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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:

e A model is presented to capture the changing position of Submerged Aquatic Vegetation
blades in response to flow, and validated using laboratory experiments.

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

e Estimates of deflected vegetation height and bulk meadow friction coefficients
demonstrate the importance of simulating SAV motion in lakes and coastal areas.
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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.

1 Introduction

Climate change mitigation and adaptation strategies are urgently needed (IPCC, 2014) to
reduce the negative impacts associated with natural disasters, such as flood inundation and

landslides (Hirabayashi et al. 2013; Tezuka et al. 2013), biodiversity loss (Thuiller, 2007, Dutta



55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

Water Resources Research, Integration of SAV motion

et al. 2013), and land and water degradation (Nakayama et al., 2010; Fragoso et al., 2011; Sachse
etal., 2014; Me et al., 2018; Song et al. 2018). Restoration of submerged aquatic vegetation
(SAV) in aquatic ecosystems has been suggested as a potential mitigation strategy (Nellmann et
al., 2009). For example, whilst shallow coastal areas have often been assumed to release carbon
dioxide to the atmosphere due to inputs of organic matter from rivers (Cai, 2011; Adiyanti et al.,
2016), well-vegetated aquatic environments have recently been shown to absorb and capture
carbon dioxide - a potential sink of anthropogenic carbon as sedimentary organic carbon, termed
“blue carbon” (Duarte et al., 2013). Nellemann et al. (2009) reports that coastal blue carbon
ecosystems accumulate approximately 55 % of the total carbon dioxide captured from the Earth's
atmosphere due to photosynthesis. Whilst there is empirical evidence for blue carbon capture in
seagrass systems, sequestration rates are highly variable (Lavery et al., 2013), and the conditions
that can enhance or disrupt carbon capture and storage remains of topical interest. Similarly in
inland waters, SAV has also been revealed to stabilize water quality in rivers (Weitzman et al.,
2013), shallow lakes (Hilt et al., 2018), and potentially also within deep lakes (Sachse et al.
2014). A more accurate understanding of the hydrodynamic environment associated with SAV
and the various water-vegetation-sediment feedbacks could improve our estimation of carbon
storage potential, and allow us to devise optimal restoration approaches of SAV in degraded

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

Given the wide diversity of vegetation forms and hydrologic contexts, numerical models
serve an important role to resolve the interaction of SAV with hydrodynamic flows and
biogeochemical cycles and to support the management and restoration of SAV communities
(Macreadie et al., 2014). To date, the inclusion of SAV within Aquatic Ecosystem Models

(AEMSs) has focused on either a) the effect of vegetation on flow hydrodynamics, since the
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vegetation canopy induces drag to the passing flow and affects the water circulation (Weitzman
et al., 2015; Zeller et al., 2014), and/or b) the role of vegetation in aquatic biogeochemical
cycling in the water and sediment (Trolle et al., 2014; Baird et al., 2016). In both cases the more
complex feedbacks between vegetation movement and aquatic system response has yet to be
fully accounted for, at least in hydrodynamic-biogeochemical models applied at scales relevant

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

As the vegetation itself can modify the hydrodynamic conditions within a water body
(Lacy and Wylie-Echeverria, 2011), depending on plant morphological form and organization of
the canopy (e.g., Boothroyd et al., 2016), it must also be acknowledged that individual plants
within a meadow may not all behave identically. A number of laboratory studies where the
behaviour of each shoot and leaf blade has been considered have demonstrated the importance of
plant flexibility (Abdolahpour et al. 2018), and, in general, it has been shown that stiff leaves
exhibit a higher drag force than more than flexible leaves (Bouma et al., 2005). Mass transport in
more flexible canopies has been shown to increase downstream due to enlargement of the
exchange zone (Murphy et al., 2007; Ghisalberti and Nepf, 2009). Furthermore, residual currents
in the opposite direction to the progressive direction of waves adjacent to the water surface have
been found to occur because of wave set up at the upstream edge of the canopy (Luhar et al.,
2010). Interactions between SAV canopy dynamics and flow have historically been evaluated
based on the extent of the flow-induced reconfiguration of aquatic vegetation using the Cauchy
number (Ca) and the Buoyancy parameter (B) (Luhar and Nepf, 2011; Nepf, 2012; Whittaker et
al., 2015; Luhar and Nepf, 2016). Ca indicates the relative magnitude of the drag force and
elasticity, computed as Ca = pC,bU?13/(2EI), where p is the density of water, Cj, is the drag

coefficient, b is the width of blade leaf, U is the horizontal velocity, [ is the blade leaf length, E
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is the elastic modulus, and I is the second moment of inertia. B indicates the relative magnitude
of the buoyancy and elasticity, computed as B = Apg b t,, 13/(EI), where Ap is the density
difference between the water and the blade leaf, and ¢t;, is the thickness of blade leaf. These
dimensionless parameters have been successfully applied to describe results from field scale case

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

In parallel, there have been various numerical approaches developed to account for the
effect of SAV within hydrodynamic models. The most common has been to apply traditional
flow resistance formulae in a hydrodynamic model, such as use of a bulk friction coefficient (e.g.
Manning’s roughness), and another has been to develop a coupled hydrodynamic-SAV model
under the condition that there is a vegetation “element” per computational horizontal-cell
(Wilson et al., 2006; Wilson et al., 2007). In general, the first approach adopts a hydrostatic
approximation and is suited to field scale analyses since the horizontal mesh size is coarse and
much larger than a vegetation element. For example, Vilas et al. (2017) demonstrated that spatial
and temporal patterns of dissolved oxygen concentrations and associated effects on nutrient
cycling were able to be adequately captured by including the bulk effect of macrophytes in a
three-dimensional shallow lake model. The latter approach provides more detail of the flow-
vegetation interaction (Suzuki et al., 2011; Infantes et al., 2012; Boothroyd et al., 2016),
however, demands finer grid resolution which can considerably increase computational cost

when applying it to environmental systems at larger scales.

