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Abstract

Aquatic models used for both freshwater and marine systems frequently need to account for submerged aquatic vegetation

(SAV) due to its influence on flow and water quality. Despite its importance, simplified parameterizations are generally adopted

that simplify feedbacks between flow, canopy properties (e.g., considering the deflected vegetation height) and the bulk friction

coefficient. This study reports the development of a fine-scale non-hydrostatic model that demonstrates the two-way effects of

SAV motion interaction with the flow. An object-oriented approach is used to capture the multiphase phenomena, whereby

a leaf-scale SAV model based on a discrete element method is combined with a flow-dynamics model able to resolve stresses

from currents and waves. The model is verified through application to a laboratory-scale seagrass bed. A force balance

analysis revealed that leaf elasticity and buoyancy are the most significant components influencing the horizontal and vertical

momentum equations, respectively. The sensitivity of canopy-scale bulk friction coefficients to water depth, current speeds and

vegetation density of seagrass was explored. Deeper water was also shown to lead to larger deflection of vegetation height. The

model approach can contribute to improved assessment of processes influencing, water quality, sediment stabilization, carbon

sequestration, and SAV restoration, thereby supporting understanding of how waterways and coasts will respond to changes

brought about by development and a changing climate.
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Key Points: 24 

 A model is presented to capture the changing position of Submerged Aquatic Vegetation 25 

blades in response to flow, and validated using laboratory experiments. 26 

 Forcing terms that control seagrass movement within a meadow are evaluated. 27 

 Estimates of deflected vegetation height and bulk meadow friction coefficients 28 

demonstrate the importance of simulating SAV motion in lakes and coastal areas. 29 

 30 
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Abstract 32 

Aquatic models used for both freshwater and marine systems frequently need to account for 33 

submerged aquatic vegetation (SAV) due to its influence on flow and water quality. Despite its 34 

importance, simplified parameterizations are generally adopted that simplify feedbacks between 35 

flow, canopy properties (e.g., considering the deflected vegetation height) and the bulk friction 36 

coefficient. This study reports the development of a fine-scale non-hydrostatic model that 37 

demonstrates the two-way effects of SAV motion interaction with the flow. An object-oriented 38 

approach is used to capture the multiphase phenomena, whereby a leaf-scale SAV model based 39 

on a discrete element method is combined with a flow-dynamics model able to resolve stresses 40 

from currents and waves. The model is verified through application to a laboratory-scale seagrass 41 

bed. A force balance analysis revealed that leaf elasticity and buoyancy are the most significant 42 

components influencing the horizontal and vertical momentum equations, respectively. The 43 

sensitivity of canopy-scale bulk friction coefficients to water depth, current speeds and 44 

vegetation density of seagrass was explored. Deeper water was also shown to lead to larger 45 

deflection of vegetation height. The model approach can contribute to improved assessment of 46 

processes influencing, water quality, sediment stabilization, carbon sequestration, and SAV 47 

restoration, thereby supporting understanding of how waterways and coasts will respond to 48 

changes brought about by development and a changing climate. 49 

 50 

1 Introduction 51 

Climate change mitigation and adaptation strategies are urgently needed (IPCC, 2014) to 52 

reduce the negative impacts associated with natural disasters, such as flood inundation and 53 

landslides (Hirabayashi et al. 2013; Tezuka et al. 2013), biodiversity loss (Thuiller, 2007, Dutta 54 
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et al. 2013), and land and water degradation (Nakayama et al., 2010; Fragoso et al., 2011; Sachse 55 

et al., 2014; Me et al., 2018; Song et al. 2018). Restoration of submerged aquatic vegetation 56 

(SAV) in aquatic ecosystems has been suggested as a potential mitigation strategy (Nellmann et 57 

al., 2009). For example, whilst shallow coastal areas have often been assumed to release carbon 58 

dioxide to the atmosphere due to inputs of organic matter from rivers (Cai, 2011; Adiyanti et al., 59 

2016), well-vegetated aquatic environments have recently been shown to absorb and capture 60 

carbon dioxide - a potential sink of anthropogenic carbon as sedimentary organic carbon, termed 61 

“blue carbon” (Duarte et al., 2013). Nellemann et al. (2009) reports that coastal blue carbon 62 

ecosystems accumulate approximately 55 % of the total carbon dioxide captured from the Earth's 63 

atmosphere due to photosynthesis. Whilst there is empirical evidence for blue carbon capture in 64 

seagrass systems, sequestration rates are highly variable (Lavery et al., 2013), and the conditions 65 

that can enhance or disrupt carbon capture and storage remains of topical interest. Similarly in 66 

inland waters, SAV has also been revealed to stabilize water quality in rivers (Weitzman et al., 67 

2013), shallow lakes (Hilt et al., 2018), and potentially also within deep lakes (Sachse et al. 68 

2014). A more accurate understanding of the hydrodynamic environment associated with SAV 69 

and the various water-vegetation-sediment feedbacks could improve our estimation of carbon 70 

storage potential, and allow us to devise optimal restoration approaches of SAV in degraded 71 

waterbodies (e.g., Adams et al., 2018; Prentice et al., 2019). 72 

Given the wide diversity of vegetation forms and hydrologic contexts, numerical models 73 

serve an important role to resolve the interaction of SAV with hydrodynamic flows and 74 

biogeochemical cycles and to support the management and restoration of SAV communities 75 

(Macreadie et al., 2014). To date, the inclusion of SAV within Aquatic Ecosystem Models 76 

(AEMs) has focused on either a) the effect of vegetation on flow hydrodynamics, since the 77 
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vegetation canopy induces drag to the passing flow and affects the water circulation (Weitzman 78 

et al., 2015; Zeller et al., 2014), and/or b) the role of vegetation in aquatic biogeochemical 79 

cycling in the water and sediment (Trolle et al., 2014; Baird et al., 2016). In both cases the more 80 

complex feedbacks between vegetation movement and aquatic system response has yet to be 81 

fully accounted for, at least in hydrodynamic-biogeochemical models applied at scales relevant 82 

for integrated assessment (Adams et al., 2016; Abdolahpour et al., 2018). 83 

As the vegetation itself can modify the hydrodynamic conditions within a water body 84 

(Lacy and Wylie-Echeverria, 2011), depending on plant morphological form and organization of 85 

the canopy (e.g., Boothroyd et al., 2016), it must also be acknowledged that individual plants 86 

within a meadow may not all behave identically. A number of laboratory studies where the 87 

behaviour of each shoot and leaf blade has been considered have demonstrated the importance of 88 

plant flexibility (Abdolahpour et al. 2018), and, in general, it has been shown that stiff leaves 89 

exhibit a higher drag force than more than flexible leaves (Bouma et al., 2005). Mass transport in 90 

more flexible canopies has been shown to increase downstream due to enlargement of the 91 

exchange zone (Murphy et al., 2007; Ghisalberti and Nepf, 2009). Furthermore, residual currents 92 

in the opposite direction to the progressive direction of waves adjacent to the water surface have 93 

been found to occur because of wave set up at the upstream edge of the canopy (Luhar et al., 94 

