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ABSTRACT

The wave attenuation properties of seagrass meadows were investigated in a flume facility using dynamically-
scaled models of seagrass exposed to regular long crested waves. Experiments were conducted for 66 wave
conditions and with four plant densities; waves were measured with eight resistance wave gauges. The
data collected represent the most-comprehensive dataset of its kind. They reveal that the wave attenuation
coefficient K;, of a seagrass meadow reaches a uniform value after a distance of approximately 1.5-3 times
the water depth from the meadow start and that both K, and the drag coefficient C, depend significantly on
the plant density. An improved model of K, based on the work of Lei and Nepf (2019) is proposed that takes
into account the effects of the solid volume fraction of the plant model through a correction on C, and that of
plant density via an effective vegetation frontal area a,_,. The effective vegetation frontal area is described as
a power law of the roughness density 4,. The model, which was validated with the data of K}, obtained from
the laboratory experiments described herein, displays an excellent agreement with data from the literature.
It can predict K, accurately also for cases whereby the maximum wave orbital excursion is comparable with
the blade length, despite this condition violates the model’s assumptions. This work provides a comprehensive
dataset and a new model that can be used to improve the prediction of wave attenuation of seagrass meadows.

1. Introduction

While traditional coastal engineering solutions are becoming eco-
nomically and ecologically unsustainable (Morris et al., 2018; James
et al., 2019), nature-based solutions represent an attractive alternative
for coastal protection because of the range of ecosystem services they
provide (Temmerman et al., 2013). In this context, seagrass canopies
may have an important role in absorbing/retaining carbon, promoting
biodiversity, attenuating waves and stabilizing sediments (e.g. Bar-
bier et al., 2011; Costanza et al., 1997; Bouma et al., 2014; Greiner
et al., 2013). For this reason and because of their dramatic global
decline (e.g. Waycott et al., 2009), it is important that seagrass canopies
are accounted for by policymakers for the development of coastal
management plan (e.g. Sutton-Grier et al., 2015). However, the effec-
tiveness of seagrass in attenuating waves, which is an important aspect
of coastal protection, is still difficult to quantify as most of the literature
deals with other types of nature based solutions (e.g. saltmarshes,
mangroves) (e.g. Morris et al., 2018).

The first models to quantify wave attenuation due to submerged
vegetation were developed by Dalrymple et al. (1984) and Kobayashi
et al. (1993). Subsequent works adapted these models to laboratory
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datasets (e.g. Asano et al., 1988) of wave dissipation associated with
kelp surrogates (e.g. Mendez and Losada, 2004; Méndez et al., 1999).
A few works focused on wave attenuation due to seagrass by means
of field campaigns (Fonseca and Cahalan, 1992; Bradley and Houser,
2009; Infantes et al., 2012) or laboratory experiments (e.g. Sdnchez-
Gonzalez et al., 2011; Manca et al., 2012; Stratigaki et al., 2011).
However, as argued by Twomey et al. (2020), these studies are hard
to compare because they use different parameters to quantify wave at-
tenuation (e.g. drag coefficient, wave height reduction). Twomey et al.
(2020) collected all drag coefficients C, available from the literature on
seagrass and reported a mean value of C; = 0.7 — 1.1 depending on the
experimental conditions. In more detail, C; was found to be a function
of the Reynolds number (Re = U,b/v, where U, is the maximum
wave orbital velocity at the vegetation top, b is the reference width
of the plant and v is the kinematic viscosity of water) (e.g. Maza et al.,
2013; Bradley and Houser, 2009) and the Keulegan—-Carpenter number
(KC = U,T/b, where T is the wave period) (e.g. Sanchez-Gonzélez
et al., 2011; Bradley and Houser, 2009).

More recently, Henderson (2019) developed a theoretical model for
wave attenuation, which stems from scaling considerations and focuses
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on the cases of small tilt, namely when the wave orbital excursion at
the vegetation top is much smaller than the length of the flexible part
of the plant (i.e. the blades). For the opposite case, when blade length
is negligible compared to wave orbital excursion, Henderson (2019)
claim that the deformation can be modelled as per unidirectional
steady flows (see Luhar and Nepf, 2016). To the best of the authors’
knowledge, no model has been developed for the cases wherein wave
orbital excursion is comparable with blade length.

Another model was recently developed by Lei and Nepf (2019)
(henceforth referred to as LN19) whereby wave attenuation is modelled
by combining linear wave theory (i.e. following the approach proposed
by Dalrymple et al., 1984) with a parametrization of drag based on
the so-called effective length (/,), which represents the length of a
rigid vertical body that exerts the same resistance to the flow as the
flexible body being studied (Luhar and Nepf, 2011). LN19 includes the
reduction in orbital velocity within the canopy by means of a factor
a as proposed by Lowe et al. (2005) but does not account for the
plant motion in the calculation of the fluid relative velocity. It was
found to agree with both laboratory data and some field data once the
biomechanical properties of the vegetation in play were known (Lei
and Nepf, 2019). Given these promising results, LN19 is herein used as
a benchmark for the interpretation of the reported experimental results
(the model is described more in depth in Section 2).