To evaluate spatio-temporal variability in vegetation deflection and changes in the
canopy bulk friction coefficients under varied hydraulic conditions, a dynamic SAV model can
account for the feedbacks between vegetation movement and environmental conditions (Stoesser

et al., 2003; Anderson et al., 2006; Noarayanan et al., 2012; Li et al., 2014; Busari and Li, 2015).
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This necessitates developing methods for integrating individual SAV behavior within
hydrodynamic models, to support improved environmental modelling at realistic field scales
required for carbon and nutrient budgeting and restoration decision—making (Guan and Liang,
2017). At the individual plant scale, there have been several key studies where the movement
and position of each leaf blade are modelled by considering the interaction with the current and
wave field (Kutija and Hong, 1996; Verduin and Backhaus, 2000; Abdelrhman, 2007; Dijkstra
and Uittenbogaard, 2010; Marjoribannks et al., 2014; Gac, 2014). In Abdelrhman’s 2007
eelgrass model, individual blades were divided into separate segments, each subject to drag
force, lift force, friction force and buoyancy. This approach was found to agree well with
laboratory experiments, and the authors successfully reproduced the shelter effect originally
noted in Seginer et al. (1976), though it did not include elastic forces, which Nepf (2012)
experimentally demonstrated as one of the most important factors shaping the profile of seagrass.
Dijkstra and Uittenbogaard (2010) applied a similar method as Abdelrhman (2007) by including
the modulus of elasticity with good agreement to laboratory experiments, and Marjoribanks et al.
(2014) demonstrated an accurate high-resolution hydrodynamic model able to include
interactions between flow and river vegetation by accounting for plant rigidity and employing
Large Eddy Simulation (LES) to examine turbulence properties in detail. Open questions remain,
however, related to simulation of flexible vegetation, both related to theoretical questions, such
as the effect of vegetation density, form and meadow characteristics on vegetation and the flow,
and also methodological questions related to model validation, and numerical approaches for

addressing scaling and stability issues.

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

multiphase phenomena and the development of integrated environmental modelling (Laniak et
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al., 2013; Turuncoglu et al. 2013), thereby providing an opportunity to better resolve SAV within
AEMs across diverse contexts. As an initial step towards this goal, the aim of this study was to
develop a fully-coupled hydrodynamic-SAV model, using an OOP approach, verified with
laboratory experiment data. Firstly, a new individual blade-based SAV model is proposed for
seagrass, based on the Discrete Element Method (DEM), considering drag, lift, friction and
elastic forces, and buoyancy. A new computational approach for linking the Lagrangian seagrass
blade dynamics with the flow fields predicted by a three-dimensional environmental fluid
dynamics model (Fantom), is introduced. The coupled Fantom-SAV model is validated by
comparing with experimental data on vegetation form during uniform channel flow, and the
contribution of each force to vegetation dynamics is investigated under different conditions.
Finally, for analyzing field scale phenomenon, velocity, deflected vegetation height and bulk
friction coefficients of seagrass meadows were explored. The approach presented is a necessary
step to facilitate simulation of improved flow-vegetation-sediment feedbacks in AEMSs, and can

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

2 Materials
2.1 SAV model

Using the DEM approach, each leaf can be divided into connected separate segments,
which together are used to compute the Lagrangian blade dynamics. This approach is different
from Abdelrhman (2007) and the other model studies reported above who adopt a continuous
representation, making it more convenient for combining with a non-hydrostatic hydrodynamic
model (Figure 1). The acceleration of the elements is resolved based on the individual force

components, including the drag, lift and friction forces from the flow, the buoyancy of seagrass,
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and the elastic force associated with leaf stretching. All forces associated with the interaction
with the flow are assumed to apply at the node that connects each segment, in order to obtain
node velocities, and we apply a limiting condition of a constant length of the segment. Since the
node velocities of the separate leaf blade segments are solved for using the DEM approach, the
SAV model must be combined with a three-dimensional hydrodynamic model via an interface
that maps the flow velocity from the hydrodynamic model mesh at the appropriate location, and

returning the friction and drag terms to the Navier-Stokes equations accordingly.
In total, the SAV model equation for horizontal motion of each node is:

lu —ug|(u — ug) lu — ug|(u — ug) 0*¢
CpA s s — )
Dz 4 Pw ) feAx —ElLg 97 (1)

duS pW
Ve——= 2
PsVs dt

drag force friction force elastic force

and for vertical motion:

lu — ug|(w — ws) lu — ug|(w — wy)
> CDAX + Pw > 2 J fCAz

dWS pW
Ve—— = 2
PsVs dt

drag force friction force

()

C
LPw - ug|%4, N (pw — Ps)9Vs

lift force buoyancy

where t is the time (s), Vs is the volume of a segment (m®), L is the length of a segment (m3), pg
is the density of seagrass (kg m™), p,, is the density of water (kg m™), u is the vector of current
(m s™), ug is the vector of a node (m s), u is the horizontal velocity of the current (m s™), us is
the horizontal velocity of a seagrass node (m s™), C,, is the drag coefficient, 4, is the vertically
projected area (m?), f.. is a friction coefficient, 4, is the horizontally projected area (m?), E is the
elastic modulus (Pa), I is the second moment of inertia (m*) , ¢s is the displacement of a node

(m), wg is the vertical velocity of a node (m s™), w is the vertical velocity of the current (m s™),
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C, is the lift force coefficient, g is the acceleration due to gravity (m s), and Vj is the buoyancy

volume (m?).