2010). Interactions between SAV canopy dynamics and flow have historically been evaluated 95 

based on the extent of the flow-induced reconfiguration of aquatic vegetation using the Cauchy 96 

number (Ca) and the Buoyancy parameter (B) (Luhar and Nepf, 2011; Nepf, 2012; Whittaker et 97 

al., 2015; Luhar and Nepf, 2016). Ca indicates the relative magnitude of the drag force and 98 

elasticity, computed as Ca = 𝜌𝐶𝐷𝑏𝑈
2𝑙3/(2𝐸𝐼), where 𝜌 is the density of water, 𝐶𝐷 is the drag 99 

coefficient, 𝑏 is the width of blade leaf, 𝑈 is the horizontal velocity, 𝑙 is the blade leaf length, 𝐸 100 
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is the elastic modulus, and 𝐼 is the second moment of inertia. B indicates the relative magnitude 101 

of the buoyancy and elasticity, computed as B = Δ𝜌𝑔 𝑏 𝑡ℎ 𝑙
3/(𝐸𝐼), where Δ𝜌 is the density 102 

difference between the water and the blade leaf, and 𝑡ℎ is the thickness of blade leaf. These 103 

dimensionless parameters have been successfully applied to describe results from field scale case 104 

studies (e.g., Luhar and Nepf, 2013). 105 

In parallel, there have been various numerical approaches developed to account for the 106 

effect of SAV within hydrodynamic models. The most common has been to apply traditional 107 

flow resistance formulae in a hydrodynamic model, such as use of a bulk friction coefficient (e.g. 108 

Manning’s roughness), and another has been to develop a coupled hydrodynamic-SAV model 109 

under the condition that there is a vegetation “element” per computational horizontal-cell 110 

(Wilson et al., 2006; Wilson et al., 2007). In general, the first approach adopts a hydrostatic 111 

approximation and is suited to field scale analyses since the horizontal mesh size is coarse and 112 

much larger than a vegetation element. For example, Vilas et al. (2017) demonstrated that spatial 113 

and temporal patterns of dissolved oxygen concentrations and associated effects on nutrient 114 

cycling were able to be adequately captured by including the bulk effect of macrophytes in a 115 

three-dimensional shallow lake model. The latter approach provides more detail of the flow-116 

vegetation interaction (Suzuki et al., 2011; Infantes et al., 2012; Boothroyd et al., 2016), 117 

however, demands finer grid resolution which can considerably increase computational cost 118 

when applying it to environmental systems at larger scales.  119 

To evaluate spatio-temporal variability in vegetation deflection and changes in the 120 

canopy bulk friction coefficients under varied hydraulic conditions, a dynamic SAV model can 121 

account for the feedbacks between vegetation movement and environmental conditions (Stoesser 122 

et al., 2003; Anderson et al., 2006; Noarayanan et al., 2012; Li et al., 2014; Busari and Li, 2015). 123 
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This necessitates developing methods for integrating individual SAV behavior within 124 

hydrodynamic models, to support improved environmental modelling at realistic field scales 125 

required for carbon and nutrient budgeting and restoration decision–making (Guan and Liang, 126 

2017). At the individual plant scale, there have been several key studies where the movement 127 

and position of each leaf blade are modelled by considering the interaction with the current and 128 

wave field (Kutija and Hong, 1996; Verduin and Backhaus, 2000; Abdelrhman, 2007; Dijkstra 129 

and Uittenbogaard, 2010; Marjoribannks et al., 2014; Gac, 2014). In Abdelrhman’s 2007 130 

eelgrass model, individual blades were divided into separate segments, each subject to drag 131 

force, lift force, friction force and buoyancy. This approach was found to agree well with 132 

laboratory experiments, and the authors successfully reproduced the shelter effect originally 133 

noted in Seginer et al. (1976), though it did not include elastic forces, which Nepf (2012) 134 

experimentally demonstrated as one of the most important factors shaping the profile of seagrass. 135 

Dijkstra and Uittenbogaard (2010) applied a similar method as Abdelrhman (2007) by including 136 

the modulus of elasticity with good agreement to laboratory experiments, and Marjoribanks et al. 137 

(2014) demonstrated an accurate high-resolution hydrodynamic model able to include 138 

interactions between flow and river vegetation by accounting for plant rigidity and employing 139 

Large Eddy Simulation (LES) to examine turbulence properties in detail. Open questions remain, 140 

however, related to simulation of flexible vegetation, both related to theoretical questions, such 141 

as the effect of vegetation density, form and meadow characteristics on vegetation and the flow, 142 

and also methodological questions related to model validation, and numerical approaches for 143 

addressing scaling and stability issues.  144 

Object-oriented programming (OOP) methods can enable the easy combination of 145 

multiphase phenomena and the development of integrated environmental modelling (Laniak et 146 
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al., 2013; Turuncoglu et al. 2013), thereby providing an opportunity to better resolve SAV within 147 

AEMs across diverse contexts. As an initial step towards this goal, the aim of this study was to 148 

develop a fully-coupled hydrodynamic-SAV model, using an OOP approach, verified with 149 

laboratory experiment data. Firstly, a new individual blade-based SAV model is proposed for 150 

seagrass, based on the Discrete Element Method (DEM), considering drag, lift, friction and 151 

elastic forces, and buoyancy. A new computational approach for linking the Lagrangian seagrass 152 

blade dynamics with the flow fields predicted by a three-dimensional environmental fluid 153 

dynamics model (Fantom), is introduced. The coupled Fantom-SAV model is validated by 154 

comparing with experimental data on vegetation form during uniform channel flow, and the 155 

contribution of each force to vegetation dynamics is investigated under different conditions. 156 

Finally, for analyzing field scale phenomenon, velocity, deflected vegetation height and bulk 157 

friction coefficients of seagrass meadows were explored. The approach presented is a necessary 158 

step to facilitate simulation of improved flow-vegetation-sediment feedbacks in AEMs, and can 159 

be used to support scenario modelling of SAV dynamics in aquatic systems. 160 

 161 

2 Materials 162 

2.1 SAV model 163 

Using the DEM approach, each leaf can be divided into connected separate segments, 164 

which together are used to compute the Lagrangian blade dynamics. This approach is different 165 

from Abdelrhman (2007) and the other model studies reported above who adopt a continuous 166 

representation, making it more convenient for combining with a non-hydrostatic hydrodynamic 167 

model (Figure 1). The acceleration of the elements is resolved based on the individual force 168 

components, including the drag, lift and friction forces from the flow, the buoyancy of seagrass, 169 
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and the elastic force associated with leaf stretching. All forces associated with the interaction 170 

with the flow are assumed to apply at the node that connects each segment, in order to obtain 171 

node velocities, and we apply a limiting condition of a constant length of the segment. Since the 172 

node velocities of the separate leaf blade segments are solved for using the DEM approach, the 173 

