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An experimental study, conducted in the large wave flume of CIEM in Barcelona, is presented to evaluate the
effects of Posidonia oceanica meadows on the wave height damping and on the wave induced velocities. The
experiments were performed for irregular waves from intermediate to shallow waters with the dispersion
parameter h/λ ranging from 0.09 to 0.29. Various configurations of the artificial P. oceanica meadow
were tested for two stem density patterns (360 and 180 stems/m2) and for plant's height ranging from 1/3
to 1/2 of the water depth.
The results for wave height attenuation are in good agreement with the analytical expressions found in
literature, based on the assumption that the energy loss over the vegetated field is due to the drag forces.
Based on this hypothesis, an empirical relationship for the drag coefficient related to the Reynolds number,
Re, is proposed. The Reynolds number, calculated using the artificial P. oceanica leaf width as the length
scale and the maximum orbital velocity over the meadow edge as the characteristic velocity scale, ranges
from 1000 to 3500 and the drag coefficient Cd ranges from 0.75 to 2.0.
The calculated wave heights, using the analytical expression from literature and the proposed relationship for
the estimation of Cd, are in satisfactory agreement with those measured. Wave orbital velocities are shown to
be significantly attenuated inside the meadow and just above the flume bed as indicated by the calculation of
an attenuation parameter. Near the meadow edge, energy transfer is found in spectral wave velocities from
the longer to the shorter wave period components. From the analysis it is shown that the submerged vege-
tation attenuates mostly longer waves.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Sustainable protection of coastal areas with respect to the marine
ecosystem is of high importance and bioengineering can be a novel
tool for such service. Bioengineering is the use of living materials
such as plants or reef builders to alleviate the need of hard construc-
tion measures (de Oude et al., 2010). This need for mitigation of wave
action and/or flooding and coastal erosion hazards with low environ-
mental impact on the coastal environment can be satisfied with the
use of natural coastal defense “structures” such as seagrass meadows.

Seagrasses aremarine plants that have roots, stems and leaves. From
approximately 50 species worldwide (den Hartog, 1977) Posidonia
oceanica is the most common seagrass species in the Mediterranean
Sea and is usually distributed from shallow subtidal waters to a depth
of 50 m in clear conditions (Borum et al., 2004). P. oceanica can colonize
soft substrates such as sand in wave-sheltered areas and also attach to
+30 2310 995672.
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rocks being exposed to relatively high wave energy and wind driven
currents (Koch et al., 2006). The importance of seagrasses regarding bi-
ological and physical aspects has been well recognized; due to their ca-
pacity to alter their environment, seagrasses have been referred to as
“ecosystem engineers”. Seagrass meadows are of great importance for
maintaining biodiversity since they are highly productive and can
serve as important nursery grounds for numerous species of algae,
fish and invertebrates both above and below the seabed (Green and
Short, 2003). Regarding the coastal protection aspect, a service com-
monly listed for seagrasses is sediment and shoreline stabilization,
achieved by slowing down water motion and current flow and by re-
ducing sediment suspension (Borum et al., 2004; Fonseca and
Cahalan, 1992). In the Tigny et al. (2007) field study, the same effects
are found; P. oceanicameadows significantly affect the littoral geomor-
phology, providing biogenic sediments, controlling beach slope, and
acting as a “brake” on coastal water masses.

With regard to the wave and seagrass interaction, a complex
water flow system describes the situation, since not only water flow
affects seagrasses and seagrasses affect water flow but seagrasses
and water flow may interact in highly coupled, nonlinear ways
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(Koch et al., 2006). The degree of wave attenuation depends both on
the seagrasses' characteristics (the plant's density, the seagrass
height, the stiffness of the plant and the bending of the shoots) and
the wave parameters (wave height, period and direction) so the
quantification of wave energy dissipation over seagrasses is difficult
to express in a universal way (Mendez and Losada, 2004).