2.2 Integration of SAV model into the flow dynamics model

The interaction between seagrass and flow is analyzed and evaluated by coupling the
SAV model (equations (1) and (2)) with the hydrodynamic model Fantom (Nakayama et al.,
2014; Nakayama et al., 2016; Nakayama et al., 2019). The Fantom code applies the predictor-
corrector method to compute the non-hydrostatic effects on flow (Nakayama, 2006; Nakayama
and Imberger, 2010; Nakayama et al., 2012), and a generic k-g length-scale turbulent closure
model (Umlauf and Burchard, 2003), which is used with a CA filter (Warner et al., 2005). Drag
and friction forces brought about by the leaf blade interaction with the flow field are included in
Fantom to take into account the reaction from the leaf to the horizontal and vertical velocity

components:

lu —uy|(u — uy)
2

M, = —py (CpA; + fcAx) (3)

lu — ug|(w — ws)

M, = —p, 2

(CpAx + fcAz) (4)

where M, is the additional horizontal momentum from the leaf blade (kg m s2), and M, is the

additional vertical momentum from seagrass (kg m s™).

Fantom has been developed based on OOP, and the initial and boundary conditions are
all controlled using the lua language. Parallel computing is available as a byproduct of the OOP
design (Figure 2). In the numerical procedure, the first prediction step is the flow component
calculation. In the second step, the predicted flow velocities are used to calculate the moving

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

the next step, with a time step of At.

In the second step of the SAV model, seagrass leaf objects find the respective mesh cells
that correspond to each node of the leaf adjacent to the bottom, and retrieves the flow velocities
for the x and z coordinate, u and w. By using equations (1) and (2), us and ws of the node at the
next time step are computed, respectively, and, the node locations of the x and z coordinate are
updated by using the velocity of the node. At this stage, we apply a limiting condition of a length
of the segment, and then computation of the position of the remaining nodes is done from the
second node from the bottom to the tip of the seagrass leaf, for all seagrass blades. After
finishing the seagrass leaf motion computation, the mesh cell indices that correspond to all nodes
of the leaf objects are identified. Lastly, the flow velocities within the mesh, u and w, are updated

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

2.3 Laboratory experiment description

To assess the model, flow in an open channel tank planted with seagrass that was
sampled from the Akkeshi-ko estuary in north-eastern Hokkaido, Japan, was used. The seagrass
was eelgrass, Zostera marina, which was kept refrigerated during transportation to ensure there
was little change in the properties of the seagrass prior to the laboratory experiments. Four
experiments were conducted soon after receiving the eelgrass samples. The tank had a water
depth of 0.7 m, width of 0.7 m, and length of 5.0 m, and unidirectional flow was induced using a
pump (Figure 3). The seagrass was deployed over an area within the tank with a length of 1.5 m,
as shown in Figure 3. The vegetation density of seagrass was 1/0.01 shoot m™, and each shoot
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

cases 3 and 4, respectively (Table ). The average width of a seagrass leaf was 0.010 m, such that
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the leaf area of one-side was 0.01 m? in cases 1 and 2, for each blade, and 0.0035 m? in cases 3
and 4. The thickness of a seagrass leaf was estimated as 0.001 m, and the areal leaf biomass was
set based on sampling Z. marina from a vegetated brackish lake, (Lake Komuke located in north-
eastern Hokkaido near to Akkeshi-ko estuary), which was estimated to be approximately 200 g
DW m by using the leaf area of both sides of the leaf (m?). A video measurement system was
applied to monitor the profile of seagrass, and an Acoustic Doppler Velocimeter (ADV) was
used to measure velocity at a height of 0.3 m in front of the seagrass (no.1 in Figure 3), and
behind the seagrass (no.2 in Figure 3). Two different mean flows of 0.08 ms™® and 0.04 ms™*
were induced in cases 1 and 3, and cases 2 and 4, respectively, in order to investigate the

sensitivity to the unidirectional flow velocity.

2.4 Calibration and verification of the SAV model

Several model simulations were configured to reproduce the experimental results. Since
unidirectional currents were forced from the left side of the laboratory setup (see Figure 3),
similar currents were applied as a boundary condition at the left side of the computational
domain in the numerical model. To give the same conditions, in which there is no wave
reflection from the right-side boundary, the length of the computational domain was set to 250
m. Seagrass was located between 32 m and 33.5 m from the left-side boundary in order to give
stable unidirectional currents. If we assume that the energy transfers by following the maximum
wave speed, it is expected to take about 466.5/(9.8x0.7) > = 178 s for energy to propagate from
the left to right-side boundary, and reflect from the right side boundary to the seagrass. Since the
seagrass reached a steady state 40 s, based on the video images after the initial currents
commenced, 178 s is considered sufficient to analyze appropriate seagrass motions without the

influence of reflection from the right-side boundary. It was confirmed that there was no
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significant difference in flow fields and seagrass motion across the channel width. Therefore, the
vertically-resolved two-dimensional computation was applied by giving a width of 0.1 m for the
1/0.01 shoot m™ case, with a slip condition on the lateral walls. The width of the computational
domain was altered depending on the vegetation density of seagrass. The number of leaves in
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
(Table I). Because the computational domain length was 250 m to remove the effect of reflection
from the right-side boundary, the horizontal size of the mesh was changed. The minimum
horizontal mesh size was 0.05 m around the seagrass which changed from 0.10 m, 0.20 m 0.25
m, 0.50 m and 1.00 m towards the right-side boundary. The vertical mesh size was 0.02 m from