SAV model must be combined with a three-dimensional hydrodynamic model via an interface 174 

that maps the flow velocity from the hydrodynamic model mesh at the appropriate location, and 175 

returning the friction and drag terms to the Navier-Stokes equations accordingly. 176 

In total, the SAV model equation for horizontal motion of each node is: 177 

ρ𝑆𝑉𝑆
𝑑𝑢𝑆
𝑑𝑡

=
ρ𝑤
|𝐮 − 𝐮𝐬|(𝑢 − 𝑢𝑆)

2
𝐶𝐷𝐴𝑧⏟                

drag force

+
ρ𝑤
|𝐮 − 𝐮𝐬|(𝑢 − 𝑢𝑆)

2
𝑓𝐶𝐴𝑥⏟                

friction force

−𝐸𝐼𝐿𝑆
𝜕4𝜁𝑆
𝜕𝑧4⏟      

elastic force

 (1) 

and for vertical motion:  178 

ρ𝑆𝑉𝑆
𝑑𝑤𝑆
𝑑𝑡

=
ρ𝑤
|𝐮 − 𝐮𝐬|(𝑤 − 𝑤𝑆)

2
𝐶𝐷𝐴𝑥⏟                

drag force

+
ρ𝑤
|𝐮 − 𝐮𝐬|(𝑤 − 𝑤𝑆)

2
𝑓𝐶𝐴𝑧⏟                

friction force

 

+
𝜌𝑤
𝐶𝐿
2
|𝐮 − 𝐮𝐬|

2𝐴𝑧⏟          

lift force

+
(𝜌𝑤 − 𝜌𝑆)𝑔𝑉𝐵⏟        

buoyancy
 

(2) 

where 𝑡 is the time (s), 𝑉𝑆 is the volume of a segment (m
3
), 𝐿𝑆 is the length of a segment (m

3
), 𝜌𝑆 179 

is the density of seagrass (kg m
-3

), 𝜌𝑤 is the density of water (kg m
-3

), 𝐮 is the vector of current 180 

(m s
-1

), 𝐮𝐒 is the vector of a node (m s
-1

), 𝑢 is the horizontal velocity of the current (m s
-1

), 𝑢𝑆 is 181 

the horizontal velocity of a seagrass node (m s
-1

), 𝐶𝐷 is the drag coefficient, 𝐴𝑧 is the vertically 182 

projected area (m
2
), 𝑓𝐶 is a friction coefficient, 𝐴𝑥 is the horizontally projected area (m

2
), 𝐸 is the 183 

elastic modulus (Pa), 𝐼 is the second moment of inertia (m
4
) , 𝜁𝑆 is the displacement of a node 184 

(m), 𝑤𝑆 is the vertical velocity of a node (m s
-1

), 𝑤 is the vertical velocity of the current (m s
-1

), 185 
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𝐶𝐿 is the lift force coefficient, g is the acceleration due to gravity (m s
-2

), and 𝑉𝐵 is the buoyancy 186 

volume (m
3
). 187 

2.2 Integration of SAV model into the flow dynamics model 188 

The interaction between seagrass and flow is analyzed and evaluated by coupling the 189 

SAV model (equations (1) and (2)) with the hydrodynamic model Fantom (Nakayama et al., 190 

2014; Nakayama et al., 2016; Nakayama et al., 2019). The Fantom code applies the predictor-191 

corrector method to compute the non-hydrostatic effects on flow (Nakayama, 2006; Nakayama 192 

and Imberger, 2010; Nakayama et al., 2012), and a generic k- length-scale turbulent closure 193 

model (Umlauf and Burchard, 2003), which is used with a CA filter (Warner et al., 2005). Drag 194 

and friction forces brought about by the leaf blade interaction with the flow field are included in 195 

Fantom to take into account the reaction from the leaf to the horizontal and vertical velocity 196 

components: 197 

𝑀𝑥 = −𝜌𝑤
|𝐮 − 𝐮𝐬|(𝑢 − 𝑢𝑆)

2
(𝐶𝐷𝐴𝑧 + 𝑓𝐶𝐴𝑥) (3) 

𝑀𝑧 = −𝜌𝑤
|𝐮 − 𝐮𝐬|(𝑤 − 𝑤𝑆)

2
(𝐶𝐷𝐴𝑥 + 𝑓𝐶𝐴𝑧) (4) 

where 𝑀𝑥 is the additional horizontal momentum from the leaf blade (kg m s
-2

), and 𝑀𝑧 is the 198 

additional vertical momentum from seagrass (kg m s
-2

). 199 

Fantom has been developed based on OOP, and the initial and boundary conditions are 200 

all controlled using the lua language. Parallel computing is available as a byproduct of the OOP 201 

design (Figure 2). In the numerical procedure, the first prediction step is the flow component 202 

calculation. In the second step, the predicted flow velocities are used to calculate the moving 203 

speed of the leaf nodes based on the DEM. Finally, in the corrector step, the Poisson equation is 204 
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solved to obtain flow velocities which satisfy the continuity equation, and all values are used in 205 

the next step, with a time step of t.  206 

In the second step of the SAV model, seagrass leaf objects find the respective mesh cells 207 

that correspond to each node of the leaf adjacent to the bottom, and retrieves the flow velocities 208 

for the x and z coordinate, u and w. By using equations (1) and (2), uS and wS of the node at the 209 

next time step are computed, respectively, and, the node locations of the x and z coordinate are 210 

updated by using the velocity of the node. At this stage, we apply a limiting condition of a length 211 

of the segment, and then computation of the position of the remaining nodes is done from the 212 

second node from the bottom to the tip of the seagrass leaf, for all seagrass blades. After 213 

finishing the seagrass leaf motion computation, the mesh cell indices that correspond to all nodes 214 

of the leaf objects are identified. Lastly, the flow velocities within the mesh, u and w, are updated 215 

accounting for the momentum sink computed using equations (3) and (4). 216 

2.3 Laboratory experiment description 217 

To assess the model, flow in an open channel tank planted with seagrass that was 218 

sampled from the Akkeshi-ko estuary in north-eastern Hokkaido, Japan, was used. The seagrass 219 

was eelgrass, Zostera marina, which was kept refrigerated during transportation to ensure there 220 

was little change in the properties of the seagrass prior to the laboratory experiments. Four 221 

experiments were conducted soon after receiving the eelgrass samples. The tank had a water 222 

depth of 0.7 m, width of 0.7 m, and length of 5.0 m, and unidirectional flow was induced using a 223 

pump (Figure 3). The seagrass was deployed over an area within the tank with a length of 1.5 m, 224 

as shown in Figure 3. The vegetation density of seagrass was 1/0.01 shoot m
-2

, and each shoot 225 

had 4 leaves with a blade length of 1.0 m for cases 1 and 2, and with a blade length of 0.35 m for 226 

cases 3 and 4, respectively (Table I). The average width of a seagrass leaf was 0.010 m, such that 227 
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the leaf area of one-side was 0.01 m
2
 in cases 1 and 2, for each blade, and 0.0035 m

