et al., 

2015). 

Wave forced canopy motion and turbulence processes involve greater spatial complexity than 

steady flows. Under regular propagating surface waves, the periodicity of flexible canopy motion 

is dominated by the wave frequency (Chapter 4). Flexible canopies respond to the natural flow 

oscitations throughout the wave cycle, whereby perfectly sinusoidal waves express equidistant 

periodic motions in the onshore and offshore direction. However, wave asymmetry and 

accompanying mean currents resulted in a bias in deflection direction that can drive a primary 

mean deflection throughout the wave cycle. Canopies predominantly expressed a mean offshore 

deflection, but offshore mean deflection was occasionally recorded, which is mostly unexplored 

in literature. Wave forced temporal motion was categorised as Undeflected Swaying, 

Bidirectional Swaying, Positive (Onshore) Deflection, and Negative (Offshore) Deflection 

(Chapter 4). The empirical bulk drag formula previously discussed for wave-driven flows 

remained predominantly applicable regardless of respective canopy motion. Effectively, canopy 
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motions were suitably well represented based on their flexural rigidity and corresponding flow 

forcing, as defined through their defined 𝐶𝑎 value. In general, it is shown that the use of empirical 

bulk drag coefficients are applicable in most cases and are therefore highly beneficial in future 

models without the need for specific distinction between canopy motions. It is likely the 

relationship applies as most canopies moved synchronously with flow oscillations, limiting the 

drag imposed due to motions. Some canopies expressing bidirectional swaying produced 

increased drag and are believed to move slightly out of phase with the flow. Increased drag due 

to movement out of phase with the surrounding fluid has been demonstrated in previous research 

(Bradley and Houser, 2009; Mullarney and Henderson, 2010; Luhar and Nepf, 2016). Further 

measurements that synchronously track the flow and canopy movement is required to directly 

confirm the relationships between canopy motion and drag.  

6.2.5. Blade and stem scale turbulence processes 

While canopy motion has been shown to be driven by large-scale turbulent oscillations in the 

flow, it has been shown throughout this thesis that temporal-variability in canopy motion can 

introduce smaller blade-scale turbulence. In both steady and wave-driven flows, the shedding of 

vortices from blades can occur during the directional reversal of flow and the subsequent small 

lag in response by the blade. This is identified by an increase in mean turbulence stresses at the 

top of a more flexible canopy (Chapter 3 and 4). Localised instantaneous turbulence increases 

were observed in unidirectional flow by identifying distinct higher frequency turbulence signals 

via spectral analysis (Chapter 3). Furthermore, it is recognised that blade scale turbulence can 

smooth the frequency peak in spectra commonly used to identify the presence of Kelvin-

Helmholtz (KH) vortices. However, it is recognised that the measurement duration further 

influences such results. In oscillatory flow, localised regions of increased turbulent kinetic energy 

(TKE) were recorded in phase-averaged data, whereby blade deflection reverses from onshore to 

offshore and is linked to previous literature that has recorded corresponding vortex shedding from 

the tip of an isolated flexible blade (e.g. Luhar and Nepf, 2016). 

Vortex shedding is also critical for near-bed processes in relation to the rigid stems implemented 

within the vegetation morphology in this research. Turbulence processes in the upper canopy 

influence near-bed processes. However, due to the lack of flexible elements near the bed, the 

variability in blade flexural rigidity does not dominate the near-bed processes. In steady flows, 

the generation of stem wakes was confirmed through visual observations and spectral analysis, 

and shown to dominate near-bed turbulence production (Chapter 3). As previously mentioned, in 

wave-driven flows more flexible canopies can experience a greater in-canopy velocity, which 

translates into greater maximum bed shear stress estimations (Chapter 4). The magnitude of 

processes varies depending on the spanwise proximity to stems due to the exposure to stem 

generated wakes. TKE in the near-bed region scales with the ratio of wave orbital excursion to 
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stem spacing (𝐴$ 𝑆⁄ ) similarly to Zhang et al. (2018), yet the threshold of enhanced TKE was 

recorded to occur at lower 𝐴$ 𝑆⁄  values.  

The near-bed turbulence processes and variation due to canopy flexural rigidity is implied to 

underpin the sediment and mixing processes. Whereby, the bed shear stress in vegetation canopies 

is recognised to modulate the sediment deposition processes (Nardin et al., 2018), and the TKE 

has previously been shown to drive sediment resuspension (Tinoco and Coco, 2018). Thus, the 

quantified levels of maximum bed shear stress and near-bed TKE values (Chapter 4) will support 

informed numerical modelling of broader spatial and temporal assessment of canopy sediment 

processes.  

6.3. Recommendations for future research 

Throughout this thesis, further research areas have been identified that would complement the 

outputs and research advancements presented. An outlook on future research avenues is outlined 

within several key areas but are by no means finite. It is recognised that the latest research has 

begun to assess some of the aspects identified, yet there remains scope to build upon current 

knowledge in further research. 

A. Acquisition of complementary field measurements 

The research and outputs presented in this thesis maximised the ability to control vegetation 

properties and flow conditions in the laboratory. Future research to evaluate the role of flexural 

rigidity in the natural environment is required to support the results presented in this thesis. A 

flume to field approach, similar to Bouma et al. (2007), could be directly applied by placing the 

surrogate flexible vegetation canopies into an example field site and monitoring the 

hydrodynamics and sediment dynamics. Alternatively, it would be beneficial to conduct a 

widespread monitoring campaign to conduct a field campaign implementing identical 

instrumentation to acquire directly comparable datasets for seagrass that possesses naturally 

differing flexural rigidity. Additionally, sediment dynamics and properties within seagrass and 

neighbouring saltmarsh ecosystems are interlinked (Nardin et al., 2018). There is a further 

requirement to evaluate the interaction between neighbouring coastal vegetation canopies to 

further determine their symbiotic relationship.  