Despite these recent advances, several issues remain that limit
assessing the contribution of seagrass meadows to wave attenuation.
First, available models have been validated with rather limited datasets,
wherein the investigated waves pertained to a small set of hydro-
dynamic conditions. Second, data are particularly scarce for cases in
which wave orbital excursion is comparable or larger than blade length.
Third, the effect of vegetation density on wave attenuation, which
reflects the interactions between plants, has never been explored even
though it can be significant in similar settings (see Etminan et al., 2019,
for effect of vegetation density in emergent rigid canopies).

In the present work we attempt to address these issues by present-
ing results from laboratory experiments involving dynamically-scaled
seagrass models whose wave attenuation properties were investigated
for a wide range of hydrodynamic and plant density conditions. This
approach is advantageous compared to field experiments because it
allows to isolate the effects of various parameters without dealing with
complications that are typically encountered in the field, such as poor
control on plant density and health conditions (Vettori et al., 2021). We
conducted experiments with four plant densities and, for each density,
we tested 66 regular wave conditions varying water depth, wave period
and height.

The aim of this paper is hence threefold: (i) to assess the effect of
plant density on wave attenuation; (ii) to evaluate the performance of
the models proposed in the literature at a wide range of conditions;
and (iii) to propose a new parametrization of wave attenuation that
accounts for the plant density in the meadow.

2. Theoretical background

The deflection of a flexible blade in an oscillatory flow is governed
by three nondimensional parameters, the wave Cauchy number Ca,,,
the buoyancy parameter B, and the blade length ratio L (Lei and Nepf,
2019):

U213
Co = =
— py)ghtl?
P Y ’ o)
EI
!
L=—, 3

A

w
where p is the water density, [, b, t, I = b /12, E, and p, are the length,
width, thickness, second moment of inertia (assuming a rectangular
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cross-section), Young’s modulus, and mass density of the blade, respec-
tively, A, is the maximum wave orbital excursion at the canopy top
(i.e. A, =U,T/(27)), and g is the gravitational acceleration. The wave
Cauchy number compares the hydrodynamic drag to the restoring force
associated with flexural rigidity, the buoyancy parameter is the ratio
of the restoring force due to buoyancy to that due to flexural rigidity,
and the length ratio compares the length of the plant with the local
wave excursion. For seagrass, p, — p so that the effect of buoyancy is
negligible and the blade dynamics can be described by Ca,, and L (see
Luhar and Nepf, 2016).

By fitting the data of drag force for isolated seagrass models, Lei and
Nepf (2019) obtained the following formula to calculate the effective
length (7,):

I,/1 = (0.94 + 0.06)(Ca,, L)~ 02002 4

in accordance with the form originally proposed by Luhar and Nepf
(2016). Eq. (4) is based on the following assumptions: (i) maximum
wave excursion is much smaller than blade length (i.e. L > 1); (ii)
pressure drag dominates over skin friction; (iii) Ca,, > 1 so that
drag force dominates over the blade bending resistance force; and (iv)
KC > 1 so that the inertial terms are negligible compared to the drag
force term (the model was validated for KC > 3.7).

Wave attenuation by a submerged canopy can be explored using
the conservation of energy equation and linear wave theory (Dalrymple
et al., 1984), i.e.:

dEc 0 (1
— & _ 2
e = it = (e’ ). ®)

where ¢, is the rate of energy dissipation, E is the wave energy (per
unit wave front width), ¢, is the wave group celerity, and a,, is the
wave amplitude. Assuming that the vertical forces acting on the body
are negligible compared to the horizontal forces (recall that B — 0 for
seagrass), €, can also be expressed as (Lei and Nepf, 2019):

Lt
—€p = — =pCja,lu,|u,udzdt, (6)
D T/t=0~/z=02 d%vl¥rl¥y

where q,, is the vegetation frontal area per unit meadow volume and u,
is the relative velocity between the vegetation and the water. Based on
assumption (i) by Luhar and Nepf (2016), for most of the wave period
u, ~ u, where u is the absolute fluid velocity. Substituting Eq. (6) into
Eq. (5) and re-arranging the terms, wave attenuation at a distance x
from the start of the canopy and along the wave propagation direction
can be expressed as:

a,(x) 1

a,(0) ~ 1+ Kpa,(0)x” %)

where a,,(0) is the undisturbed wave amplitude, q,(x) is the wave
amplitude at x, and K is the wave attenuation coefficient of the
canopy defined as:
J[9sinh(kl,; )+ sinh(3kl,; ;)
sinh(kh)(sinh(2kh) + 2kh) |’
where k is the wavenumber, linked to the wave period T by the
dispersion relation o> = gktanhkh (with ¢ = 2zf = 2z/T being the
circular frequency), and «a is the ratio of in-canopy velocity to above-
canopy velocity as defined by Lowe et al. (2005). Further, Lei and Nepf
(2019) used a corrected effective length to account for the rigid part of
the seagrass model (i.e. /,;; = [,+1,, with /, defined as the rigid length),
which replicates the seagrass sheath.

Kp = lCdaUka

Iz ®

3. Materials and methods
3.1. Experimental design
Seagrass models were designed based on the morphological and

biomechanical data available in the literature for the most common
species of seagrass in Europe (namely, Cymodocea nodosa, Posidonia
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Table 1
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Ranges of physical parameters relevant to wave attenuation for modelled seagrass species and seagrass models employed herein and by Lei and
Nepf (2019). Columns indicate: the ratio of sheath/stem length to plant length /,/I; the number of blades per plant n,; the plant length /; the
blade width b, thickness 7, Young’s modulus E and mass density p,; the water depth 4; and the plant density n,.