2
 in cases 3 228 

and 4. The thickness of a seagrass leaf was estimated as 0.001 m, and the areal leaf biomass was 229 

set based on sampling Z. marina from a vegetated brackish lake, (Lake Komuke located in north-230 

eastern Hokkaido near to Akkeshi-ko estuary), which was estimated to be approximately 200 g 231 

DW m
-2

 by using the leaf area of both sides of the leaf (m
2
). A video measurement system was 232 

applied to monitor the profile of seagrass, and an Acoustic Doppler Velocimeter (ADV) was 233 

used to measure velocity at a height of 0.3 m in front of the seagrass (no.1 in Figure 3), and 234 

behind the seagrass (no.2 in Figure 3). Two different mean flows of 0.08 m s
-1

 and 0.04 m s
-1

 235 

were induced in cases 1 and 3, and cases 2 and 4, respectively, in order to investigate the 236 

sensitivity to the unidirectional flow velocity. 237 

2.4 Calibration and verification of the SAV model 238 

Several model simulations were configured to reproduce the experimental results. Since 239 

unidirectional currents were forced from the left side of the laboratory setup (see Figure 3), 240 

similar currents were applied as a boundary condition at the left side of the computational 241 

domain in the numerical model. To give the same conditions, in which there is no wave 242 

reflection from the right-side boundary, the length of the computational domain was set to 250 243 

m. Seagrass was located between 32 m and 33.5 m from the left-side boundary in order to give 244 

stable unidirectional currents. If we assume that the energy transfers by following the maximum 245 

wave speed, it is expected to take about 466.5/(9.80.7)
-0.5

 = 178 s for energy to propagate from 246 

the left to right-side boundary, and reflect from the right side boundary to the seagrass. Since the 247 

seagrass reached a steady state 40 s, based on the video images after the initial currents 248 

commenced, 178 s is considered sufficient to analyze appropriate seagrass motions without the 249 

influence of reflection from the right-side boundary. It was confirmed that there was no 250 
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significant difference in flow fields and seagrass motion across the channel width. Therefore, the 251 

vertically-resolved two-dimensional computation was applied by giving a width of 0.1 m for the 252 

1/0.01 shoot m
-2

 case, with a slip condition on the lateral walls. The width of the computational 253 

domain was altered depending on the vegetation density of seagrass. The number of leaves in 254 

each shoot was given as 4 and the length as 1.0 m and 0.35 m for cases 1 to 2 and cases 3 to 4 255 

(Table I). Because the computational domain length was 250 m to remove the effect of reflection 256 

from the right-side boundary, the horizontal size of the mesh was changed. The minimum 257 

horizontal mesh size was 0.05 m around the seagrass which changed from 0.10 m, 0.20 m 0.25 258 

m, 0.50 m and 1.00 m towards the right-side boundary. The vertical mesh size was 0.02 m from 259 

the bottom to a height of 0.10 m and 0.05 m elsewhere. The timestep was 0.0025 s.  260 

We tested several parameter combinations with the SAV model to calibrate the drag 261 

coefficient, friction coefficient, lift force coefficient, and elastic modulus. The drag, lift force and 262 

friction coefficients were set as shown in case Lab1 of Table II (case 1 in Table I) by following 263 

Abdelrhman (2007). The elastic modulus and buoyancy were determined by trial and error, with 264 

case Lab1 giving the best fit to the laboratory results. Luhar et al. (2011) showed the range of 265 

elastic modulus of Zostera marina to be between 0.4 and 2.4 GPa, which is smaller than this 266 

study. This may be because their eelgrass length is from 0.3 m to 0.5 m and is younger than the 267 

eelgrass used in our trials. To verify the validity of the coefficients, the profile of seagrass and 268 

the velocity in front and behind the seagrass meadows was compared between laboratory 269 

experiments and numerical computations for cases 2 to 4 in Table I.  270 

 271 
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2.5 Sensitivity analysis of SAV model 272 

To elucidate the contribution of elastic modulus, drag, friction and lift force coefficients 273 

to the seagrass motion and flow behavior, the profile of seagrass leaves and the velocity on either 274 

side of the seagrass meadows was compared for cases Lab1 to ClL as in Table II. To test the 275 

sensitivity of elastic forces, 75 % and 125 % of the elastic modulus values were compared to 276 

case Lab1 in cases ES and EL, respectively. Similarly, for investigating the contribution of drag, 277 

friction and lift force coefficients, 50 % and 150 % coefficients were compared to case Lab1 in 278 

cases CdS to ClL. It should be noted that different percentages were given in cases ES and EL 279 

compared to cases CdS to ClL because the contribution of the elastic modulus was larger relative 280 

to the other coefficients, as shown in sections 3.1 and 3.2. Furthermore, the detailed contribution 281 

of elastic, drag, friction and lift forces was quantified for the Lab1 case.  282 

2.6 Field scale assessment 283 

To analyze dynamics within a field scale setting, we carried out a simulation setup with a 284 

larger seagrass meadow. Seagrass was set up in a region with a length of 15 m, which was 285 

chosen by using the length scale for transition when boundary-layer flow changes to mixing-286 

layer-type flow (Ghisalberti and Nepf, 2009). The total length of the computational domain was 287 

250 m, and the horizontal mesh size changed following the same pattern as the laboratory 288 

experiment computation cases, from 0.05 m, 0.10 m, 0.20 m, 0.25 m, 0.50 m and 1.00 m. The 289 

vertical mesh size was 0.02 m from the bottom to a height of 0.10 m and 0.05 m elsewhere. 290 