 

B. Implementation of results to models 
i. Numerical models. Throughout this thesis is has been indicated that the outputs would 

provide benefit to the parametrisation of numerical modelling, yet such implementation 

was outside the scope of this project. Given the strength of datasets obtained it would be 

highly beneficial to implement the results within numerical models, notably to assessment 
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processes across an even broader range of hydraulic conditions and establish the 

implication on broader scale morphodynamics. A range of current research has employed 

numerical modelling to investigate canopy-flow hydrodynamics which could be provided 

bases for future research (e.g. Marjoribanks et al., 2017; Chen et al., 2019; van Rooijen et 

al., 2020). 

ii. Theoretical models. The results presented in this thesis provide controlled datasets that are 

advantageous to inform and advance theoretical models. The modification of the wave 

decay models discussed in Chapter 5 would be improved by incorporating a parameter to 

account for the canopy flexural rigidity. Furthermore, there remains scope to evaluate the 

results presented with respect to the representation of canopy drag based on an effective 

blade length similarly to Lei and Nepf (2019a). 

 

C. Assessment of additional canopy properties 

An extensive number of natural varying canopy properties have already been evaluated within 

the existing literature, yet there remains scope to further advance this area of current knowledge.  

i. Geometric heterogeneity. The controlled assessment of canopy hydrodynamics lacks the 

complexity of heterogeneity present in canopies in the natural environment. An area of 

recent focus includes the effects of canopy patchiness (or fragmentation) and the interaction 

of neighbouring patches (Folkard, 2005, 2011; El Allaoui et al., 2015). The patchiness 

concept can be viewed as expansive meadows with areas of reduced seagrass coverage, or 

as a bare seabed with individual isolated patches of seagrass. Investigation of 

hydrodynamic difference due to variability in patchiness remains an area of limited 

research and requires further assessment to improve representation of field scale processes 

in laboratory-based studies (e.g. Maza et al., 2016). Additionally, variability in the 

geometry of canopy elements is limited. Despite natural variability in canopy blade length, 

most studies implement surrogates with uniform lengths, a few studies have implemented 

two blade lengths (Stratigaki et al., 2011).  Furthermore, seagrass blades in nature are often 

not ‘clean’ like surrogates implemented in current experiments, and often host epiphytes 

living in the blades, which requires further consideration.   

ii. Canopy resilience. Surrogate canopies do not fully account for damage and destruction of 

vegetation under large energy hydrodynamic forcing. It has been shown by Moller et al. 

(2014) that some saltmarsh vegetation can break rather than bend under sufficient wave 

forcing. The evaluation of studies that consider breaking thresholds is critical to 

understanding vegetation resilience under storm conditions, encompassing the essential 

requirements in consideration of coastal protection. 
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D. Further laboratory-based data acquisition. 

i. Further application of novel measurement techniques. Given the methodological 

advancements made in this research through the use of RIM and PIV, a host of possible 

future research avenues are possible. The acquisition of flow fields within seagrass 

canopies expressing differing canopy properties, including heterogeneity, will improve the 

understanding of coherent vortex properties. Furthermore, the development of vegetation 

surrogates representative of alternative coastal vegetation ecosystems would expand the 

spatiotemporal knowledge of flow and turbulence processes, including emergent 

saltmarshes or mangrove forests. It would be equally interesting to apply PIV to oscillatory 

flows to evaluate the instantaneous spatial properties of turbulence throughout a scaled 

canopy. 

ii. Longer duration data aquation. It is noted in this thesis that longer temporal measurement 

durations would aid a fuller evaluation of turbulent processes in wave-driven flows. Longer 

temporal datasets would be of further benefit to unpick the quasiperiodic nature of coherent 

vortices at the canopy top.  

iii. Increasingly complex laboratory assessments. While a further methodological challenge, 

it would be insightful to conduct a coupled evaluation of varying canopy flexural rigidity 

with direct tracking of the blade motions relative to the fluid motion. Advanced research 

would include implementing three-dimensional PIV data acquisition, similar to the work 

by San Juan et al. (2019) for isolated plants. Furthermore, it would be interesting to evaluate 

increasingly complex incoming hydrodynamic forcing, such as the introduction of 

turbulent upstream flows. Assessment of canopy flexural rigidity under irregular and 

breaking waves requires further assessment. The presence of negative mean currents over 

canopies and the influence on turbulence processes is noted. Finally, the acquisition of 

direct drag force measurements is required to validate and scale the bulk drag values 

derived.  

iv. Introduction of mobile sediment (and polymer) beds. The hydrodynamic results in this 

thesis are regularly contextualised in terms of sediment and mixing processes. 

Complimentary experiments incorporating sediment beds are required to fully determine 

the processes and thresholds associated with the effect of flexural rigidity. Furthermore, 

studies should suitably consider the bed cohesivity and biological properties, which alter 

the critical shear stress associated with sediment erodibility of seagrass beds (Widdows et 

al., 2008)(Widdows et al., 2008)(Widdows et al., 2008)(Widdows et al., 2008)(Widdows 

et al., 2008). There is a further need to investigate the processes associated with plastic 

(polymer) particulates in aquatic vegetation beds, including seagrass beds, within 

controlled laboratory-based studies.   
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v. Direct comparison against live vegetation. While the use of live vegetation in flumes is 

recognised as a significant challenge, the acquisition of data under controlled conditions 

would support or test the accuracy of surrogate vegetation. For example, Paul and Gillis 

(2015) have evaluated wave attenuation over live and surrogate seagrass. There remains 

scope to compare different properties of surrogates and the comparability of velocity and 

turbulence properties. 