1./1 n, ] b t E Py h n,

(%) ) (m) (mm) (mm) (MPa) (g/cm?) (m) (1/m?)
C. nodosa® n.a. 4 0.1-0.5 2.5-6 0.1-0.4 80 n.a. 0-5 900-1900
P. oceanica” 10-13 7 0.15-0.6 9-10 0.2-0.34 170-470 0.91 0.5-40 150-1200
Z. marina“ 28-32 4 0.2-0.8 3-12 0.15-0.23 124-270 0.7-0.9 2-12 250-1500
Z. noltii n.a. 4 0.05-0.2 0.5-1.5 0.15-0.21 128-1000 n.a. 0-5 600-4600
Present study 10 4 0.1 2 0.09 128 0.92 0.15-0.6 251-1338
LN19 7 6 0.14 3 0.1 300 0.925 0.18-0.45 280-1370

a Cancemi et al. (2002); Olivé et al. (2013); de los Santos et al. (2013).
b Ppergent et al. (1994); Folkard (2005); Larkum et al. (2006); De los Santos et al. (2016).

¢ Larkum et al. (2006); Fonseca et al. (2007); Ondiviela et al. (2014); Vettori and Marjoribanks (2021).
d Curiel et al. (1996); Paul and Amos (2011); De los Santos et al. (2016); Soissons et al. (2018).

Table 2

Summary of the wave conditions (wave frequency f and amplitude a,) for the experiments sorted by water depth h. Note that g, refers to
the wave amplitude measured before the start of the meadow during experiments with unvegetated bed.

h (m) 0.15 0.2 0.3 0.4 0.5 0.6

Test S ay A a, S ay ! a ! a, ! ay

D (Hz) (mm) (Hz) (mm) (Hz) (mm) (Hz) (mm) (Hz) (mm) (Hz) (mm)

1 0.46 12.5 0.72 4.0 0.61 5.0 0.88 45 0.9 4.0 0.67 4.5

2 0.54 15.0 0.45 14.0 0.47 8.5 0.52 9.0 0.51 7.5 1.25 9.0

3 1.07 12,5 0.52 18.5 1.22 12.0 0.47 12.5 1.25 12,5 0.59 14.5

4 0.65 18.5 0.61 20.0 0.54 23.0 1.24 20.5 1.09 23.0 0.54 21.5

5 0.86 19.5 1.15 20.5 0.7 28.0 0.6 28.0 0.56 27.0 1.16 27.0

6 0.76 22.0 1.04 25.0 1.04 34.5 1.15 33.5 1.16 34.5 1.09 36.0

7 0.96 24.0 0.84 31.0 1.12 40.0 0.67 46.5 1 445 1.01 45.5

8 - - 0.95 38.5 0.82 47.0 1.07 49.5 0.64 56.0 0.73 57.5

9 - - - - 0.94 56.5 0.76 59.0 0.71 71.0 0.82 69.5

10 - - - - 0.7 45 0.99 58.5 0.8 80.0 0.92 79.0

11 - - - - 0.7 14.0 0.88 13.5 1.16 45 - -

12 - - - - 0.7 36.0 0.88 26.0 1.16 13.0 - -

13 - - - - 0.7 52.0 0.88 34.5 1.16 26.5 - -

14 - - - - - - 0.88 51.0 1.16 49.5 - -
oceanica, Zostera marina, Zostera noltii, see Table 1) and using the 10" ; : ;
Froude and Cauchy similarities. Each model comprises of a rigid dowel <4 h=0.15m
20 mm long to which 4 LDPE strips, which replicate the blades, are ® 1=020m

. . . » h=0.30m

attached (see Table 1 for relevant dimensions and mechanical proper- A h=040m
ties). The bottom 20 mm of the strips overlaps with the dowel so that 10°F v h=0.50m
the total length of the models is 110 mm and the external diameter of ¢ h=0.60m
the rigid part is 3.2 mm. During the experiments, the bottom 10 mm of = nd
the rigid sheath is inserted into the false bed so that the part exposed o 27 order
to the waves is 100 mm long (of which the bottom 10 mm is rigid and 2o 10
the top 90 mm is flexible). <

The seagrass models and the wave conditions were designed to
replicate a very wide range of natural scenarios so that, depending N
on the scaling ratios being used, our experiments are representative 10
of different species subject to a wide range of wave conditions. In
more detail, six water depths were employed (from 0.15 m to 0.6 m)
and for each of them 7-14 wave conditions were tested varying wave 10°
period and amplitude (see Table 2). All monochromatic waves were 10* 10° 1072 10" 10°
tested with four seagrass densities (251 plants/m?, 502 plants/m?, 669 h/gT2

plants/m? and 1338 plants/m?) representative of the selected species
(see Table 1) and with a smooth (unvegetated) bed.

In Fig. 1 the wave conditions used in the experiments (and listed
in Table 2) are classified using Le Mehaute’s plot of validity of wave
theories (Le Méhauté, 2013). Most experimental conditions depart from
liner wave theory, on which Eq. (6) is based. It is worth noting,
however, that also Lei and Nepf (2019) performed experiments whose
conditions departed from linear wave theory (see Fig. 1). In Table 3
the values of the relevant adimensional parameters governing the
flow-seagrass interactions are reported for all wave conditions.

