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INTRODUCTION

Aquatic vegetation provides various ecosystem services
(Barbier etal., 2011). It supports biodiversity by providing
habitats and shelter areas for various fisheries
(Costanza et al.,, n.d.) and supplying food for larger
herbivorous animals such as the dugong and green
turtles (Waycott et al., 2005). Acting as a carbon sink,
aquatic vegetation sequesters a greater amount of
carbon per hectare per year than rainforest (Fourqurean
et al., 2012). Shoreline vegetation attenuates incoming
waves and protects shorelines from erosion due to wave
impact (e.g., Barbier et al., 2011; Koch et al., 2009). Wave
dissipation over aquatic vegetation has long been noted.
Researchers have developed site- and species-specific
models to describe wave damping over artificial
vegetation and natural habitats (e.g., Moller et al., 2014;
Smallegan et al., 2016). Because aquatic vegetation
plays such an important role in these processes, it is
recognized as a promising nature-based solution for
coastal protection. Evaluating and understanding
nature-based solutions requires knowledge of the
dynamics of aquatic vegetation under coastal flows.

Flexible vegetation reconfigures with flows and behaves
differently from rigid vegetation, thus leading to different
wave-damping models. Under unidirectional currents,
flexible vegetation bends in the same direction as
currents, while under waves, the tip of flexible vegetation
follows the motion of water. The motion of flexible
vegetation leads to the reduction of frontal area and the
relative velocity between vegetation and flows, thus
leading to the decrease of drag force that acts on flows.
To address the change of drag force, Losada et al. (2016)
applied deflected height, [, based on plant bending angle
() to account for the impact from the reduction in drag-
forming area. However, reconfiguration of flexible
vegetation induced by flow causes a reduced drag force
due to both the decrease in the frontal area and more
streamlined shapes of bending blades. Luhar and Nepf,
(2011) addressed the importance of both frontal area and
streamlined shape with effective blade length (l.). Since
there is no evidence mentioned that reduction in the frontal
area dominated drag force reduction, overestimation of
wave dissipation can be caused because [, is larger than
l,. Lei and Nepf (2019b) then applied [, to flexible
seagrass studies and proposed theoretical scaling laws to
predict wave decay over a meadow of flexible vegetation.
The framework of [, was then be extended to co-
directional wave-current studies, and the blade motion
was found to be dependent on current-to-wave velocity
ratio (Lei & Nepf, 2019a). Schaefer and Nepf (2022)
evaluated the work by wave attenuation experiments over
a flexible seagrass model under co-directional wave-
current flows. To date, vegetation dynamics under
orthogonal wave-current conditions (i.e., the current is
perpendicular to the direction of wave propagation),
which usually correspond to wave-induced longshore
currents near the coast, have not yet emerged.

OBJECTIVES AND SCOPES
The focus of this study is to address the scientific challenge
of understanding the behavior of flexible vegetation,
considering orthogonal wave-current conditions. Our
research enhances the existing body of work through
several novel contributions.
I. Conducting direct measurement of the drag
force of a single flexible blade to modify the
coefficients of the scaling law of [, under
orthogonal wave-current conditions.
Il. Developing and validating the scaling laws for [,
under orthogonal wave-current conditions.
Ill. Extending the new scaling laws to predict wave
damping over a meadow of flexible vegetation
under orthogonal wave-current conditions

THEORETICAL BACKGROUND AND HYPOTHESISES
To describe the dynamics of flexible blades, we use the
effective blade length, [, defined as the length of a rigid
blade that experiences the same drag force as a flexible
blade of length I. Two dimensionless parameters are used
to describe the blade’s effective length in pure currents,
pure waves, and co-directional waves and currents (e.g.,
Lei & Nepf, 2019b; Luhar & Nepf, 2011). The Cauchy
number (Ca) is the ratio of hydrodynamic drag to the
restoring force due to blade stiffness. The blade length
ratio, L, is the ratio of blade length, [, to wave excursion,
Ay .
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Here, w,, is the blade width, p is the density of water, U is
the relative velocity between vegetation and flow, [ is the
blade length, E is the Young's modulus, U, is the
magnitude of horizontal wave velocity and I = wyt3/12 is
the bending moment of inertia with ¢, the blade thickness.
Lei & Nepf (2019b) suggest the following equations to
estimate [, in co-directional waves and currents.
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where the subscripts w, ¢, and wc denote the pure-wave,
pure-current, and co-directional wave-current conditions,
respectively.

In our current study, we focus on orthogonal wave-current
conditions. The following is a hypothesis for how the impact
of orthogonal currents might be captured in the effective
blade length framework, using the dimensionless
parameters Ca, and current-to-wave ratio U./U,,. We
caution that blade twisting (torsion) has not been taken into
consideration at this stage.

0.25 U, < U, < 2U,,
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Regime 1: Weak Waves and Current (Ca, < 1,Ca,, < 1).
During this phase, the vegetation experiences minimal
movement, and the effective blade length closely matches
the actual blade length, denoted as [, ~ L.

Regime 2: Weak current (u, < uy, Ca. < 1,Ca,, > 1). The
current's influence on blade dynamics is negligible. The
effective length can be quantified as it is in the pure wave
conditions.

Regime 3: Intermediate current (u./u,~ 1,Ca. > 1,Ca,, >
1). The current results in a mean deflection of the blade
perpendicular to the wave propagation direction. The drag
force induced by the current strives to extend the blade,
consequently increasing [, by opposing the motion of the
blade.

Regime 4: Strong current (u. >» u,,Ca. > 1,Ca, > 1).
The blade becomes fixed in a deflected position due to the
robust current. As the blade is nearly perpendicular to the
wave propagation direction, the anticipated effective blade
length in the wave propagation direction approximates [.
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Figure 1 - Proposed scaling laws for [, under different
orthogonal wave-current regimes using the dimensionless
parameters Ca. (current Cauchy number), Ca, (wave
Cauchy number), L (blade length ratio), and U./U,, (current-
to-wave ratio). The directions of waves and currents are
denoted by blue arrows. Dashed lines denote the range of
motion of the blade tip.

EXPERIMENTAL METHODS

The experiments were conducted in the proposed 4
regimes. All laboratory experiments were carried out in a
24m-long, 10m-wide, and 0.9m-deep wave basin. For
simplicity, EPDM rubber rods were used as the
representative of flexible vegetation. Two individual
vegetation shoots were attached to two submersible force
transducers (FUTEK LSB210 with a 50ft cable length and
2Ibs capacity), which are fixed at a customized pyramid in
directions that are perpendicular to each other. The drag
force at wave propagation and current direction was
measured for three minutes at a sampling rate of 300 Hz.
At the same time as force measurements, surface
displacement and flow velocities were also measured by
wave gauges and ADV. The normalized effective length
(le/1) is determined by comparing the measured drag
force with the force measured on a rigid reference shoot
of identical geometry to the original length. The
relationship between [,/l and the dimensionless
parameters, Ca. (current Cauchy number), Ca,, (wave

Cauchy number), L (blade length ratio) and u./u,, (current-
to-wave ratio) were developed.
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