6.4. Thesis summary 

This thesis is summarised thorough review of the initial research aim and objectives, which are 

supported below by a summary of how these were achieved across the corresponding the chapters.  

 

This thesis was based around the following primary research aim: 

Research Aim: Evaluate the flow dynamics associated with varying flexural rigidity under a 

range of steady and wave-driven flow conditions. 

An initial review of the current literature and theories in Chapter 2 provided context of existing 

research and the state-of-the-art knowledge on canopy flow processes and the controlling 

parameters. Additional, more focused, introductions were provided at the beginning of the 

substantive research chapters (3, 4, and 5). This enabled the identification and importance of 

canopy flexural rigidity in both steady and wave-driven flows. Experimental research facilitated 

the evaluation of differing degrees of canopy flexural rigidity under a range of flow conditions 

and supported the identification of spatiotemporal flow and turbulence dynamics throughout the 

canopy.  

Firstly, the hydrodynamics associated with a rigid and a flexible canopy under steady flow was 

conducted to obtain enhanced spatiotemporal datasets throughout the canopies (Chapter 3), while 

providing an assessment of the processes due to dynamically scaled seagrass canopy versus a 

simplified rigid model. Subsequent assessments of four canopies with varying degrees of flexural 

rigidity were conducted under wave-driven flow in Chapter 4 that determines the presence of 

mean currents, corresponding canopy motions, and turbulence processes. Finally, the same four 

canopies were evaluated to assess the influence on wave attenuation and the bulk drag in Chapter 

5.  

The outputs have provided novel and improved approaches to support the spatiotemporal data 

acquisition of flows throughout fully scaled vegetation canopies in laboratory-based research.  

The scientific results provide a step-change in understanding the influence of canopy flexural 

rigidity on the presence of coherent structures above canopies, the relationships between canopy 
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motions and hydrodynamics, and the development of mean currents, and the distribution of 

turbulence.   

 

Objective 1: Develop and apply non-intrusive measurement methods to enable acquisition of 

velocity components throughout dynamically scaled surrogate vegetation canopies. (Chapters 3 

and 4). 

The use of laser-based data acquisition techniques was implemented in both Chapters 3 and 4, 

supporting the use of non-intrusive methods preventing the requirement to remove any vegetation 

elements. The bespoke design of vegetation elements with consideration for the material and 

geometric design enabled the dynamic scaling of seagrass, while also permitting data acquisition 

using the methods outlined. Notably, a novel refractive-index-matching (RIM) technique coupled 

with particle image velocimetry (PIV) enables acquisition of unobstructed velocity flow fields in 

the steady flow experiments (Chapter 3). Point data obtained using laser Doppler anemometry 

(LDA) enabled focused data aquation between vegetation stems and blades throughout flexible 

canopies under wave forcing (Chapter 4).  

 

Objective 2: Investigate the spatial and temporal flow and turbulence processes, within and above 

dynamically scaled seagrass canopies. (Chapters 3 and 4). 

The methodological advances associated with deployment of PIV and RIM techniques, 

implemented in Chapter 3, enabled velocity flow fields throughout the canopy, providing spatial 

and temporal coverage of flow processes previously unobtainable. Instantaneous assessment of 

coherent vortices was possible, which supplemented and advanced current knowledge. Core 

differences were identified between rigid and dynamically scaled canopies and emphasised the 

importance of dynamic scaling during the assessment via surrogate vegetation. The associated 

differences in spatiotemporal turbulence were fundamentally related to changes in canopy motion, 

as addressed in the following Objective 3. 

 

Objective 3: Examine the instantaneous and mean canopy motion and its modulation of flow and 

turbulence processes through canopies with different flexural rigidity. (Chapters 3, 4 and 5). 

This objective extends that of Objective 2 to consider the role of canopy motion associated with 

canopies of differing flexural rigidity. The influence of canopy motion on flow processes has 

proven pivotal to the modulation of flow and turbulence throughout this thesis and the explanation 

of results. The canopy motion fundamentally influenced the spatiotemporal instantaneous and 

mean turbulence processes under steady flows, including the formation of monami (Chapter 3). 
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Wave oscillations and the development of mean current are shown to underpin canopy motions, 

and subsequent canopy motion is suggested to result in localised increases in turbulence due to 

blade scale effects (Chapter 4). Canopy motion and reconfiguration modulates the magnitude of 

drag coefficients and wave attenuation, with more flexible canopies resulting in lower drag 

following a power law with the Cauchy number (Chapter 5).  

 

Objective 4: Systematically investigate the influence of varying canopy flexural rigidity on 

energy dissipation through turbulence production and wave attenuation. (Chapters 4 and 5). 