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

We tested several parameter combinations with the SAV model to calibrate the drag
coefficient, friction coefficient, lift force coefficient, and elastic modulus. The drag, lift force and
friction coefficients were set as shown in case Labl of Table Il (case 1 in Table I) by following
Abdelrhman (2007). The elastic modulus and buoyancy were determined by trial and error, with
case Labl giving the best fit to the laboratory results. Luhar et al. (2011) showed the range of
elastic modulus of Zostera marina to be between 0.4 and 2.4 GPa, which is smaller than this
study. This may be because their eelgrass length is from 0.3 m to 0.5 m and is younger than the
eelgrass used in our trials. To verify the validity of the coefficients, the profile of seagrass and
the velocity in front and behind the seagrass meadows was compared between laboratory

experiments and numerical computations for cases 2 to 4 in Table I.
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2.5 Sensitivity analysis of SAV model

To elucidate the contribution of elastic modulus, drag, friction and lift force coefficients
to the seagrass motion and flow behavior, the profile of seagrass leaves and the velocity on either
side of the seagrass meadows was compared for cases Lab1l to Cl_as in Table Il. To test the
sensitivity of elastic forces, 75 % and 125 % of the elastic modulus values were compared to
case Labl in cases Es and E, respectively. Similarly, for investigating the contribution of drag,
friction and lift force coefficients, 50 % and 150 % coefficients were compared to case Labl in
cases Cds to CI.. It should be noted that different percentages were given in cases Es and E_
compared to cases Cds to Cl_ because the contribution of the elastic modulus was larger relative
to the other coefficients, as shown in sections 3.1 and 3.2. Furthermore, the detailed contribution

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

2.6 Field scale assessment

To analyze dynamics within a field scale setting, we carried out a simulation setup with a
larger seagrass meadow. Seagrass was set up in a region with a length of 15 m, which was
chosen by using the length scale for transition when boundary-layer flow changes to mixing-
layer-type flow (Ghisalberti and Nepf, 2009). The total length of the computational domain was
250 m, and the horizontal mesh size changed following the same pattern as the laboratory
experiment computation cases, from 0.05 m, 0.10 m, 0.20 m, 0.25 m, 0.50 m and 1.00 m. The
vertical mesh size was 0.02 m from the bottom to a height of 0.10 m and 0.05 m elsewhere.
Seagrass was set up from 32 m to 47 m from the left-side boundary. The length of the seagrass
leaves was set to 1.0 m, with the other conditions the same as the laboratory experiment

simulation cases (case Labl of Table II).
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In general, the water depth, unidirectional flow speed and vegetation density of seagrass
shoots can vary considerably in a field situation. Therefore, we explored a total of 12 cases,
covering three different water depths, 0.50 m, 1.0 m and 1.5 m, two different unidirectional
velocities, 0.05 m s™ and 0.10 m s™, and two different densities of seagrass shoot, 1/0.0225 shoot
m2 and 1/0.01 shoot m, respectively (Table I11). In the analysis, we calculated the deflected
vegetation height as outlined in Luhar and Nepf (2011), and flow velocities inside and above the
meadow were summarized and the bulk friction coefficient over the seagrass meadow was

estimated.

3 Results
3.1 Model assessment and sensitivity

To validate the SAV model performance, the profile of seagrass was calculated in front
and behind the seagrass meadows for the cases 1 to 4 for unidirectional currents. All coefficients,
drag coefficient, friction coefficient, lift force coefficient, and elastic modulus, were determined
by applying the SAV model into case 1 (case Labl), and the other cases, cases 2 to 4, were
applied to verify the SAV model by using the same coefficients. The profiles showed very good
agreement with the all laboratory experiments (Figure 4). The positions for horizontal and
vertical coordinates were chosen every 0.2 m from the bottom to the top of seagrass, and R? =
0.99 for Xb and R? = 0.97 for Zb, respectively. Also, the horizontal velocities agreed well with
the laboratory experiments although the horizontal velocity behind the seagrass meadow was

overestimated slightly (Figure 5).

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

horizontal velocity was investigated (Figure 6). When the elastic modulus decreased in case Es
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compared to case E, the leaves were more bent and a larger volume of free flow conditions was
possible above the meadow, resulting in a smaller velocity above the canopy (Figures 6(b) and
6(c)). On the other hand, when the drag coefficient increased in case Cd., compared to case Cds,
the seagrass blades bent more and smaller horizontal velocities occur inside the meadow (Figures
6(d) and 6(e)). Although the same tendency was found when changes to the friction coefficient
are made, the sensitivity of the friction coefficient was smaller than the drag coefficient (Figures

6(f) and 6(g)).