Seagrass was set up from 32 m to 47 m from the left-side boundary. The length of the seagrass 291 

leaves was set to 1.0 m, with the other conditions the same as the laboratory experiment 292 

simulation cases (case Lab1 of Table II).  293 
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In general, the water depth, unidirectional flow speed and vegetation density of seagrass 294 

shoots can vary considerably in a field situation. Therefore, we explored a total of 12 cases, 295 

covering three different water depths, 0.50 m, 1.0 m and 1.5 m, two different unidirectional 296 

velocities, 0.05 m s
-1

 and 0.10 m s
-1

, and two different densities of seagrass shoot, 1/0.0225 shoot 297 

m
-2

 and 1/0.01 shoot m
-2

, respectively (Table III). In the analysis, we calculated the deflected 298 

vegetation height as outlined in Luhar and Nepf (2011), and flow velocities inside and above the 299 

meadow were summarized and the bulk friction coefficient over the seagrass meadow was 300 

estimated. 301 

 302 

3 Results 303 

3.1 Model assessment and sensitivity 304 

To validate the SAV model performance, the profile of seagrass was calculated in front 305 

and behind the seagrass meadows for the cases 1 to 4 for unidirectional currents. All coefficients, 306 

drag coefficient, friction coefficient, lift force coefficient, and elastic modulus, were determined 307 

by applying the SAV model into case 1 (case Lab1), and the other cases, cases 2 to 4, were 308 

applied to verify the SAV model by using the same coefficients. The profiles showed very good 309 

agreement with the all laboratory experiments (Figure 4). The positions for horizontal and 310 

vertical coordinates were chosen every 0.2 m from the bottom to the top of seagrass, and R
2
 = 311 

0.99 for Xb and R
2
 = 0.97 for Zb, respectively. Also, the horizontal velocities agreed well with 312 

the laboratory experiments although the horizontal velocity behind the seagrass meadow was 313 

overestimated slightly (Figure 5).  314 

The influence of the elastic modulus, drag coefficient and friction coefficient on 315 

horizontal velocity was investigated (Figure 6). When the elastic modulus decreased in case ES 316 
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compared to case EL, the leaves were more bent and a larger volume of free flow conditions was 317 

possible above the meadow, resulting in a smaller velocity above the canopy (Figures 6(b) and 318 

6(c)). On the other hand, when the drag coefficient increased in case CdL, compared to case CdS, 319 

the seagrass blades bent more and smaller horizontal velocities occur inside the meadow (Figures 320 

6(d) and 6(e)). Although the same tendency was found when changes to the friction coefficient 321 

are made, the sensitivity of the friction coefficient was smaller than the drag coefficient (Figures 322 

6(f) and 6(g)). 323 

3.2 Controls on variability of seagrass forces 324 

To quantitatively evaluate the contribution of all forces on seagrass blades, all terms of 325 

the SAV model equations were calculated in front, inside and behind the seagrass meadows for 326 

75 s from the initial conditions (Figure 7). For the horizontal momentum, drag, friction and 327 

elastic forces were considered as follows: 328 

𝑀∗cd_h =
𝜌𝑤
𝜌𝑆𝑉𝑆

|𝐮 − 𝐮𝐬|(𝑢 − 𝑢𝑆)

2
𝐶𝐷𝐴𝑧 (5) 

𝑀∗fc_h =
𝜌𝑤
𝜌𝑆𝑉𝑆

|𝐮 − 𝐮𝐬|(𝑢 − 𝑢𝑆)

2
𝑓𝐶𝐴𝑥 (6) 

𝑀∗ei_h = −
𝐸𝐼

𝜌𝑆𝑉𝑆

𝜕3𝑤𝑆
𝜕𝑧3

 (7) 

Similarly, for the vertical momentum, drag, friction, lift forces and buoyancy were computed 329 

according to: 330 

𝑀∗cd_v =
𝜌𝑤
𝜌𝑆𝑉𝑆

|𝐮 − 𝐮𝐬|(𝑤 − 𝑤𝑆)

2
𝐶𝐷𝐴𝑥 (8) 
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𝑀∗fc_v =
𝜌𝑤
𝜌𝑆𝑉𝑆

|𝐮 − 𝐮𝐬|(𝑤 − 𝑤𝑆)

2
𝑓𝐶𝐴𝑧 (9) 

𝑀∗ei_v =
𝜌𝑤
𝜌𝑆𝑉𝑆

𝐶𝐿
2
|𝐮 − 𝐮𝐬|

2𝐴𝑥 (10) 

𝑀∗bu_v =
𝜌𝑤 − 𝜌𝑠
𝜌𝑆𝑉𝑆

𝑔𝑉𝐵 (11) 

The maximum drag, friction and elastic forces were found to appear at the front of the 331 

seagrass meadows for horizontal momentum (Figures 7(a) to 7(c)). The contribution of the 332 

friction force was minimal compared to the drag and elastic forces. Since the largest contribution 333 

to seagrass profile is the elastic force, the elastic modulus was found to be one of the most 334 

significant coefficients controlling the horizontal momentum. 335 

For vertical momentum, the largest contribution to the seagrass leaf profile was 336 

buoyancy, followed by lift forces. The contribution of lift forces to seagrass was almost the same 337 

in front, inside and behind the meadow. The drag force inside the meadow was close to zero, 338 

although drag forces in front and behind the meadow had larger values. Friction forces were 339 

negligible in the vertical momentum balance. 340 

3.3 Deflected vegetation height prediction at the field scale 341 

To investigate the interaction between seagrass meadows and flow at field scales, 15 m 342 

meadow of seagrass was set up in a SAV model simulation, with water depth, unidirectional 343 

currents and vegetation density configured as shown in Table III. Figure 8 is an example of 344 

computational results of case w15v05dL. Deflected vegetation height was constant in cases 345 

w05v05dL and w05v05dS because the leaves reached the water surface (Figure 9). When we pay 346 

attention to the same unidirectional current cases, for example case w05v10dL, case w10v10dL 347 
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and case w15v10dL, the deflected vegetation height was found to increase with an increase in the 348 

total water depth because there is more room above the seagrass canopy in a larger total water 349 

depth. Furthermore, for lower vegetation densities, there was a proportionally smaller deflection 350 

in the vegetation height. Also, the deflected vegetation height was confirmed to become constant 351 

at a distance of 1 to 2 m from the front of the seagrass meadows. 352 

3.4 Velocity field 353 

Horizontal velocity was investigated inside and above the seagrass meadows (Figure 10). 354 

In the shallowest cases, a water depth of 0.5 m, horizontal velocity inside and above the seagrass 355 

was found to be constant at a distance of 3 m from the front of the meadow. Under the medium 356 

water depth case, a water depth of 1.0 m, when the unidirectional current speed was 0.05 m s
-1