This objective focuses on energy dissipation corresponding to the differences in drag imposed by 

a canopy depending on the flexural rigidity under wave forced flows. Chapter 5 presented a 

coherent relationship between canopy drag relative to the canopy flexural rigidity and 

hydrodynamic forcing, whereby the bulk drag is reduced for more flexible canopies. This results 

in a reduction in wave attenuation and a lower energy dissipation. The production of turbulence 

is evaluated in Chapter 4, covering assessment of larger-scale processes, and indicates the key 

relevance of smaller blade-scale processes. 
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Appendix A. Data storage report: influence of vegetation flexibility 

on hydrodynamics and wave Attenuation  

 

This appendix is made available in the Supplementary Materials, along with the datasets at  

doi: 10.5281/zenodo.1456747. 
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Appendix B. Artificial and natural seagrass biomechanical and 

geometric properties 
 

Table B.1.  Extended version of Table 1, including additional canopy properties and standard 

deviation in brackets, and standard error (±) for Paul and de los Santos (2019) . 

Properties   
Surrogate Vegetation Field Data 

S-Rigid 
(SR) 

L-Flex 
(LF) 

M-Flex 
(MF) 

H-Flex 
(HF) - Paul and de los Santos 

(2019) 

Sample 
Location   - - - - Rødsand, 

Denmark 
Neustadt, 
Germany 

Culatra 
Island, 
Portugal 

Sample 
size n 

blades 22 22 21 23 75 31 26 
shoots 15 15 15 15 15 - - 

Blade 
Density 

𝜌! Kg.m3 
887.1  
(9.9) 

873.8 
(14.7) 

865.9 
(10.4) 

871.0 
(25.1) 

907.4 
(297.6) 

- - 

Blade 
Young's 
modulus 

𝐸 MPa 
1400 
(NR) 

1058.1 
(79.4) 

1328.4 
(63.0) 

1315.2 
(118.2) 

244.5 
(120.3) 

36.9± 2.9 75.5± 4.7 

Blade 
Flexural 
Rigidity 

𝐸𝐼 Pa.m4 
6.4×10-4 

(3.3×10-5)  

4.1×10-5 
(3.3×10-6) 

 

4.5×10-6 

(4.8×10-7)  

6.3×10-7 

(8.5×10-8)  

2.27×10-6 
(2.08×10-6) 

3.5× 10-7 

±5.0× 10-8 

3.77× 10-6 

±2.1 × 10-7 

Blade 
Flexural 
Rigidity 

𝐸𝐼 
N 

mm2 
640  
(33) 

41.0  
(3.3) 

4.5  
(0.48) 

0.63 
(0.085) 

2.27 0.35±0.05 3.77±0.21 

Blade 
Thickness 

𝑡! mm 
1.092 

(0.018) 
0.490 

(0.009) 
0.214 

(0.006) 
0.112 

(0.005) 
0.35 (0.09) 0.34±0.01 0.44±0.01 

Blade  
Width 

𝑤! mm 
4.14 

(0.12) 
4.03 

(0.15) 
4.11 

(0.13) 
4.13 

(0.18) 
4.08 (0.67) 2.81±0.09 7.09±0.13 

Blade 
Length 

𝑙! mm 200 200 200 200 
239.81 
(43.5) 

183±8 244±11 

Blades per 
Shoot - - 4 4 4 4 4 - - 

Blade 
Resonance 
Frequency 

𝑓" Hz 3.03 0.80 0.26 0.07 0.21 - - 

Shoot 
thickness 

𝑡# mm 
6.30 

(0.04) 
6.30 

(0.04) 
6.30 

(0.04) 
6.30 

(0.04) 
1.83 (0.57) - - 

Shoot 
width 𝑤# mm 

6.30 
(0.04) 

6.30 
(0.04) 

6.30 
(0.04) 

6.30 
(0.04) 

3.71 (0.89) - - 

Shoot 
length 

𝑙# mm 60.0 60.0 60.0 60.0 
201.94 
(46.97) 

- - 

Canopy 
height ℎ$ mm 260 260 260 260 776.78 - - 

Sub Ratio 𝐻 ℎ$⁄    - 0.38 0.38 0.38 0.38 ~0.39 - - 

Shoot-
Blade 
Ratio 

𝑙# 𝑙!⁄     - 0.30 0.30 0.30 0.30 0.38 - - 

Buoyancy 
Parameter 𝐵 - 0.06 0.47 2.06 7.40 2.24 - - 

Cauchy 
Number* 

𝐶𝑎 - 0.53 7.80 73.12 512.89 73.37 496.75 280.71 

*A comparable Cauchy provided based on 𝑢= 0.1 ms-1 for comparative purposes. 



Appendices 

 

167 

Appendix C. LDA data processing 

LDA Data Processing Nomenclature  

 

Recorded Parameters 

𝑡+  
 
𝑡+,0  

Series of Arrival Time corresponding to temporally variable acquisition of 
LDA velocity and 𝜂>?:,E%= measurements [seconds] 
𝑖 denotes the corresponding instantaneous measurement within the series. 

𝑡+,EF  
Series of Arrival Time corresponding to temporally constant acquisition of 
𝜂>?:,EF measurements [seconds] 

𝑡G,0  
Transit Time of seeding particle through measurement volume [seconds] 
𝑖 denotes the corresponding instantaneous measurement within the series.  

𝐿𝐷𝐴9  Green beam pair velocities [ms-1] 
𝐿𝐷𝐴:   Blue beam pair velocities [ms-1] 

𝜂>?:,E%=  water surface elevation at wave gauge 2 (WG2) measurements recorded 
simultaneous to any velocity measurement [volts] 

𝜂>?:,EF  water surface elevation at wage gauge 2 (WG2) measurements recorded at a 
constant temporal frequency [volts] 

𝑧  Elevation above baseboard [mm] 
𝑢  
𝑢0  

Horizontal velocity [ms-1] 
𝑖 denotes specific individual instantaneous measurement 

𝑤  
𝑤0  

Vertical velocity [ms-1] 
𝑖 denotes specific individual instantaneous measurement 

 

Separation of Data into Individual Waves and Populating Phase Bins 

𝑇  Wave period [s] 
𝑓'  Constant chosen sampling frequency 
𝜑12H  Phase bin size [degrees] 
𝜃  Phase in wave cycle [degrees] 
 

Phase-Averaged Data 

o (𝜑.)  
𝜑.  