Various laboratory and field studies on wave attenuation due to
seagrasses have been performed, with large variability of the results
for wave damping over seagrass meadows that confirm the complexity
of such flow system.Wave height reduction over vegetated seabed was
studied by Fonseca and Cahalan (1992). Four common North American
seagrass species; Halodule wrihtii, Syringondium filiforme, Thalassia
testudinum and Zostera marina were harvested from several sites
along the Florida Keys and were placed in a 6 m long wave flume.
Wave height attenuation was found between 20% and 76% (~40% on
average) over 1 m length when the plants were occupying the entire
water depth. Artificial plants were used in the experiments of Ota et
al. (2004) in a 30 m long wave flume. Each stem was formed by four
leavesmade of polyester and all stems constituted a 6 m long vegetated
seabed with stem density of 1000 stems/m2, occupying half the water
depth. The experimental results were compared with a simple numeri-
cal model based on the linear wave theory and satisfactory agreement
was found for values of the drag coefficient Cd=1.3. Bradley and
Houser (2009) performed a field study in a microtidal bay in northwest
Florida, where the main species of the meadows were T. testudinum
and H. wrightii. The study was performed for small Reynolds numbers
(200bReb800) and for these conditions they obtained large values
for the drag coefficient (1.5bCdb100) and suggested a relationship for
the drag coefficientwith either theReynolds or the Keulegan–Carpenter
number. The measured wave height decay for submerged vegetation
was found to be described well with an exponential function proposed
by Kobayashi et al. (1993) and Mendez et al. (1999). The efficient
scaling and reproduction of the physical plant's flexibility by artificial
meadows have been important features in most recent studies. In
Elginoz et al.'s (2011) experimental study, the leaves of the artificial
models were made of Nickel-chrome stripe wire with a density of ρ=
7757 kg/m3 and a modulus of elasticity E=1.98 GPa. The model was
in a 1:10 scale compared with prototype conditions and this analogy
was selected to reproduce both the wave conditions and the plant's
characteristics. The model reproduced a natural meadow with
87 stems/m2, the leaf length varied from 0.10 to 0.50 of the water
depth approximately and was placed on a 1:5 slope beach at the end
of the 24 m long wave flume. The results showed that the ratio of the
wave height on the vegetated side to the unvegetated side is between
0.78 and 0.94. In Sánchez-González et al. (2011) the experiments
were conducted also in a 1:10 geometric scale in a 46.3 m long wave
flume. The artificial plant leaves were made of polyethylene and
polypropylene with a density of ρ=900±20 kg/m3 and a modulus of
elasticity E=1.6 GPa. The results regarding wave damping were
found to follow the exponential decay law and steeper waves were
found to be mostly attenuated. The experiments were performed in a
range of 100bReb1500 and the obtained values for the drag coefficient
Cd were in the range 0.1bCdb1.0 approximately. They showed that the
dependence of Cd on the Keulegan–Carpenter number, ranging from 10
to 250 approximately, is stronger than that on the Reynolds number.

The attenuation of wave induced velocities has been studied
experimentally to address the ability of the plants to slow the water
motion, increase sedimentation and provide efficient protection of
the beaches against erosion. The interaction of flow and seagrass can-
opies of Amphibolis antarctica species, which differ morphologically
from more commonly studied blade-like seagrasses such as Zostera
and Thalassia, was performed in the field study of Verduin and
Backhaus (2000). A series of velocity measurements were obtained
within, above and adjacent to A. antarctica meadows for swell wave
conditions of the study area (T=13–16.5 s). The results showed an
overall damping effect since the power spectra of the velocity data
revealed a specific reduction in energy within the canopy. Granata et
al. (2001) measured the particle and flow distribution within seagrass
meadows in a Northeast coast of Spain for both low and highwave and
current activities. The results revealed the 3-dimensionality of the
meadow, showing that it acts as a bluff body diverting flow over the
meadow, while producing a secondary circulation cell at the
meadow's edge. Lowe et al. (2007) performed experiments with
rigid cylinders representing a submerged canopy for the quantifica-
tion of the wave induced velocities by the introduction of an attenua-
tion parameter. The results showed that longer-period components in
the wave spectrum are significantly more attenuated than shorter-
period components. Enhancing these experimental results Lowe
et al. (2008) presented a mathematical model based on porous flow
to account for the wave-driven flow within the canopy. The model
unknown parameters such as the friction coefficient, Cf, dimensional
drag parameter, β, and inertial coefficient, CM, were calibrated by the
experimental data. Experiments with a flexible artificial canopy,
made of polyethylene, with ρ=920 kg/m3 and modulus of elasticity
E=0.3 GPa were carried out in a 20 m long wave flume in Luhar et
al. (2010). The experimentswere performed for a range of parameters,
stem density 300–1800 stems/m2 and plant leaves height ranging
from 1/2 to 1/1 of the water depth. The results showed that a local
circulation pattern is revealed within the meadow.

Numerical modeling for such wave–seagrass interaction is a de-
manding task, since the parameters of the plant stiffness andmovement
with wave motion are difficult to model. Therefore in early theoretical
and numerical studies, plants have been simulated as rigid cylinders
with different values to the drag coefficient (Dalrymple et al., 1984;
Kobayashi et al., 1993). Mendez and Losada (2004) developed an em-
pirical model for wave transformation on vegetation fields that includ-
ed wave damping and wave breaking over vegetation fields on variable
depths. Based on a nonlinear formulation of the drag force, the model
was calibrated for a specific type of plant (Laminaria hyperborea kelp)
and the results were compared with available experimental data.
Chen et al. (2007) developed amodel to account for the interactions be-
tween waves, currents and sediment transport in seagrass systems
within the nearshore circulation model SHORECIRC and the REF/DIF
wave model. The drag coefficient Cd accounting for currents and
waves was estimated based on an average drag coefficient Cd~1.17
and accounting for the seagrass density and submergence. Li and Yan
(2007) developed a three-dimensional numerical model to simulate
the wave–current–vegetation interaction using the RANS equations
where the extra drag force termdue to vegetation takes different values
depending on the nature of the flow; unidirectional flow through vege-
tation, wave–vegetation interaction and wave–current–vegetation in-
teraction. The drag coefficient Cd for the wave–vegetation case was
calculated using the Mendez et al., 1999 empirical expression related
to the Reynolds number. Suzuki and Dijkstra (2007) used a Volume of
Fluid model to simulate wave attenuation over strongly varying beds
and vegetation fields, both stiff and submerged flexible artificial vegeta-
tion on a sloped bed and a flat bed. In Li and Zhang (2010) a 3D RANS
model was employed for the study of the hydrodynamics and mixing
induced by random waves on vegetation. The vegetation was repre-
sented as an array of cylinders with the drag coefficient expressed
with the empirical expression proposed by Mendez and Losada
(2004), while the results of themodel were in good agreementwith ex-
perimental data. Recently Huang et al. (2011) presented a numerical
model based on the Boussinesq equations, for the study of the interac-
tion of solitary waves with emergent rigid vegetation. The model used
values for the drag coefficient calculated from the experimental part
of the study, which were in the range of 1.41bCdb2.45.