3.2. Experimental setup and procedure

Experiments were performed in a 50 m long, 0.61 m wide and
1 m high flume facility equipped with a wavemaker at one end and a

Fig. 1. Ranges of validity for wave theories as per Le Méhauté (2013). The coloured
markers indicate the wave conditions used in the present work (classified by water
depth), the empty stars indicate the wave conditions used by Lei and Nepf (2019).

passive wave absorber at the opposite end (see Fig. 2b). Between 19 m
and 23 m from the wavemaker we mounted four plexiglass baseboards
pre-drilled with 2000 holes/m? distributed according to a staggered
configuration (see Fig. 2c). In this regard, it is worth noting that the
drag force of a seagrass plant within a meadow is not significantly
affected by the meadow spatial arrangement (Fonseca et al., 2007),
therefore we do not expect the chosen spatial arrangement to influence
the wave attenuation. The baseboards were installed flush with the
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Table 3

Values of the relevant dimensionless numbers (wave Cauchy number Ca

conditions sorted by water depth A.

w>

Coastal Engineering 189 (2024) 104472

Keulegan—-Carpenter number KC, and length ratio L) for all wave

h (m) 0.15 0.2 0.3 0.4 0.5 0.6
Test Ca, KC L Ca, KC L Ca, KC L Ca, KC L Ca, KC L Ca, KC L
ID
1 906 107 2.7 62 18 17 64 21 14 17 7.7 37 7.8 5.1 55 14 9.0 31
2 1349 111 2.6 838 105 2.8 197 49 59 147 38 79 77 28 10 1.4 1.5 181
3 838 44 6.1 1407 118 24 111 14 20 277 58 49 9.9 4.1 70 171 36 8.2
4 2029 113 25 1622 108 2.7 1307 109 26 93 13 22 90 14 20 419 62 4.6
5 2157 88 3.3 1136 48 5.8 1646 95 3.0 1201 94 3.1 853 85 3.4 29 7.6 38
6 2695 112 2.3 1905 69 41 1474 60 4.6 375 27 10 136 16 17 920 14 20
7 3147 95 2.8 3415 114 24 1637 59 47 3015 134 22 559 39 7.2 256 26 11
8 - - - 4820 119 23 4013 126 22 1162 52 54 3131 143 20 1752 94 3.1
9 - - - - - - 4728 119 2.4 4069 137 2.1 4240 150 1.9 1762 84 3.4
10 - - - - - - 48 16 18 2162 77 3.6 4165 132 21 1353 65 4.5
11 - - - - - - 431 48 5.8 155 23 12 2.3 21 131 - - -
12 - - - - - - 2785 123 22 601 45 6.3 20 6.3 45 - - -
13 - - - - - - 5718 176 1.6 1045 60 47 80 13 22 - - -
14 - - - - - - - - - 2271 88 3.2 277 23 12 - - -
(C) 251 plants/m? 502 plants/m?

Wavemaker

s,

s

1338 plants/m’

19m

=\

wave absorber

|

3 il i3 ol /4 i i

P SN

wg3 wgt wgs wgb

-0.1m start

0.13m 0.43m 0.88m 1.57m

s

wg7
2.65m

meadow  wg8
end 4.23m

Fig. 2. Overview of the experimental setup: (a) rendering of the part of the flume covered by the seagrass meadow; (b) lateral view of the flume facility with longitudinal
coordinates of the meadow and of the wave gauges (i.e. wgs) and distance from the meadow to the wavemaker and the wave absorber; (c) spatial arrangement of staggered holes
and plants (filled circles) for the four seagrass densities used; (d) photo of seagrass meadow with 1338 plant/m> during experiments.

flume bed and fixed in place by means of anchoring structures and sili-
cone. A 0.1 mm thick adhesive film was applied on the upper surface of
the baseboards to exclude any effect of the holes on wave attenuation.
For experiments with a vegetated bed, seagrass models were inserted
into the baseboards according to the staggered configurations reported
in Fig. 2c.

Water surface displacement was measured using a set of eight
resistance wave gauges controlled with a PC via a dedicated software
(Edinburgh Designs, Edinburgh, UK). The analogue signal from the
gauges is converted into a digital signal by a controller that also ensures
that gauges measure synchronously. Gauges were located along the
channel (see Fig. 2a-b) so that one gauge recorded the wave generated
- 2 m from the wavemaker paddle — and the remaining gauges were
located along the seagrass meadow as follows: one gauge 0.1 m from
the start of the meadow, five gauges at incremental distances along the
meadow and one gauge 0.23 m after the meadow’s end (see Fig. 2b).
During experiments, wave gauges were triggered by the wavemaker
and data were sampled at 128 Hz for over 100 wave cycles.

3.3. Data analysis

The model described in Section 2 rests on the hypothesis of linear
long-crested waves. Most of the experimental conditions depart from
Airy wave conditions, thus weakly nonlinear effects in the flume are
to be expected, especially for sinusoidal motion of the wavemaker (see
e.g. Schaffer, 1996). We neglect potential contamination by relevant
modulations of the carrier because these phenomenon develops at
length scales which are much larger than the flume length. On the other
hand, the amplitudes of second and higher harmonics vary at shorter
scales, and their presence is not contemplated by the model described
in Section 2. With this in mind, the timeseries of the water surface
displacement 5 acquired with the wave gauges were pre-processed with
a bandpass filter to remove higher order harmonics and very long
waves. The bandpass filter was centred on the generation frequency
f used by the wavemaker and had a width of 25% f on either side.