Tide overbar denotes phase averaged value, and 𝜑 indicates associated phase 
bin, 
𝑛th phase bin 

𝑁!  Number of phase bins 
𝑢A(𝜑)  Phase averaged horizontal velocity [ms-1] 
𝑢A*+,  Maximum phase averaged horizontal velocity [ms-1]  
𝑤q(𝜑)  Phase averaged vertical velocity [ms-1] 
𝑢Io 7*'(𝜑)  Phase-averaged Root mean square (rms) of horizontal velocity [ms-1] 
𝑤Ir7*'(𝜑)  Phase-averaged Root mean square (rms) of vertical velocity [ms-1] 
𝜏̃(𝜑)  Phase-averaged turbulent Reynold stress [m2s-2] 
𝑘s(𝜑)  Phase-averaged 2-component turbulent kinetic energy (TKE) [m2s-2] 
 

Convergence Checks 

𝑢"6.$(𝜑)  Convergence of data comprising 𝑤q(𝜑) 

𝑢"6.$
#,J (𝜑)  

mean of the values within the current window 

corresponding to the 𝑗th value within the window 
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𝑤"6.$(𝜑)  Convergence of data comprising 𝑤q(𝜑)  
𝑢I7*',"6.$(𝜑)  Convergence of data comprising 𝑢Io 7*'(𝜑)  
𝑤I

7*',"6.$(𝜑)  Convergence of data comprising 𝑤Ir7*'(𝜑)  
𝑘	"6.$(𝜑)  Convergence of data comprising 𝑘s(𝜑)  
𝜏	"6.$(𝜑)  Convergence of data comprising 𝜏̃(𝜑)  
𝑁'  Incremental sample number within the bin 
𝑁#  Window number 
𝑛',K  Number of samples in the corresponding phase bin 
𝑛',#  Number of samples per window 
𝑢"6.$,4&5%(𝜑)  Windowed root-mean-squared-deviation (RMDS) of 𝑢"6.$(𝜑)	data 
𝑤"6.$,4&5%(𝜑)  Windowed root-mean-squared-deviation (RMDS) of 𝑤"6.$(𝜑) data 
𝑢I7*',"6.$,4&5%(𝜑)  Windowed root-mean-squared-deviation (RMDS) of 𝑢I7*',"6.$(𝜑) data 
𝑤I

7*',"6.$,4&5%(𝜑)  Windowed root-mean-squared-deviation (RMDS) of 𝑤I
7*',"6.$(𝜑) data 

𝑘	"6.$,4&5%(𝜑)  Windowed root-mean-squared-deviation (RMDS) of 𝑘	"6.$(𝜑) data 
𝜏	"6.$,4&5%(𝜑)  Windowed root-mean-squared-deviation (RMDS) of 𝜏	"6.$(𝜑) data 
 

Time Averaged Data ( u ) 

𝑢C   Time-averaged horizontal velocity [ms-1] 
𝑢C4&5  Root mean square horizontal velocity [ms-1] 
𝑤u   Time-averaged vertical velocity [ms-1] 
𝑤u4&5  Time-averaged Root mean square vertical velocity [ms-1] 
𝑢Iu 7*'  Time-averaged standard deviation of horizontal velocity fluctuations [ms-1] 
𝑤"''''/2C  Time-averaged standard deviation of vertical velocity fluctuations [ms-1] 
𝑘'  Time-averaged Turbulent Kinetic Energy (TKE) [m2s-2] 
𝜏̅  Time-averaged turbulent Reynolds stress [m2s-2] 
 

Bed Shear Stress 

𝛿C  Stokes length 
𝜇  Dynamic viscosity 
𝜏̃+(𝜑)   phase-averaged bed shear stress 
𝜏̃+,234  maximum phase-averaged bed shear stress 
𝐹\,<    analytical friction factor 
𝐹\,]  measured friction factor 
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Laser Doppler Velocities and Turbulence Statistics 

Temporally variable two-component velocities were acquired via the LDA, with synchronous 

water surface elevation measurements inline at WG2. Corresponding temporally consistent wave 

gauge measurements were acquired using LabView software was initiated with time 

synchronisation using an analogue pulse trigger upon initiation of LDA data acquisition. The 

following sections outline the processing procedures and data quality checks implemented. Data 

were processed within MATLAB (2017) version 9.2.0.556344 (R2017a).  

Transformation of Velocity Vectors 

The LDA transmitting and receiving optics were rotated 45° clockwise during data acquisition, 

therefore, a transformation was applied to convert the beam pair data into horizontal (𝑢) and 

vertical (𝑤) velocity components using the following formulae (trigonometric functions in 

degrees): 

 𝑢 = 𝐿𝐷𝐴? sin(45) + 𝐿𝐷𝐴- cos(45) (C.1) 

 𝑤 = −𝐿𝐷𝐴? cos(45) + 𝐿𝐷𝐴- sin(45) (C.2) 

Furthermore, the LDA optics were tilted downwards 3 degrees in order to allow acquisition of 

data close to the bed, the measured velocity component is close to the true velocity component of 

𝑢 ∙ 𝑐𝑜𝑠(3), or 𝑢 ∙ 0.998, the same applies to the 𝑤 component. Since the waves produced within 

the flume are principally two-dimensional, as such the horizontal and vertical flow dominate the 

domain. 