3.2 Controls on variability of seagrass forces

To quantitatively evaluate the contribution of all forces on seagrass blades, all terms of
the SAV model equations were calculated in front, inside and behind the seagrass meadows for
75 s from the initial conditions (Figure 7). For the horizontal momentum, drag, friction and

elastic forces were considered as follows:

pw |u—ug|(u —us)

M*cd_h = "7 ; Cpa, (5)
u—u -
M*fc h = pi V];S | Slz(u us) fA, 6)
vrei b= _ EL 0%ws @)
e = psv_g 623

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

according to:

u—ug|(w—-w
M*cd_v = P[:M‘;s | Sl; s) CpA, (8)
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Pw |u - usl(W - WS)

« _ 9
M*fc_v DoV > fcA, 9)
. pw CL
M*eiv = ———|u—u,|?4 10
Pw — Ps
M*bu_v = V 11
PsVs 9V (1)

The maximum drag, friction and elastic forces were found to appear at the front of the
seagrass meadows for horizontal momentum (Figures 7(a) to 7(c)). The contribution of the
friction force was minimal compared to the drag and elastic forces. Since the largest contribution
to seagrass profile is the elastic force, the elastic modulus was found to be one of the most

significant coefficients controlling the horizontal momentum.

For vertical momentum, the largest contribution to the seagrass leaf profile was
buoyancy, followed by lift forces. The contribution of lift forces to seagrass was almost the same
in front, inside and behind the meadow. The drag force inside the meadow was close to zero,
although drag forces in front and behind the meadow had larger values. Friction forces were

negligible in the vertical momentum balance.

3.3 Deflected vegetation height prediction at the field scale

To investigate the interaction between seagrass meadows and flow at field scales, 15 m
meadow of seagrass was set up in a SAV model simulation, with water depth, unidirectional
currents and vegetation density configured as shown in Table I1l. Figure 8 is an example of
computational results of case w15v05d, . Deflected vegetation height was constant in cases
w05v05d, and w05v05ds because the leaves reached the water surface (Figure 9). When we pay

attention to the same unidirectional current cases, for example case w05v10d, , case w10v10d,
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and case w15v10d,, the deflected vegetation height was found to increase with an increase in the
total water depth because there is more room above the seagrass canopy in a larger total water

depth. Furthermore, for lower vegetation densities, there was a proportionally smaller deflection
in the vegetation height. Also, the deflected vegetation height was confirmed to become constant

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

3.4 Velocity field

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

In the shallowest cases, a water depth of 0.5 m, horizontal velocity inside and above the seagrass
was found to be constant at a distance of 3 m from the front of the meadow. Under the medium
water depth case, a water depth of 1.0 m, when the unidirectional current speed was 0.05 m s™,
horizontal velocity inside and above the seagrass was constant at a distance of 10 m from the
front of the meadow. In the deepest case, a water depth of 1.5 m, horizontal velocity inside and
above the seagrass did not reach a constant value. Therefore, a constant horizontal velocity inside
and above the meadows may occur more quickly when the unidirectional current speed is smaller
and water depths are shallower. Furthermore, even though the currents were the same, deeper

water led to smaller horizontal velocities inside the meadow itself.

3.5 Friction coefficient within a uniform current

It is useful to evaluate bulk friction coefficients for a lakes or coastal systems, where the
effects of vegetation need to be parameterized in large-scale models. Therefore, we made an
attempt to estimate the bulk friction coefficients above seagrass meadows using the eddy
viscosity and vertical profile of horizontal velocity. For example, the vertical profile of
horizontal velocity obtained in cases w15v05d, to w15v10ds is shown in Figures 11(d) and

11(e). The shear stress at the top of seagrass, ts (kg m™ s), was obtained using:
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ou
Ts = pwKu B (12)

where K, is the eddy viscosity obtained from k-¢ model (m?s™). The shear stress can be
modelled by introducing friction coefficients above the seagrass meadow, which may yield the

bulk friction coefficient as:

Ts

E = fSluwluw (13)
Ky Odu

= — 14

fS |uw|uw 0z ( )

where f; is the bulk friction coefficient and w,, is the depth averaged horizontal velocity above

seagrass (m s™).

Bulk friction coefficients for a water depth of 0.5 m were obtained around 0.02 at the end
of the seagrass meadows for both densities of seagrass, 1/0.01 shoot m™ and 1/0.0225 shoot m™
(Figure 11). For a water depth of 1.0 m, bulk friction coefficients reached a constant value when
unidirectional current speeds were 0.1 m s™ though the bulk friction coefficient increased at the
end of the seagrass meadows for a unidirectional current speed of 0.05 m s™*. For a water depth
of 1.5 m, the bulk friction coefficient reached a constant value when unidirectional current
speeds were 0.05 m s™*. For all cases, the bulk friction coefficient increased with decreasing
unidirectional current speeds, increasing vegetation density of seagrass, and increasing water
depth. In particular, bulk friction coefficients were confirmed to reach 0.049 for case w15v05d,
with a unidirectional current speed of 0.05m s, vegetation density of 1/0.01 shoot m? and a
water depth of 1.5 m. A bulk friction coefficient of 0.049 is 20 times that of the smooth bottom

friction value of 0.0026.
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4 Discussion

We have demonstrated that an OOP based model framework can be used to successfully
couple a Lagrangian SAV model with a hydrodynamic model to characterize the flexible nature
of individual leaves within a meadow, in response to the biophysical environment. The
performance of our SAV model was confirmed through comparison of laboratory experiments
with unidirectional currents, with good agreement in the profiles of leaf blade position and flow
velocity. This model results reveal the quantitative influence of elastic modulus, drag, friction,
and lift forces, and buoyancy on flow fields around meadows of submerged vegetation. The
elastic force was found to be the most influential component in the interaction between
horizontal currents and seagrass, whereas buoyancy was revealed to be the most significant term
in the vertical momentum balance. The simulation approach adopted here for elasticity is
different from the earlier approaches, whereby rigidity is computed as the second derivative of
curvature, tempered by a damping factor to manage instability (Marjoribanks et al., 2014). Here
elasticity was captured by approximating the local curvature using backward difference. The
speed of SAV nodes is the variable in the basic equations of our model based on DEM although
the variable in DEM is the location of an element. Since the fluid is solved by using the fluid

velocities, this technique gives computational stability.