, 357 

horizontal velocity inside and above the seagrass was constant at a distance of 10 m from the 358 

front of the meadow. In the deepest case, a water depth of 1.5 m, horizontal velocity inside and 359 

above the seagrass did not reach a constant value. Therefore, a constant horizontal velocity inside 360 

and above the meadows may occur more quickly when the unidirectional current speed is smaller 361 

and water depths are shallower. Furthermore, even though the currents were the same, deeper 362 

water led to smaller horizontal velocities inside the meadow itself.  363 

3.5 Friction coefficient within a uniform current 364 

It is useful to evaluate bulk friction coefficients for a lakes or coastal systems, where the 365 

effects of vegetation need to be parameterized in large-scale models. Therefore, we made an 366 

attempt to estimate the bulk friction coefficients above seagrass meadows using the eddy 367 

viscosity and vertical profile of horizontal velocity. For example, the vertical profile of 368 

horizontal velocity obtained in cases w15v05dL to w15v10dS is shown in Figures 11(d) and 369 

11(e). The shear stress at the top of seagrass, S (kg m
-1

 s
-2

), was obtained using: 370 
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𝜏𝑆 = 𝜌𝑤𝐾𝑀
𝜕𝑢

𝜕𝑧
 (12) 

where 𝐾𝑀 is the eddy viscosity obtained from k- model (m
2
 s

-1
). The shear stress can be 371 

modelled by introducing friction coefficients above the seagrass meadow, which may yield the 372 

bulk friction coefficient as: 373 

𝜏𝑆
𝜌𝑤
= 𝑓𝑆|𝒖𝒘|𝑢𝑤 (13) 

𝑓𝑆 =
𝐾𝑀

|𝒖𝒘|𝑢𝑤

𝜕𝑢

𝜕𝑧
 (14) 

where 𝑓𝑆 is the bulk friction coefficient and 𝑢𝑤 is the depth averaged horizontal velocity above 374 

seagrass (m s
-1

). 375 

Bulk friction coefficients for a water depth of 0.5 m were obtained around 0.02 at the end 376 

of the seagrass meadows for both densities of seagrass, 1/0.01 shoot m
-2

 and 1/0.0225 shoot m
-2

 377 

(Figure 11). For a water depth of 1.0 m, bulk friction coefficients reached a constant value when 378 

unidirectional current speeds were 0.1 m s
-1

 though the bulk friction coefficient increased at the 379 

end of the seagrass meadows for a unidirectional current speed of 0.05 m s
-1

. For a water depth 380 

of 1.5 m, the bulk friction coefficient reached a constant value when unidirectional current 381 

speeds were 0.05 m s
-1

. For all cases, the bulk friction coefficient increased with decreasing 382 

unidirectional current speeds, increasing vegetation density of seagrass, and increasing water 383 

depth. In particular, bulk friction coefficients were confirmed to reach 0.049 for case w15v05dL 384 

with a unidirectional current speed of 0.05m s
-1

, vegetation density of 1/0.01 shoot m
-2

 and a 385 

water depth of 1.5 m. A bulk friction coefficient of 0.049 is 20 times that of the smooth bottom 386 

friction value of 0.0026. 387 



Water Resources Research, Integration of SAV motion 

 

 388 

4 Discussion 389 

We have demonstrated that an OOP based model framework can be used to successfully 390 

couple a Lagrangian SAV model with a hydrodynamic model to characterize the flexible nature 391 

of individual leaves within a meadow, in response to the biophysical environment. The 392 

performance of our SAV model was confirmed through comparison of laboratory experiments 393 

with unidirectional currents, with good agreement in the profiles of leaf blade position and flow 394 

velocity. This model results reveal the quantitative influence of elastic modulus, drag, friction, 395 

and lift forces, and buoyancy on flow fields around meadows of submerged vegetation. The 396 

elastic force was found to be the most influential component in the interaction between 397 

horizontal currents and seagrass, whereas buoyancy was revealed to be the most significant term 398 

in the vertical momentum balance. The simulation approach adopted here for elasticity is 399 

different from the earlier approaches, whereby rigidity is computed as the second derivative of 400 

curvature, tempered by a damping factor to manage instability (Marjoribanks et al., 2014). Here 401 

elasticity was captured by approximating the local curvature using backward difference. The 402 

speed of SAV nodes is the variable in the basic equations of our model based on DEM although 403 

the variable in DEM is the location of an element. Since the fluid is solved by using the fluid 404 

velocities, this technique gives computational stability.  405 

The development of a boundary layer around the top of the seagrass meadow was 406 

characterized and confirmed using field scale simulations; the lateral variation in the boundary 407 

layer would not be accurately captured in models assuming static and rigid seagrass presence. 408 

Simulations showed that larger water depths were found to lead to larger deflection of vegetation 409 

height. In previous studies, Ca and B have been applied to estimate deflected vegetation height 410 
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and so we made comparisons with the theoretical solutions (Luhar and Nepf, 2011). The leaf 411 

blade parameters were set as 𝑙 = 1.0 m, 𝑏 = 0.01 m, 𝑡 = 0.001 m, Δ𝜌 = 0.005, 𝐶𝐷 = 1.0, and 412 

𝐸𝐼 =  2.79 × 10−4  N m
2
, and, in the numerical computations, one blade leaf was given with 413 

𝑓𝑐 = 0.30 and 𝐶𝐿 = 0.10. For a horizontal velocity of 0.10 m s
-1

, the theoretical deflected 414 

vegetation height is 0.37 m. Since it was shown in this study that water depth influences the 415 

deflected vegetation height, three alternate water depths were compared: 0.5 m, 1.0 m and 1.5 m; 416 

these result in the deflected vegetation heights of 0.28 m, 0.31 m and 0.33 m, respectively. As 417 

shown in Figure 9, the larger water depth case tends to be similar to the theoretical solution, 418 

which provides a reasonable estimate of the deflected vegetation height. 419 

The adoption of a turbulent closure model also allowed estimation of bulk friction 420 

coefficients over seagrass using the vertical profile of horizontal velocity. This showed that bulk 421 

friction coefficients increase with increasing water depth, decreasing current speeds, and 422 

increasing leaf blade density. The maximum bulk friction coefficient obtained from the dynamic 423 

model in this study was 0.049, comparable to Ghisalberti and Nepf (2006) and Luhar et al. 424 

(2013) who suggested that 0.05 (=2fS) should be applied in three-dimensional simulations. By 425 

looking closer at case w15v05dL, a typical boundary layer  is notable along the top of the 426 

seagrass meadow (Figure 8). The integral length-scale obtained from the generic length-scale 427 

turbulent closure model, 𝑙𝑇, was found to increase from the front of the meadow up to 0.27 m, 428 

after which it remains constant until the end, similar to the boundary layer demonstrated in 429 