Zero-Adjustment of the Datasets 

In order to support latter phase-averaging, the arrival time series (𝑡3) corresponding to each LDA 

synchronised measurement were zero adjusted, such that the origin (𝑡3,,) was redefined as the 

first zero-up crossing of the water surface elevation. This was conducted for each elevation of 

data acquisition. The exact origin (𝑡3,,) was calculated using the temporally constant LabView 

data (𝜂GH-,^_), whereby a linear fit was applied to the 𝑡3,^_ data points either side of the zero-up 

crossing, allowing interpolation of the exact zero origin. The subsequent data points were assigned 

respective new arrival time values. For all other variables, the data remained as recorded, but 

datapoints before the first zero-up crossing (𝑡3,,) were discarded. 

Calculation of Individual Wave Periods 

Water surface elevation data, 𝜂GH-,^_, was obtained in units of volts by twin-wire resistive wave 

gauges at data acquisition of 100Hz recorded via LabVIEW software. A common instrument 

calibration procedure detailed by Houseago and van der A (2019) was conducted to convert the 
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voltage data into millimetres 𝜂GH-,^_,22 whereby zero is the still water surface. This further 

corrects for any equipment variation, as a reading of 0v may not correspond exactly to the still 

water surface. The subsequent zero-up crossing of water surface elevation was used to determine 

the start of each wave and the associated individual wave periods. The measured wave periods 

for individual waves was recorded varied by ±0.05 s compared to the programmed target period, 

largely associated with the measurement frequency of 100 Hz, however, this variability was 

accounted for during data processing. 

Separation of Data into Individual Waves and Population of Phase Bins 

Velocity data were acquired as a continuous measurement series at each elevation for all runs, but 

with irregular data acquisition frequency. Firstly, the raw horizontal (𝑢) and vertical (𝑤) velocity 

data were split into individual waves (0-360°). Secondly, the corresponding phase (0-360°) of 

each velocity measurement was determined based on the corresponding 𝜂GH-,^S@,22 data. This 

allowed each velocity measurement to be allocated into a respective phase bin (𝜑), for example 

all velocities recorded between 0° and 4.68° were cumulated together into one phase bin, enabling 

phase averaging of all values in each bin. The more samples within a bin provided increased 

confidence in data. The phase bin size in degrees 𝜑0!` = 360 (𝑓C𝑇)⁄ , whereby a constant chosen 

sampling frequency (𝑓C) of 70 was implemented. As such the number of phase bins and 𝜑0!` is 

variable dependent on the wave period (𝑇), resulting in 𝜑0!` of 4.68° and 3.21° respectively for 

𝑇 =  1.1 s and 𝑇 = 1.6 s conditions tested in this study. 

Removal of Outliers 

Following the separation of velocity data into phase bins, instantaneous measurements greater or 

less than 5 times the standard deviation of the median velocity measurement in each bin were 

rejected. This threshold has been chosen to ensure that outliers are removed, but without removing 

valid turbulence fluctuations. This threshold is higher than the ±2S.D. used by Ros et al. (2014) 

for vegetated channels, but lower than used by van der A et al. (2018). An additional manual 

check for erroneous instantons velocities is made during the ‘Phase Checks’ detailed below.  

 

Calculation of Phase-Averaged: Velocities (𝒖"(𝝋), 𝒘"(𝝋)) and 

Turbulence Statistics 

Phase-averaged horizontal 𝑢)(𝜑) and vertical 𝑤¬(𝜑) velocities were calculated as the mean value 

of all instantaneous measurements within one phase bin (𝜑). It is necessary to account for 

potential velocity bias in measurements resulting from the varying time duration of each velocity 

measurement and irregular frequency of data acquisition. The transit time of particles through the 
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measurement volume are utilised as the correctional weighting factor. Further details and 

explanation of residency time weighting can be found in Zhang (2010). 

The phase-averaged velocity for each phase bin (𝑢)(𝜑)) was determined at each elevation by: 

 𝑢)(𝜑) =
∑I𝑢5(𝜑) ∙ 𝑡a,5(𝜑)K

∑ 𝑡a(𝜑)
 (C.3) 

Whereby 𝑢5(𝜑) are the instantaneous horizontal velocities in one phase bin, and 𝑡a,5(𝜑) are the 

corresponding transit times for each instantaneous velocity measurement in the phase bin. Phase 

averaged vertical velocities 𝑤¬(𝜑) were calculated using the same method. The largest phase 

averaged horizontal velocity throughout the full wave cycle is denoted as 𝑢A*+,(𝜑). 

Velocity fluctuations corresponding to phase-averaged velocity components are described based 

on the standard deviation of the mean velocity. Due to the large sample size distinction between 

standard deviation and root-mean-squared is commonly not distinguished within LDA analysis 

(Zhang, 2010) as such velocity fluctuations per phase (𝑢)/2C(𝜑)) were defined by the root mean 

square (rms) of measurements within each phase: 

 𝑢)/2C(𝜑) = 	®
∑vI(𝑢5(𝜑) − 𝑢)(𝜑)K

-
∙ 𝑡a,5(𝜑)x

∑ 𝑡a(𝜑)
 (C.4) 

A near constant 𝑢)/2C(𝜑) value throughout the wave cycle indicates a constant intensity of 

turbulence fluctuations, whereas a growing value indicates an increase in turbulence fluctuation 

intensity which may reveal the existence of additional turbulence processes.  