The filtered signal from the last wave gauge (i.e. wave gauge 8)
was trimmed to exclude the initial wavemaker transients and avoid
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contamination due to reflection from the passive absorber. Such trim-
ming was defined on the basis of the group celerity and allowed to
isolate a wave train whose duration covers the largest possible number
of integer periods depending on the wave characteristics. The wave
train thus identified for wave gauge 8 was then isolated in the signals
from wave gauges 2-7, with the initial time shifted according to the
group celerity, so that the same waves along the meadow would be
analysed and compared. The mean wave amplitude q,, at wave gauge
i was estimated from the root mean square of #; as:

2 Tend 5
a,, = / n2(ydt, ©
Tend J1=0

where 1,,, is the time length of the isolated wave train, and #;(7) is the
filtered water surface displacement at wave gauge i at the time 1.

For each test, the wave attenuation coefficient K, due to the
seagrass meadow was estimated from the observations at wave gauges
2-8 as follows:

(i) Eq. (7) was re-arranged as:

»x) = Kpx,
aw(o) - aw(x) (10)
a,,(0)a,0)

(ii) the wave attenuation coefficient K, for the unvegetated bed
was calculated by least-square fitting y(x) to the data collected
at wave gauges 2 to 8;

(iii) the total wave attenuation coefficient K;,_,,, for a vegetated bed
was calculated by least-square fitting y(x) to the data collected
at gauges 2 to 8 for 0 m < x < 4 m, i.e. where the meadow is
located;

(iv) the wave attenuation coefficient due to the seagrass meadow
Kp was calculated as K, = Kp_;,; — Kpg, thus assuming linear
superposition between the wave attenuation associated with the
facility and that of the meadow.

with y(x) =

For modelling the wave attenuation coefficient (see Section 2), the
maximum wave orbital velocity U, at the top of the meadow was
estimated as per linear wave theory, i.e.:
cosh kl
sinh kh’
where a,,, is the wave amplitude at wave gauge 2.

U, = 271'faw2 an

3.4. Experiments with unvegetated bed

All wave conditions listed in Table 2 were tested with an unveg-
etated bed to obtain an estimate of the wave attenuation coefficient
due to the smooth bed and lateral walls of the flume. The values of
K obtained from measurements were compared with estimates from
Hunt’s theory (Hunt, 1952), which is valid for a smooth channel and is
based on linear wave theory, i.e.:

2k v kB + sinh(2kh)
K= \/;21(}1 ¥ sinh(2kh)’ 12
where v is the water kinematic viscosity and B is the channel width. It is
worth noting that Hunt (1952) modelled wave attenuation as a negative
exponential function (i.e. a,,(x)/a,(0) = exp(—Kyyx)). This form is
equivalent to the hyperbolic form derived by Dalrymple et al. (1984,
see Eq. (7)) as long as K,ox < 0.1, which is true for all experiments with
unvegetated bed considered herein. To compare the two coefficients,
we converted K, into K,y = Kpga,,(0). The results of the analysis are
reported in Fig. 3, where K, calculated from measurements are plotted
together with the estimates from Hunt’s theory. For most conditions,
measured K, are comparable with the theoretical values, but for ki <
0.5 a few points deviate by almost an order of magnitude from Hunt’s
theory. These deviations, however, do not influence significantly the
results of the present work because in shallow waters the attenuation
due to the seagrass meadow is much larger than that due to the facility.
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4. Results
4.1. Wave attenuation along the meadow

As first step in our analysis, we assess how waves are attenuated
along the meadow, as this provides information about the uncertainty
associated with the estimation of K and reveals potential spatial
inhomogeneities that should be taken into account in future studies.
To do so, we use Eq. (10) to estimate Kj,_,,, locally between each pair
of adjacent ay, from the start to the end of the meadow (see Fig. 2b).
In practice, we calculate Kj_,,(x;) as:

—a

A,y w,

KD—rm(xj) = : s (13)
a, a

wi_ “w; (xi - Xi—l)
with x; = (x; + x;_)/2.

The local estimate K,_,,,(x;) varies significantly along the meadow
and shows a strong deviation from the ‘global’ estimate K,_,,, (‘global’
in the sense that it is obtained from linear regression for 0 m< x < 4
m, as described in Section 3.3).

In most cases, the local attenuation coefficient differs significantly
from Kp_,,, for x < 1.5 — 3h (see some examples in Fig. 4, wherein
Sk (x;) = (Kp_pr(x;) = Kp_01)/ Kp_sor)- The reason for this is not clear,
but we hypothesize that it is due to the discontinuity between the
unvegetated bed and the meadow. As an abrupt change, such dis-
continuity may involve the generation of local evanescent modes (see
e.g. Massel, 1983), which can lead to local deviations from the linear
progressive wave condition, hence compromising the assumptions on
which Eq. (5) is based. To support our experimental findings, we
note that the amplitude of the largest disturbance of this kind decays
following exp(—k,x), with x being the distance from the discontinuity
and k,; being the smallest root of 62 + gk, tank,h = 0, and attains 1%
of its maximum value at about 1.54 in shallow waters, and about 34
in deep waters. Therefore, we suggest that measurements should be
taken sufficiently far away from the bottom transition for an accurate
quantification of the wave attenuation seagrass meadows.