The development of a boundary layer around the top of the seagrass meadow was
characterized and confirmed using field scale simulations; the lateral variation in the boundary
layer would not be accurately captured in models assuming static and rigid seagrass presence.
Simulations showed that larger water depths were found to lead to larger deflection of vegetation

height. In previous studies, Ca and B have been applied to estimate deflected vegetation height
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and so we made comparisons with the theoretical solutions (Luhar and Nepf, 2011). The leaf
blade parameters were setasl = 1.0 m, b = 0.01 m, t = 0.001 m, Ap = 0.005, C, = 1.0, and
EI = 2.79 x 10~* N m? and, in the numerical computations, one blade leaf was given with

f. = 0.30 and C, = 0.10. For a horizontal velocity of 0.10 m s, the theoretical deflected
vegetation height is 0.37 m. Since it was shown in this study that water depth influences the
deflected vegetation height, three alternate water depths were compared: 0.5 m, 1.0 mand 1.5 m;
these result in the deflected vegetation heights of 0.28 m, 0.31 m and 0.33 m, respectively. As
shown in Figure 9, the larger water depth case tends to be similar to the theoretical solution,

which provides a reasonable estimate of the deflected vegetation height.

The adoption of a turbulent closure model also allowed estimation of bulk friction
coefficients over seagrass using the vertical profile of horizontal velocity. This showed that bulk
friction coefficients increase with increasing water depth, decreasing current speeds, and
increasing leaf blade density. The maximum bulk friction coefficient obtained from the dynamic
model in this study was 0.049, comparable to Ghisalberti and Nepf (2006) and Luhar et al.
(2013) who suggested that 0.05 (=2fs) should be applied in three-dimensional simulations. By
looking closer at case w15v05d,, a typical boundary layer is notable along the top of the
seagrass meadow (Figure 8). The integral length-scale obtained from the generic length-scale
turbulent closure model, I, was found to increase from the front of the meadow up to 0.27 m,
after which it remains constant until the end, similar to the boundary layer demonstrated in
Ghisalberti and Nepf (2009). Whilst LES is increasingly popular in laboratory scale applications
to more accurately compute the interaction between turbulent eddies and vegetation at high
resolution (e.g., Marjoribanks et al., 2014), it can be computationally expensive to resolve eddies

up to the inertial sub-range of the turbulence for field scale problems. Our results give
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confidence that the use of more simple closure models remains accurate, whilst also being
practical across a wider range of scales. Ultimately, having flexibility to be able to apply
different closure options and model resolutions can support model applicability across a wider
range of phenomena from lab to field scales, and the OOP approach used in the Fantom-SAV
model development is useful in that it can support testing of different computational approaches,
closure options and mesh resolutions whilst maintaining a standard coupling interface to the

Lagrangian SAV model.

Whilst the focus here has been on the physical interaction of the benthic vegetation with
the flow field, the model approach has significant potential for extension to applications
associated with the analysis of carbon capture and burial, and for improved prediction of nutrient
and contaminant fluxes that may impact upon water quality. For example, when elastic forces are
smaller, greater bend in leaf blades causes larger decreases in velocity inside of seagrass
meadows, which results in the enhancement of accumulation of particulate organic carbon and
nutrients (Duarte et al., 2013). Therefore, if there is no bend in the leaf blades, the rate of carbon
and nutrient accumulation rate may decrease. As an example, we compared the case w15v05d,
condition with a hypothetical no-seagrass-motion equivalent simulation. With no bend in the leaf
blades, the friction coefficient 6 m from the meadow front increases from 0.032 to 0.039, about
20% increase (Figure 12). Additionally, flow velocity adjacent to the bottom, which controls
resuspension of the bottom sediments, is smaller with seagrass motion than without seagrass
motion (Figures 12(b)). For example, the horizontal velocity at the height of 0.15 m is 0.045 (m
s™') with seagrass motion and increases to 0.057 (m s*) without seagrass motion, a 27%
difference. There are also notable differences in horizontal velocity around the top of the

seagrass meadow (Figure 12(b)). Therefore, if seagrass motion is not included in numerical
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model simulations, the bulk friction coefficient is underestimated and resuspension from the
bottom, will be overestimated. In real seagrass meadows, the area of meadow downstream of the
edge is notably larger than the edge areas, and therefore it is expected to dominate the amount of
vertical flux, friction and resuspension (Marjoribannks et al., 2014; Boothroyd et al., 2016).
Overall, accounting for the bend in the leaf blades is likely to be important for evaluating
friction, vertical fluxes and resuspension around complex meadow geometries in the
environment and further applications of the model could be to explore the feedbacks between

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

As with earlier approaches, scaling up the model approach to large-scale environmental
systems remains challenging, though applications where the model is applied to evaluate detailed
flow fields around SAVs, provide opportunities to parameterize reduced models of deflected
vegetation height and bulk friction coefficients under various hydraulic conditions. Such
approaches can be adopted into large-scale three-dimensional environmental models that adopt a
relatively coarse mesh resolution compared to the size of the vegetation elements to allow the

essential feedbacks to be captured whilst maintaining tractability.