The phase-averaged turbulent Reynolds stress (𝜏̃(𝜑)) was calculated: 

 𝜏̃(𝜑) =
∑vI𝑢5(𝜑) − 𝑢)(𝜑)K ∙ I𝑤5(𝜑) − 𝑤¬(𝜑)K ∙ 𝑡a,5(𝜑)x

∑ 𝑡a(𝜑)
 (C.5) 

The phase-averaged two-component turbulent kinetic energy (TKE) was calculated by: 

 𝑘̄(𝜑) =
1
2
	°
∑�vI𝑢5(𝜑) − 𝑢)(𝜑)K

- + I𝑤5(𝜑) − 𝑤¬(𝜑)K
-
x ∙ 𝑡a,5(𝜑)�

∑ 𝑡a(𝜑)
± (C.6) 

Time averaged data subsequently calculated, following checks of phase averaged data. 

 

Phase Checks 

To validate previous processing steps, all instantaneous velocities (𝑢5) were plotted for each 

elevation (𝑧) throughout the whole wave cycle, overlaid with the phase averaged (𝑢)(𝜑)	as 
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illustrated by an example in Figure C.2. This provides the additional opportunity to check for 

erroneous instantons velocity measurements not discarded by the ‘Removal of Outliers’ stage 

detailed above.  

 

Figure C.2. Example of wave phase plots for the highly-flexible sparse canopy, under wave conditions H=0.18m, 
T=1.1s from z=0.5mm to z=115mm. Instantaneous horizontal velocity measurements are illustrated by blue dots and 
the phase averaged velocities marked connected by a red line. 
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Convergence Checks and Data Cleaning 

To ensure the phase averaged data accurately represented both first and second order flow 

statistics, every bin was checked to ensure a sufficient number of data samples were acquired for 

the data to be deemed convergent. This was completed for 𝑢(𝜑),	𝑤(𝜑), 𝑢′Ca0!#(𝜑),	𝑤′Ca0!#(𝜑), 

𝑢′𝑤′(𝜑), and 𝑇𝐾𝐸(𝜑). An example of processing applied for 𝑢(𝜑) is provided herein. 

 

Figure C.3. Convergence checks for the HF-S canopy under wave conditions W3, for 𝑧 = 2.0mm at bin with centre at 
70.13°. 

Firstly, the sequence of partial sums of the instantaneous velocity series were used to calculate 

check for convergence. This is shown graphically by the example data in Figure C.3. Given 𝑢5(𝜑) 

is comprised of numerous instantaneous velocity measurements, this can be decomposed into: 

𝑢5(𝜑) = 	𝑢?, 𝑢-, 𝑢(…𝑢6J,K, whereby 𝑛C,b is the total number of samples in the corresponding 

phase bin. 𝑁C is the incremental sample number within the bin. The convergence of instantaneous 

velocity samples within a bin is evaluated by the cumulative average of the 𝑢5(𝜑) data series: 

 𝑢.L6#(𝜑)[𝑖] = µ
𝑢5(𝜑) ∙ 𝑡a,5(𝜑)
∑ 𝑡a,5(𝜑)

	𝑓𝑜𝑟	𝑁C = 1,2,3, … , 𝑛C,b	
cJ

5	d	?

 (C.7) 

Following calculation, 𝑢.L6#(𝜑) was separated into a series of windows (𝑁$) of length 𝑛C,$, 

resulting in 𝑢.L6#
$,e (𝜑) whereby 𝑤 denotes the current window, with 𝑗 corresponding to the 𝑗th 
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value within the window. A value of 𝑛C,$ = 5 was applied, therefore any bin containing less than 

five values is discarded from further analysis. This windowed data was:  

 

 𝑢.L6#,MENS(𝜑)[𝑗] = 	·
∑ v𝑢.L6#

G,e (𝜑) −	𝑈.L6#G (𝜑)x
-6J,H

e

𝑛C,$ − 1
	𝑓𝑜𝑟	𝑊 = 1,2,3, … ,

𝑛C,b
𝑛C,$

 (C8) 

𝑈.L6#G (𝜑) is the mean of the values within the current window,	𝑗 indicates the 𝑗th value in the 

window. 

This method results in a series tending towards zero with increasing sample numbers when data 

variability reduces and as such converges, as shown in Figure C.4. Data was deemed suitably 

converged if the final 𝑢.L6#,MENS(𝜑) value was less than 10% of the first window. The second 

window value is used as the control in some cases, due to unrepresentative stability occurring 

within the first few measurements resulting in a low RMSD value for the first window, followed 

by a strong rise in RMSD value for the second window. Any phase bins that were not deemed 

convergent were removed from the dataset, and not considered during further analysis. Non-

convergent bins are primary located whereby the vegetation blades blocked the measurement 

volume.

 

Figure C.4. Windowed root-mean-square-deviation (RMSD) convergence checks for the HF-S canopy under W3 at z 
= 2.0mm for bin centre 70.13°. 
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Interpolation of phase bins 

If four or less consecutive phase bins contain no data with valid bins either side, an interpolation 

method is applied to populate the empty bins. 𝑢)(𝜑), 𝑤¬(𝜑), 𝑢"� Ca0!#(𝜑), 𝑤"¹Ca0!#(𝜑), 𝜏̃(𝜑), and 

𝑘̄(𝜑) were interpolated using linear interpolation within MATLAB (2017), and when no data 

exist in the first or last cells, data is calculated using extrapolation form neighbouring values. 