Infantes et al. (2012) reported that the friction factor increased with
distance over 1000 m in a natural meadow, hence supporting that wave
attenuation coefficient is not constant in x. However, in the present
study the length of the meadow is much smaller than what can be
found in the field, hence impeding any critical comparison between our
results and those of Infantes et al. (2012).
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4.2. Wave attenuation models

The comparison of our results with existing models of wave atten-
uation by seagrass meadows is organized into two parts. In the first
part, we consider models of the drag coefficient of seagrass meadows
proposed in the literature — note that such drag coefficient is then used
to model the wave attenuation coefficient as per Dalrymple et al. (1984)
or Kobayashi et al. (1993) —; in the second part, we employ the model
of K, developed by Lei and Nepf (2019) that makes use of the concept
of effective length.

4.2.1. Models based on C,

We calculate the drag coefficient C,; of seagrass models from the
measured wave attenuation coefficient K;, considering the undeflected
length of the plants (as per original formulation by Dalrymple
et al., 1984) and assuming that the in-canopy flow velocity is equal
to the above-canopy flow velocity so that our estimates of C, are
comparable to the relevant literature, i.e.:

C. = O sinh(kh)(sinh(2kh) + 2kh)
47 2 Py k(9sinh(kl) + sinh(3kl))

It is worth noting that such an estimate of C, is double-averaged
(in time throughout several waves and in space along and across the
meadow). The values of C, thus obtained are displayed versus the
Keulegan—Carpenter (KC) and Reynolds (Re) numbers in Fig. 5. All
cases with C, < 0, which is clearly unphysical, are characterized by
KC <7 (see Fig. 5), suggesting that in the inertia-dominated regime the
meadow length is not sufficient to estimate wave attenuation accurately
or the theoretical framework underpinning the definition of C, as in
Eq. (14) breaks down completely.

Data show a clear stratification depending on the plant density
that likely occurs due to the sheltering phenomenon between adjacent
plants that become stronger as plant density increases (see Fig. 5c-d).
In the best fit models of the form C, ~ KC™ and C;, ~ Re™® (note
that ~ means “scales as”), the exponents y and § vary within 0.73-
0.87 and 0.75-0.87, respectively, with no significant dependence on
plant density. We then impose two conditions: (i) KC > 7; and (ii)
ka < 0.1 and kh < 2. Condition (i) is akin to imposing KC > 1 as
per Dalrymple et al. (1984) and excludes cases in which inertial forces
are likely to be equal or larger than drag forces (see empty markers
in Fig. 5). Condition (ii) excludes cases wherein waves are very steep
and simultaneously deep water conditions are approached (see filled
black markers in Fig. 5). The exact reasons why these cases deviate
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so much from the others is not clear. In deep waters (high kh), the
interaction with the bottom is limited due to the negligible orbital
motion. If the steepness (ka) is sufficiently high, the strong spatial
gradients may induce localized dissipation. Clearly, these phenomena
have to be modelled considering high order nonlinear corrections and
including different proper dissipation terms, departing from the the-
oretical framework of Eq. (14). Nevertheless, for the cases described,
our hypothesis is that the energy losses at the surface, due to the high
steepness (ka > 0.1) are probably higher than the energy losses due
to the (negligible) interaction at the bottom. Re-calculating the best
fits after removing cases that violate conditions (i) or (ii), we obtain
y =0.64—-0.77 and 6 = 0.62 — 0.71.

Further, we compare our models with the C,-based models from
the relevant literature. We exclude the models validated with data
from kelp physical surrogates (e.g. Kobayashi et al., 1993; Mendez and
Losada, 2004) and focus on those validated with data from seagrass
meadows (either natural or modelled). The empirical relationships
obtained by Bradley and Houser (2009) do not fit our data (see Fig. Sc-
d) despite the seagrass meadows investigated therein had a density of
1100 plant/m?, thus compatible with our experiments. The reason for
this difference is not clear and cannot be further explored with the data
available. The empirical relationships reported by Sénchez-Gonzalez
et al. (2011) and Maza et al. (2013) follow the trend of our data
slightly better, particularly C; = 0.87+(2200/ Re)*$8 (Maza et al., 2013),
whose exponent agrees with those calculated from our data, but are
not good fits. The likely reason for such divergences are the different
properties of the seagrass meadows employed: Maza et al. (2013)
validated their model with the experimental data from Stratigaki et al.
(2011), whose seagrass models were stiffer and more buoyant than the
models used in the present work, hence exerted a higher resistance to
the flow; Sanchez-Gonzalez et al. (2011) validated their model for a
seagrass meadow with 40,000 plant/m?, which may generated a strong
sheltering effect thus reducing C,.

4.2.2. Model by Lei and Nepf (2019)

Next, we compare the wave attenuation coefficients K, calculated
from our experimental data with the predictions of LN19 based on the
concept of effective length (Lei and Nepf, 2019). We recall that the
rigid length /. of the seagrass model is included in the calculation of
the effective length /,,, = I, + I, with /, defined in Eq. (4). In their
work, Lei and Nepf (2019) tuned the length of the rigid part according
to video-monitored blade deflection, obtaining /, = 1.6 cm. Instead, we
stick to the fact that the rigid part of our blades is fixed by construction,
[, = 1 cm, corresponding to the exposed length of the dowel in our
seagrass models (see Table 1). We calculate the ratio of in-canopy flow
velocity to above-canopy flow velocity a as per Lowe et al. (2005) and
use C; = max(10KC~'/3,1.95) for the blades (Luhar and Nepf, 2016)
and C, = 1.8 for the rigid stem (Keulegan and Carpenter, 1958). The
results are displayed in Fig. 6a: the model strongly underpredicts our
experimental data and the predicted K, have a 0.36:1 agreement with
the measured K, (R? = 0.90).