Ghisalberti and Nepf (2009). Whilst LES is increasingly popular in laboratory scale applications 430 

to more accurately compute the interaction between turbulent eddies and vegetation at high 431 

resolution (e.g., Marjoribanks et al., 2014), it can be computationally expensive to resolve eddies 432 

up to the inertial sub-range of the turbulence for field scale problems. Our results give 433 
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confidence that the use of more simple closure models remains accurate, whilst also being 434 

practical across a wider range of scales. Ultimately, having flexibility to be able to apply 435 

different closure options and model resolutions can support model applicability across a wider 436 

range of phenomena from lab to field scales, and the OOP approach used in the Fantom-SAV 437 

model development is useful in that it can support testing of different computational approaches, 438 

closure options and mesh resolutions whilst maintaining a standard coupling interface to the 439 

Lagrangian SAV model.  440 

Whilst the focus here has been on the physical interaction of the benthic vegetation with 441 

the flow field, the model approach has significant potential for extension to applications 442 

associated with the analysis of carbon capture and burial, and for improved prediction of nutrient 443 

and contaminant fluxes that may impact upon water quality. For example, when elastic forces are 444 

smaller, greater bend in leaf blades causes larger decreases in velocity inside of seagrass 445 

meadows, which results in the enhancement of accumulation of particulate organic carbon and 446 

nutrients (Duarte et al., 2013). Therefore, if there is no bend in the leaf blades, the rate of carbon 447 

and nutrient accumulation rate may decrease. As an example, we compared the case w15v05dL 448 

condition with a hypothetical no-seagrass-motion equivalent simulation. With no bend in the leaf 449 

blades, the friction coefficient 6 m from the meadow front increases from 0.032 to 0.039, about 450 

20% increase (Figure 12). Additionally, flow velocity adjacent to the bottom, which controls 451 

resuspension of the bottom sediments, is smaller with seagrass motion than without seagrass 452 

motion (Figures 12(b)). For example, the horizontal velocity at the height of 0.15 m is 0.045 (m 453 

s
-1

) with seagrass motion and increases to 0.057 (m s
-1

) without seagrass motion, a 27% 454 

difference. There are also notable differences in horizontal velocity around the top of the 455 

seagrass meadow (Figure 12(b)). Therefore, if seagrass motion is not included in numerical 456 



Water Resources Research, Integration of SAV motion 

 

model simulations, the bulk friction coefficient is underestimated and resuspension from the 457 

bottom, will be overestimated. In real seagrass meadows, the area of meadow downstream of the 458 

edge is notably larger than the edge areas, and therefore it is expected to dominate the amount of 459 

vertical flux, friction and resuspension (Marjoribannks et al., 2014; Boothroyd et al., 2016). 460 

Overall, accounting for the bend in the leaf blades is likely to be important for evaluating 461 

friction, vertical fluxes and resuspension around complex meadow geometries in the 462 

environment and further applications of the model could be to explore the feedbacks between 463 

water flow regimes, vegetation properties and sediment dynamics (Adams et al., 2018).  464 

As with earlier approaches, scaling up the model approach to large-scale environmental 465 

systems remains challenging, though applications where the model is applied to evaluate detailed 466 

flow fields around SAVs, provide opportunities to parameterize reduced models of deflected 467 

vegetation height and bulk friction coefficients under various hydraulic conditions. Such 468 

approaches can be adopted into large-scale three-dimensional environmental models that adopt a 469 

relatively coarse mesh resolution compared to the size of the vegetation elements to allow the 470 

essential feedbacks to be captured whilst maintaining tractability.  471 

Although this study has focused on investigating the effect of simple linear seagrass 472 

blade morphometries on flow fields, the DEM method developed in this study has been 473 

developed as a first step towards simulations of SAV communities made up of more 474 

morphometrically complex and diverse vegetation elements. Boothroyd et al. (2016), recently 475 

highlighted the importance of resolving plant seasonal morphological change on river flow 476 

dynamics, however, it has remained difficult to resolve both plant morphological detail and 477 

motion to date. Through simple extensions of the leaf object model to allow for branching at 478 

selected DEM nodes, the approach presented in this study can be further developed for 479 
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simulating a wider variety of plant forms, thereby allowing simulations that can capture 480 

hydrodynamic changes that occur over the full plant life-cycle.  481 

 482 

 483 
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Figures 677 

 678 

Figure 1 Schematic diagram of SAV model 679 

 680 

Figure 2 Flow chart of SAV model. N denotes the number of CPU for wave-current parallel 681 

computations, and M denotes the number of CPU for seagrass (seagrass) parallel computations. 682 

 683 

Figure 3 Laboratory experiment setup in an open channel. Velocity was measured at 2 points 684 

using an acoustic doppler current meter. Real seagrass was obtained in the eastern part of 685 

Hokkaido Island. 686 

 687 

Figure 4 Evaluation of SAV model for four cases, cases 1 to 4. (a) Definition of positions of 688 

every 0.2 m from the root to the top of seagrass. (b) Comparisons of horizontal position between 689 

laboratory experiments and numerical computations. (c) Comparisons of vertical position 690 

between laboratory experiments and numerical computations. 691 

 692 

Figure 5 Evaluation of SAV model by using velocities under a uniform current for four cases, 693 

cases 1 to 4. Black and white squares denote laboratory experiments and numerical 694 

computations, respectively. “no.1” and “no.2” corresponds to the front and behind of seagrass 695 

meadow. 696 

 697 

Figure 6 Comparisons with laboratory experiments. Green lines indicate seagrasses from 698 

computations. Contours show horizontal velocity. (a) case Lab1 that corresponds to case 1. (b) 699 

case ES. (c) case EL. (d) case CdS. (e) case CdL. (f) case fcS. (g) case fcL. 700 

 701 

Figure 7 Contribution of elastic modulus, drag, friction, lift forces and buoyancy to momentum 702 

equations obtained from SAV model for case Lab1. Horizontal acceleration due to drag, friction 703 

and EI (a) at the front seagrass, (b) at the middle seagrass, and (c) at the most behind seagrass, 704 

respectively. Vertical acceleration due to drag, friction, lift and buoyancy (d) at the front 705 

seagrass, (e) at the middle seagrass, and (f) at the most behind seagrass, respectively. 706 

 707 



Water Resources Research, Integration of SAV motion 

 

Figure 8 Seagrass and horizontal velocity of case w15v10dL. Green lines indicate seagrasses 708 

from computations. Contours show horizontal velocity. 709 

 710 

Figure 9 Deflected vegetation height for case C. (a) cases w05v05dL to w05v10dS with the water 711 

depth of 0.5 m. (b) cases w10v05dL to w10v10dS with the water depth of 1.0 m. (c) cases 712 

w15v05dL to w15v10dS with the water depth of 1.5 m. 713 

 714 

Figure 10 Vertically mean horizontal velocities inside of and above seagrass. (a) cases w05v05dL 715 

to w05v10dS with the water depth of 0.5 m. (b) cases w10v05dL to w10v10dS with the water 716 

depth of 1.0 m. (c) cases w15v05dL to w15v10dS with the water depth of 1.5 m. 717 