Following interpolation, manual assessment was conducted for each phase bin at each elevation 

to ensure the outcomes of the batch data processing are sensible.  

 

Figure C.5. Example graph used to conduct manual checks for batch processed data interpolation for (a)	
𝑢G(𝜑), (b) 𝑤O(𝜑), (c) 𝑘P(𝜑), and (d) 𝜏̃(𝜑). Phase bins deemed convergent (black), non-convergent (grey), and 
interpolated phase bin data (red). 

Calculation of Time-Averaged Flow Dynamics 

Following completion of processing the phase-averaged velocities, the following time-averaged, 

denoted by an overbar ( l ), flow and turbulence statistics were calculated as the mean of the 

phase-average data for all wave phase bins. Time-averaging was only valid when data was present 

within all phase bins. 

Time averaged horizontal (𝒖l) and vertical (𝒘l ) velocities are defined as the mean value of all phase 

bins at one elevation as detailed:  

 𝑢' = 	
∑ 𝑢)(𝜑6)
cI
6d?
𝑁+

		 (C.9) 

Whereby 𝜑6 = individual phase bin whereby 𝑛 denotes the 𝑛th bin, the first bin 𝜑? is defined 

after the zero up crossing including data in phases 0° to 𝜑0!`, and 𝑁+ = number of phase bins. 

Time averaged data was further calculated for vertical velocity 𝑤l , Reynolds stress 𝜏̅, and 

Turbulent Kinetic Energy (TKE) 𝑘'.  
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The root-mean-squared of phase averaged horizontal (𝑈MEN) and vertical (𝑊MEN) velocity the was 

calculated at each elevation, whereby at a given elevation: 

 𝑈MEN = ®∑ 𝑢)(𝜑6)-
cI
6d?

𝑁+
 (C.10) 

   

Appendix C.1 Bed Shear Stress Calculations: no-slip velocity gradient method 

Bed shear stress (𝜏+) was calculated from the gradient method between a velocity measurement 

within the laminar wave boundary layer, and the no-slip boundary condition. Confirmation of a 

laminar wave boundary layer was required in order to validate the application of the no-slip 

velocity gradient method.  

Firstly, the wave boundary layer thickness (𝛿) was defined as 2.34	𝛿C, whereby Stokes length (𝛿C) 

= T2𝜈 𝜔⁄  , such that 𝜈 = Kinematic Viscosity based on recorded water temperature (van der A et 

al., 2018). 𝛿 ranged between 1.457 mm and 1.992 mm for all runs. In order to confirm if the 

boundary layer was laminar, 𝑅𝑒 was calculated in the free stream above 𝛿, using 𝑢)234 at 𝑧 = 2 

mm, whereby all runs were found to have the wave boundary layer 𝑅𝑒 < 2 × 104 which is shown 

to be laminar (or slightly transitional) over a smooth surface by Figure 3 in van der A et al. (2011). 

Given that the wave boundary layer for all runs was confirmed to be laminar, this validated the 

no-slip velocity gradient methodology for calculating phase-averaged bed shear stress (𝜏̃,(𝜑)) 

using a velocity measurement within the wave boundary layer at 𝑧 = 0.5 mm. As such bed shear 

stress was calculated by:  

 𝜏̃+(𝜑) = 𝜇
𝑑𝑢
𝑑𝑧
(𝜑) (C.11) 

whereby 𝜇 is the dynamic viscosity. To confirm confidence in results, the analytical friction factor 

(𝐹\.<) was calculated using the Reynolds stress at 𝑧 = 0.5 mm was calculated the following 

formula was used, which is valid for 𝑅𝑒 < 3 × 105 as per Nielsen (1992): 

 𝐹\,< =	
2

u𝐴$-𝜔 𝜈⁄ 	
	= 	

2
√𝑅𝑒

 
(C.12) 

Corresponding data related to bed shear stress was recorded at 𝑧	= 0.5mm. 

The measured friction factor (𝐹\.]fghijf=) based the maximum phase-averaged bed shear stress, 

𝜏,,234, was also calculated following Nielsen (1992): 
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 𝐹\,] =	
2𝜏̃,,234
𝜌$(@Hk)B

 (C.13) 

Agreement between 𝐹\,< and 𝐹\,] provided confidence in the measured bed shear stress values. 

It should be noted that 𝑢)234  just above the boundary layer and 𝜏̃+,234 do not by occur at the 

same wave phase (Bryan and Power, 2020). 
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Appendix D. Supplementary velocity and turbulence contour plots 

Appendix D.1 Phase-averaged velocity and turbulence statistics for W2-D canopies. 

Figure D.1. Phase-averaged velocity and turbulence statistics for W2-D canopies. Refer to Chapter 4.  
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Appendix D.2 Phase-averaged velocity and turbulence statistics for W2-S canopies. 

 

Figure D.2. Phase-averaged velocity and turbulence statistics for W2-S canopies. Refer to Chapter 4. 
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Appendix D.3 Phase-averaged velocity and turbulence statistics for W3-D canopies. 

 

Figure D.3. Phase-averaged velocity and turbulence statistics for W3-D canopies. Refer to Chapter 4. 
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Appendix D.4 Phase-averaged velocity and turbulence statistics for W3-S canopies. 

 
Figure D.4. Phase-averaged velocity and turbulence statistics for W3-S canopies. Refer to Chapter 4. 
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