The model’s deviation from our data suggests that /,, is underesti-
mated and the most obvious reason for this is that ET of the LDPE strips
is not representative of the effective flexural rigidity of the seagrass
models. This may happen because of twisting and bending of the strips,
and of the way in which the strips were attached to the dowel. To
quantify these effects, we conducted cantilever bending tests on 30
seagrass models: the dowel was clamped on an horizontal plane and the
blades were free to bend in air under their own weight. The maximum
deflection thus recorded was compared with the predictions from non-
linear theory in the same conditions. We found the second moment of
inertia of the seagrass models to be on average 8 times larger than the
theoretical value for a rectangular cross-section. Therefore, we correct
our model using I = 2bt3 /3, which improves the model performance to
a 0.48:1 agreement (R? = 0.90). Stemming from this result, to prevent
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potential biases, we recommend that in similar studies flexural rigidity
is measured on the plant models rather than on the blades.

To explain this remaining underestimation we consider the effect of
seagrass model geometry on C,. Based on recent findings on the drag
force of a patch of rigid cylinders immersed in a turbulent boundary
layer (e.g. Taddei et al., 2016), we expect C, of a bundle of blades

to exceed that of an individual blade. In particular, Taddei et al.
(2016) reported that C, varies with the solid volume fraction of the
bundle/patch, which is equal to 0.09 for the seagrass models employed
herein (the solid volume fraction was calculated assuming the blades to
be undeflected), leading to an increase in C,; of 54% compared to that
of a filled volume according to their results. With this second correction
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the agreement between K, predicted by the model and the measured
K further improves to 0.69:1 (R* = 091, see Fig. 6b).

For the seagrass models employed by Lei and Nepf (2019), the solid
volume fraction is equal to 0.05, leading to an increase in C; of 17%
according to the results of Taddei et al. (2016). Applying this correction
to the data from Lei and Nepf (2019), and setting /., = 1 cm, which
corresponds to the dowel length used therein (rather than /, = 1.6
cm), improves the model agreement from 1:1.28 (R? = 0.95) to 1:1.14
(R?* = 0.94) - note that the model agreement was calculated using
the data made available by Lei and Nepf (2019) and recalculating «
independently. Thus, accounting for the effect of the bundle of blades
on C; we remove the need to tune /,, which corroborates the validity
of our approach.

4.3. On the effect of plant density

Looking at Fig. 6b it is evident that a stratification of data depending
on plant density exists for K, (similar to what displayed for C,; in
Fig. 5¢-d). The stratification backs the idea that there exists a significant
effect of sheltering and blockage (e.g. Etminan et al., 2019) in seagrass
meadows in contrast with recent findings by Lei and Nepf (2019). In
Eq. (8) the plant density indirectly affects K, because it is incorporated
in the calculation of a (Lowe et al., 2005), wherein higher densities
lead to lower a, hence compensating, at least partially, for the effect
of sheltering on K. In principle, « was designed to describe the effect
of sheltering through the reduction of in-canopy flow velocity but it
does not account for any blockage effect and was developed for rigid
canopies, hence may not work as well for flexible canopies. Indeed, if
we apply the effective length in the calculation of «, the discrepancy
between the modelled and the measured K, enlarges.

A physically-based parameter that allows to describe the effect of
plant density on the flow is the ratio of canopy frontal area A, to
underlying bed surface area A, (e.g. Chung et al., 2021; Britter and
Hanna, 2003), also referred to as roughness density (Wooding et al.,
1973), i.e.:

Ap=ApfA = [mb( —1)+dl,]n, (15)

where d is the diameter of the rigid part of the seagrass model and
the other quantities are defined in Table 1. It is worth noting that all
values of 1, considered herein fall within the range of dense canopies
(i.e. 4, > 0.15) according to Nepf (2012): As ranged from 0.19 (for
251 plants/m?) to 1.01 (for 1338 plant/m?) in our experiments, while
it varied from 0.54 to 2.03 in Lei and Nepf (2019). Interestingly,
the trend of C, versus plant density (see Figs. 5c-d) agrees with the

findings of drag in rough surfaces (e.g. Chung et al., 2021) (seagrass
meadow is herein considered as a rough surface) according to which
drag decreases monotonically for i, > 0.15 — 0.3. To the best of
our knowledge, such a trend has never been verified for submerged
canopies exposed to waves.

By comparing the K predicted from LN19 corrected as described
in Section 4.2.2 and our data sorted by plant density, we note that
the model is tuned to work reasonably well for high plant densities
and its agreement decreases strongly as plant density lowers: from the
lowest to the highest plant density considered herein, the agreement is
0.41:1 (R? = 0.82), 0.56:1 (R? = 0.85), 0.68:1 (R? = 0.94) and 0.73:1
(R? = 0.95), respectively. This trend appears to be in line with the range
of 4, used to validate LN19 and indicates that the model underpredicts
Kp at low 4, where we expect C, to be larger.