 718 

Figure 11 Friction coefficient. (a) cases w05v10dL to w05v10dS with the water depth of 0.5 m. 719 

(b) cases w10v05dL to w10v10dS with the water depth of 1.0 m. (c) cases w15v05dL to 720 

w15v10dS with the water depth of 1.5 m. (d) Vertical profile of horizontal velocity at the 721 

distance of 3 m from the seagrass front in cases w15v05dL to w15v05dS. (e) Vertical profile of 722 

horizontal velocity at the distance of 3 m from the seagrass front in cases w15v10dL to 723 

w15v10dS. 724 

 725 

Figure 12 Computation with and without seagrass motion by using case w15v05dL conditions. 726 

(a) Seagrass and horizontal velocity of case w15v05dL without seagrass motion. Contours show 727 

horizontal velocity. (b) Difference of horizontal velocity with – without seagrass motion in case 728 

w15v05dL. (c) Friction coefficient with and without seagrass motion. 729 

 730 

  731 
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Tables  732 

 733 

Table I Conditions for Laboratory experiments. 734 

 735 

Table II Computational conditions. Case Lab1 corresponds to case 1. Capital letters of case 736 

names, “E”, “Cd”, “fc, and “Cl”, denote elastic modulus, drag coefficient, friction coefficient, 737 

and lift force coefficient. Subscripts, “S” and “L”, denote smaller and larger values of “E”, “Cd”, 738 

“fc, and “Cl”. 739 

 740 

Table III Computational conditions for investigating velocity, deflected vegetation height and 741 

friction coefficient. Seagrass length is 1 m with 600 shoots. “w” and the following number mean 742 

water depth, and “v” and the following number mean velocity. For example, “w05v02” means 743 

the water depth of 0.5 m and the velocity of 0.5 m s-1. “d” denotes density of seagrass, and 744 

Subscripts, “S” and “L”, denote smaller and larger values of density of seagrass. 745 
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Table I Conditions for Laboratory experiments.  747 

 748 
 749 

  750 



Water Resources Research, Integration of SAV motion 

 

Table II Computational conditions. Case Lab1 corresponds to case 1. Capital letters of case names, “E”, “Cd”, “fc, 751 

and “Cl”, denote elastic modulus, drag coefficient, friction coefficient, and lift force coefficient. Subscripts, “S” and 752 

“L”, denote smaller and larger values of “E”, “Cd”, “fc, and “Cl”.  753 

 754 
  755 
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Table III Computational conditions for investigating velocity, deflected vegetation height and friction coefficient. 756 

Seagrass length is 1 m with 600 shoots. “w” and the following number mean water depth, and “v” and the following 757 

number mean velocity. For example, “w05v02” means the water depth of 0.5 m and the velocity of 0.5 m s-1. “d” 758 

denotes density of seagrass, and Subscripts, “S” and “L”, denote smaller and larger values of density of seagrass. 759 

 760 
 761 
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 763 
Figure 1 Schematic diagram of SAV model 764 
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 766 
Figure 2 Flow chart of SAV model. N denotes the number of CPU for wave-current parallel computations, and M 767 

denotes the number of CPU for seagrass (seagrass) parallel computations.  768 
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 770 
Figure 3 Laboratory experiment setup in an open channel. Velocity was measured at 2 points using an acoustic 771 

doppler current meter. Real seagrass was obtained in the eastern part of Hokkaido Island.  772 

  773 
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 774 
Figure 4 Evaluation of SAV model for four cases, cases 1 to 4. (a) Definition of positions of every 0.2 m from the 775 

root to the top of seagrass. (b) Comparisons of horizontal position between laboratory experiments and numerical 776 

computations. (c) Comparisons of vertical position between laboratory experiments and numerical computations. 777 
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 780 
Figure 5 Evaluation of SAV model by using velocities under a uniform current for four cases, cases 1 to 4. Black 781 

and white squares denote laboratory experiments and numerical computations, respectively. “no.1” and “no.2” 782 

corresponds to the front and behind of seagrass meadow.  783 
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 786 
Figure 6 Comparisons with laboratory experiments. Green lines indicate seagrasses from computations. Contours 787 

show horizontal velocity. (a) case Lab1 that corresponds to case 1. (b) case ES. (c) case EL. (d) case CdS. (e) case 788 

CdL. (f) case fcS. (g) case fcL. 789 
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 791 
Figure 7 Contribution of elastic modulus, drag, friction, lift forces and buoyancy to momentum equations obtained 792 

from SAV model for case Lab1. Horizontal acceleration due to drag, friction and EI (a) at the front seagrass, (b) at 793 

the middle seagrass, and (c) at the most behind seagrass, respectively. Vertical acceleration due to drag, friction, lift 794 

and buoyancy (d) at the front seagrass, (e) at the middle seagrass, and (f) at the most behind seagrass, respectively. 795 
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 797 
Figure 8 Seagrass and horizontal velocity of case w15v10dL. Green lines indicate seagrasses from computations. 798 

Contours show horizontal velocity.  799 
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 801 
Figure 9 Deflected vegetation height for case C. (a) cases w05v05dL to w05v10dS with the water depth of 0.5 m. (b) 802 

cases w10v05dL to w10v10dS with the water depth of 1.0 m. (c) cases w15v05dL to w15v10dS with the water depth 803 

of 1.5 m. 804 
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 807 
Figure 10 Vertically mean horizontal velocities inside of and above seagrass. (a) cases w05v05dL to w05v10dS with 808 

the water depth of 0.5 m. (b) cases w10v05dL to w10v10dS with the water depth of 1.0 m. (c) cases w15v05dL to 809 

w15v10dS with the water depth of 1.5 m. 810 
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 813 
Figure 11 Friction coefficient. (a) cases w05v10dL to w05v10dS with the water depth of 0.5 m. (b) cases w10v05dL 814 

to w10v10dS with the water depth of 1.0 m. (c) cases w15v05dL to w15v10dS with the water depth of 1.5 m. (d) 815 

Vertical profile of horizontal velocity at the distance of 3 m from the seagrass front in cases w15v05dL to w15v05dS. 816 

(e) Vertical profile of horizontal velocity at the distance of 3 m from the seagrass front in cases w15v10dL to 817 

w15v10dS. 818 
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 821 
Figure 12 Computation with and without seagrass motion by using case w15v05dL conditions. (a) Seagrass and 822 

horizontal velocity of case w15v05dL without seagrass motion. Contours show horizontal velocity. (b) Difference of 823 

horizontal velocity with – without seagrass motion in case w15v05dL. (c) Friction coefficient with and without 824 

seagrass motion. 825 
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