Although this study has focused on investigating the effect of simple linear seagrass
blade morphometries on flow fields, the DEM method developed in this study has been
developed as a first step towards simulations of SAV communities made up of more
morphometrically complex and diverse vegetation elements. Boothroyd et al. (2016), recently
highlighted the importance of resolving plant seasonal morphological change on river flow
dynamics, however, it has remained difficult to resolve both plant morphological detail and
motion to date. Through simple extensions of the leaf object model to allow for branching at

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

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

Figure 1 Schematic diagram of SAV model

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

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

Figure 3 Laboratory experiment setup in an open channel. Velocity was measured at 2 points
using an acoustic doppler current meter. Real seagrass was obtained in the eastern part of
Hokkaido Island.

Figure 4 Evaluation of SAV model for four cases, cases 1 to 4. (a) Definition of positions of
every 0.2 m from the root to the top of seagrass. (b) Comparisons of horizontal position between
laboratory experiments and numerical computations. (¢) Comparisons of vertical position

between laboratory experiments and numerical computations.

Figure 5 Evaluation of SAV model by using velocities under a uniform current for four cases,
cases 1 to 4. Black and white squares denote laboratory experiments and numerical
computations, respectively. “no.1” and “no.2” corresponds to the front and behind of seagrass

meadow.

Figure 6 Comparisons with laboratory experiments. Green lines indicate seagrasses from
computations. Contours show horizontal velocity. (a) case Labl that corresponds to case 1. (b)
case ES. (c) case EL. (d) case CdS. (e) case CdL. (f) case fcS. (g) case fcL.

Figure 7 Contribution of elastic modulus, drag, friction, lift forces and buoyancy to momentum
equations obtained from SAV model for case Labl. Horizontal acceleration due to drag, friction
and EI (a) at the front seagrass, (b) at the middle seagrass, and (c) at the most behind seagrass,
respectively. Vertical acceleration due to drag, friction, lift and buoyancy (d) at the front

seagrass, (e) at the middle seagrass, and (f) at the most behind seagrass, respectively.
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708  Figure 8 Seagrass and horizontal velocity of case w15v10d,. Green lines indicate seagrasses
709  from computations. Contours show horizontal velocity.

710

711 Figure 9 Deflected vegetation height for case C. (a) cases w05v05d, to w05v10ds with the water
712 depth of 0.5 m. (b) cases w10v05d, to w10v10ds with the water depth of 1.0 m. (c) cases

713 w15v05d, to wl5v10ds with the water depth of 1.5 m.

714

715  Figure 10 Vertically mean horizontal velocities inside of and above seagrass. (a) cases w05v05d,
716  to w05v10ds with the water depth of 0.5 m. (b) cases w10v05d, to w10v10ds with the water
717 depth of 1.0 m. (c) cases w15v05d, to w15v10ds with the water depth of 1.5 m.

718

719  Figure 11 Friction coefficient. (a) cases w05v10d, to w05v10ds with the water depth of 0.5 m.
720 (b) cases w10v05d, to w10v10ds with the water depth of 1.0 m. (c) cases w15v05d, to

721 wl15v10ds with the water depth of 1.5 m. (d) Vertical profile of horizontal velocity at the

722 distance of 3 m from the seagrass front in cases w15v05d, to w1l5v05ds. (€) Vertical profile of
723 horizontal velocity at the distance of 3 m from the seagrass front in cases w15v10d, to

724  w15v10ds.

725

726 Figure 12 Computation with and without seagrass motion by using case w15v05d, conditions.
727 (@) Seagrass and horizontal velocity of case w15v05d, without seagrass motion. Contours show
728  horizontal velocity. (b) Difference of horizontal velocity with — without seagrass motion in case
729 w15v05d, . (c) Friction coefficient with and without seagrass motion.

730
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Tables

Table | Conditions for Laboratory experiments.

Table 11 Computational conditions. Case Lab1l corresponds to case 1. Capital letters of case
names, “E”, “Cd”, “fc, and “C1”, denote elastic modulus, drag coefficient, friction coefficient,

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

“fc, and “Cl”.

Table 111 Computational conditions for investigating velocity, deflected vegetation height and
friction coefficient. Seagrass length is 1 m with 600 shoots. “w” and the following number mean
water depth, and “v”” and the following number mean velocity. For example, “w05v02” means
the water depth of 0.5 m and the velocity of 0.5 m s-1. “d” denotes density of seagrass, and

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

case leaf brade length (m) uniform current (m s™)

1 1.0 0.08
2 1.0 0.04
3 0.35 0.08
4 0.35 0.04
748 The condition of flow is uniform, and water depth is 0.7 m.

749
750
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751 Table Il Computational conditions. Case Labl corresponds to case 1. Capital letters of case names, “E”, “Cd”, “fc,
752 and “Cl”, denote elastic modulus, drag coefficient, friction coefficient, and lift force coefficient. Subscripts, “S” and
753 “L”, denote smaller and larger values of “E”, “Cd”, “fc, and “Cl1”.

case EI (N m?) E (GPa) Co fe Cl

Labl  1.1x10%to4.1x10° 1.3t05.0 1.0 0.30 0.10

E, 0.8x107 to 3.1x10° 1.0 to 3.7 1.0 0.30 0.10

E, 1.3x107 to 5.2x10° 1.6 t0 6.2 1.0 0.30 0.10

Cd, 1.1x10° to 4.1x10°  1.3t0 5.0 0.5 0.30 0.10

Cd, 1.1x10° to 4.1x10° 1.3 t0 5.0 2.0 0.30 0.10

fe, 1.1x10° to 4.1x10°  1.3t0 5.0 1.0 0.15 0.10

fe, 1.1x10° to 4.1x10° 1.3 t0 5.0 1.0 0.60 0.10

Clg 1.1x10° to 4.1x10° 1.3 t0 5.0 1.0 0.30 0.05

Cl 1.1x10° to 4.1x10°  1.3t0 5.0 1.0 0.30 0.20
754 The condition of flow is uniform, and water depth is 0.7 m.