Because sheltering/blockage effect reduces/increases the canopy
frontal area ‘felt’ by the flow, we quantify it by introducing an effective
vegetation frontal area a,_, per unit meadow volume (recall that a, =
y /D, i.e.:

16

where ¢ and g are numerical coefficients, and f varies between 0 and
1. According to this formulation, when 4, < {/E, a,_, is larger than qa,,
hence implying that the blockage effect is dominant and that the drag
force is larger than what expected for a,. On the other hand, when
A > {/e, a,_, is smaller than a, meaning that the sheltering effect
is more important and that the drag force is reduced compared to that
expected for a,,. In this context ¢ acts as a scaling factor, without which
the cross-over between the two regimes would be imposed at A, = 1.

Since K, is a measure of the drag force exerted by the flow on the
canopy, with no sheltering/blockage effect we expect that Kj, ~ 4, and
C;~ /1}1 (see Egs. (8) and (14), respectively). We estimated the values
of € and f from our experiments by fitting C, versus 4, for all the wave
conditions listed in Table 2 excluding cases with (i) KC < 7, and (ii)
ka > 0.1 and kh > 2, consistent with what discussed in Section 4.2.1.
As mean values, we obtained £ = 1.12 and f = 0.48.

To account for the effect of plant density on the in-canopy flow,
we propose a new model of K, that includes the effective vegetation

frontal area a,_,, i.e.:

9sinh(kl,; ;) + sinh(3kl, ¢ )
Kp = 2= Cyap ok ——1L SZEg an
Iz sinh(kh)(sinh(2kh) + 2kh)
where « is removed, a,_, is calculated using f§ = 0.48 and ¢ = 1.12,

and C, is corrected as described in Section 4.2.2. Fig. 7 shows that the
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predictions from Eq. (17) for our data and those of Lei and Nepf (2019)
are very accurate, with an agreement between modelled and measured
Kp of 1.02:1 (R?* = 0.90) and 1.07:1 (R? = 0.95), respectively.

4.4. Discussion on model’s performance

The predictions of the model defined in Eq. (17) fit our dataset well
despite many of our tests did not meet the assumptions on which it is
based, in particular: (i) KC > 1, and (ii) L > 1.

Eq. (17) (like all previous models based on Dalrymple et al., 1984)
considers the wave attenuation by the seagrass meadows to be mainly
caused by the drag force, while inertial forces are negligible (note
that such condition is strictly met if KC > 1). In the present work
KC ranges between 1.5 and 184 (see Table 3), hence including cases
whereby inertial terms are expected to dominate seagrass dynamics.
Similar to what displayed in Fig. 5a, when KC < 7, K, calculated
according to Eq. (17) attains negative values (see empty markers in
Fig. 8a), indicating that violating this model’s assumption impedes a
correct definition of the wave attenuation coefficient. This suggests
that the meadow is weakly dissipating and a longer meadow would
be required to observe measurable wave attenuation coefficients K.
Similar considerations can be deduced from the deviations between
measurements and predictions for kA > 2 and ka > 0.1 (see black
markers in 8b), namely as we approach deep water conditions and
waves are steep.

The assumption L > 1 (see Luhar and Nepf, 2016) implies that
the seagrass models experience small deflections (and hence Eq. (4) is
valid). In our experiments L = 1.6 — 181 (see Table 3), thus we expect
the deviations of the predicted K, from our measurements to show a
dependence on L when moving away from the underlying assumption
of approaching small blade length ratio (i.e. L ~ 1). On the contrary,
we do not observe such expected behaviour. This possibly implies that
any corrections to account for large excursion of the blade should be
negligible.

5. Conclusions

In this work we explored the wave attenuation properties of sea-
grass meadows via experiments with dynamically-scaled surrogates of
seagrass in a flume facility. The experiments were performed with four
plant densities (from 251 plant/m? to 1338 plant/m?) and covering
a wide range of wave conditions. Our results were compared with

existing models of the drag coefficient C; and of the wave attenuation
coefficient K, of seagrass meadows.

Our analysis indicated that waves are not attenuated uniformly
along the meadow and an accurate estimate of K, can be attained at
a distance from the meadow start greater than approximately 1.5 — 3A.
Modelling K, by exploiting the concept of effective length /, appeared
to be more promising than modelling C, via empirical fittings, which
is very sensitive to experimental conditions and needs a fine tuning of
key parameters. Both the C,; and K, obtained from our experiments
showed an evident dependence on the plant density which suggests that
sheltering/blockage effect is important in describing the interaction
between waves and seagrass meadows.

We described and validated a new model to predict K, based on the
work of Lei and Nepf (2019). The model contains two main novelties:
(i) the drag coefficient C,; of the blades was adjusted to account for
the effect of the solid volume fraction of the plant model; and (ii)
the effective vegetation frontal area a,_, = e/llf_ﬂ /1 was introduced to
quantify the effect of sheltering. In more detail, we found that e = 1.12
and # = 0.48 as mean values across our tests.

Our models showed a very good agreement with the data collected
for the present study (1.02:1, with R?> = 0.90) and those from Lei and
Nepf (2019) (1.07:1, with R? = 0.95) even for large plant deflections
(L — 1), thus improving significantly the model’s accuracy with respect
to previous works.
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