755
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756 Table 111 Computational conditions for investigating velocity, deflected vegetation height and friction coefficient.
757 Seagrass length is 1 m with 600 shoots. “w” and the following number mean water depth, and “v” and the following
758 number mean velocity. For example, “w05v02” means the water depth of 0.5 m and the velocity of 0.5 ms™. “d”
759 denotes density of seagrass, and Subscripts, “S” and “L”, denote smaller and larger values of density of seagrass.

case water depth velocity density of seagrass

(m) (ms?) (shoot m?)

w05v05d, 0.5 0.05 100
w05v05d, 0.5 0.05 44
wO05v10d, 0.5 0.10 100
w05v10d, 0.5 0.10 44
w10v05d, 1.0 0.05 100
w10v05d, 1.0 0.05 44
wl0v10d, 1.0 0.10 100
w10v10d, 1.0 0.10 44
wl15v05d, 1.5 0.05 100
w15v05d, 1.5 0.05 44
wl5v10d, 1.5 0.10 100
wl15v10d, 1.5 0.10 44

760

761

762



Water Resources Research, Integration of SAV motion

flow: FL seagrass: SG
z

& lift force

g UL SG/ / friction force from SG to FL

drag force from FL to SG ==, drag force from SG to FL

buoyancy force t

elastic force segment
node
)
777 O
763 ) o X
764 Figure 1 Schematic diagram of SAV model
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766 ] .
767 Figure 2 Flow chart of SAV model. N denotes the number of CPU for wave-current parallel computations, and M
768 denotes the number of CPU for seagrass (seagrass) parallel computations.
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movie shooting range
no.1 no.2
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3D velocity-flow direction
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0.7 (m)
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Figure 3 Laboratory experiment setup in an open channel. Velocity was measured at 2 points using an acoustic
doppler current meter. Real seagrass was obtained in the eastern part of Hokkaido Island.
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(a) Conceptual diagram of the difference of laboratory (b) Horizontal distance Xb and Xc (c) Vertical distance Zb and Zc
experiment and numerical computation (m) (m)
A % 1.0 1.0
Xc O casel Zc O case 1l
0.8 O case 2 0.8 O case 2
A case 3 A case3 O
2 = 2=
064 % cased R*=0.9 06 * cased R?=0.97
(m]
0.4+ 0.4 1
Zb Zc -
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= | laboratory experiment

= | numerical computation

0] T T T T 0 T T T T
* 0 0.2 0.4 0.6 Xb 0.8 (m) 1.0 0 0.2 0.4 0.6 7b 0.8 (m) 1.0

Figure 4 Evaluation of SAV model for four cases, cases 1 to 4. (a) Definition of positions of every 0.2 m from the
root to the top of seagrass. (b) Comparisons of horizontal position between laboratory experiments and numerical
computations. (¢) Comparisons of vertical position between laboratory experiments and numerical computations.
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(ms?Y)
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>
3 0.04
[<5]
>
0.02
04
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T T T T
case 1 case 2 case 3 case 4
Figure 5 Evaluation of SAV model by using velocities under a uniform current for four cases, cases 1 to 4. Black
and white squares denote laboratory experiments and numerical computations, respectively. “no.1” and “no.2”
corresponds to the front and behind of seagrass meadow.
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(a) case Labl
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(c) case E
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787 Figure 6 Comparisons with laboratory experiments. Green lines indicate seagrasses from computations. Contours
788 show horizontal velocity. (a) case Labl that corresponds to case 1. (b) case Es. (c) case E,. (d) case Cds. (e) case
789 Cd,.. (f) case fcs. (g) case fcy.
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792 Figure 7 Contribution of elastic modulus, drag, friction, lift forces and buoyancy to momentum equations obtained
793 from SAV model for case Labl. Horizontal acceleration due to drag, friction and El (a) at the front seagrass, (b) at
794 the middle seagrass, and (c) at the most behind seagrass, respectively. Vertical acceleration due to drag, friction, lift
795 and buoyancy (d) at the front seagrass, (e) at the middle seagrass, and (f) at the most behind seagrass, respectively.
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Figure 8 Seagrass and horizontal velocity of case w15v10d,. Green lines indicate seagrasses from computations.
Contours show horizontal velocity.
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802 Figure 9 Deflected vegetation height for case C. (a) cases w05v05d, to w05v10ds with the water depth of 0.5 m. (b)
803 cases w10v05d, to wl0v10ds with the water depth of 1.0 m. (c) cases w15v05d, to w1l5v10ds with the water depth
804 of 1.5m.
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808 Figure 10 Vertically mean horizontal velocities inside of and above seagrass. (a) cases w05v05d, to w05v10ds with
809 the water depth of 0.5 m. (b) cases w10v05d, to w10v10ds with the water depth of 1.0 m. (c) cases w15v05d, to
810 w15v10ds with the water depth of 1.5 m.
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