From the abovementioned studies the followingmain issues regard-
ing thewave and submerged vegetation interaction arise: (i) the degree
of wave height damping (ii) the efficient numerical modeling of such
flows that strongly depend on the estimation of themeadow drag coef-
ficient and (iii) the attenuation of wave-induced velocities. The
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investigation of these issues is the main objective of the present study.
The large scale experiments, conducted in the CIEM wave flume at the
Universitat Polytecnica de Catalunya, on irregular wave attenuation
and wave flow transformations induced by artificial P. Oceanica mead-
ow are analyzed. In Stratigaki et al. (2011) the results of the same
CIEM experiments for regular waves over artificial P. oceanicameadows
showed that the damping of wave height depends on seagrass density
and submergence ratio. The present study enhances insight regarding
the spectral wave analysis and moreover the estimation of a drag coef-
ficient and the calculation of a velocity attenuation parameter. In partic-
ular, the study focuses on the effects of the submergence ratio α=hs/h
(hs=height of seagrass, h=water depth), the seagrass density N
(stems/m2) and the wave period on the wave height attenuation. An
empirical relationship for the drag coefficient Cd related to the Reynolds
number, is obtained, characteristic for the P. oceanica, which can be use-
ful in the numerical analysis of suchwave–seagrass interactions. The ef-
fect of the above plant characteristics on the wave induced velocities is
also examined. Following the analysis of Lowe et al. (2007) and Manca
et al. (2010)which showed the spectral wave energy dissipationwithin
submerged canopies is frequency-dependent, an attenuation parameter
of wave induced velocities is calculated for the frequency components
of the incident wave spectrum.

2. Physical model

2.1. Experimental setup

The experiments were carried out in the CIEM wave flume (Canal
d'Investigació i ExperimentacióMarítima) at theUniversitat Polytecnica
de Catalunya, Barcelona. The wave flume, 100 m long, 5 m deep and
3 m wide, offers the ability to perform experiments in a prototype
scale. The waves are generated by a wave paddle at the left side of the
flume, and a sandy slope beach of 1:15 was formed at the opposite
end, for the elimination of wave reflection. A 20 m long horizontal
and flat sandy area was created in the central part of the flume and
themeadow of artificial P. oceanicawith length L=10.70 mwas placed
at this horizontal part, as shown in Fig. 1.

2.2. Properties and scaling of artificial P. oceanica

The physical properties of the plant, such as the density and stiffness,
are important in order to study thewave interaction, the bending of the
leaves and the resulting wave damping efficiently. A typical physical
P. oceanica stem is composed of four to eight ribbon-like leaves
(Cavallaro et al., 2010; Sánchez-González et al., 2011), each of them
1 cmwide, 1 mmthick and up to 1 m long. The density of the prototype
plant, ρS, ranges from 800 to 1200 kg/m3 and the modulus of elasticity,
E, ranges from 0.41 to 0.53 GPa as found in Folkard (2005). The plant's
stem density can vary from sparse (b150 stems/m2) found in deeper
waters to dense (>700 stems/m2).
Fig. 1. Sketch of the experiment
The geometry of the artificial plantwas chosen in order to reproduce
that of the prototype one. Each stem of the artificial plant was com-
posed of four leaves with 1 cmwidth and 1 mm thickness and variable
leaf length; one pair of 35 cm long leaves, and another pair of 55 cm
length. The leaves were inserted in a stiff 10.0 cm long rod, made of
PVC, which was then placed in a metal board forming the artificial
meadow (Fig. 2). Twodifferent stemdensity patternswere reproduced;
a high density configuration with N=360 stems/m2, representative of
a dense Posidoniameadow patch (following Giraud, 1977 classification)
and an average one, with N=180 stems/m2.

Regarding the mechanical properties for the model used, a dimen-
sional analysis was performed for determining the characteristic
parameters using PVC as a material for constructing the artificial
P. oceanica meadow. The density and the modulus of elasticity
of the PVC material used are 550–700 kg/m3 and 0.903 GPa, respec-
tively. Ghisalberti and Nepf (2002) proposed a non-dimensional pa-
rameter λ1, for the efficient modeling of movement of the leaves;
recently adopted by Sánchez-González et al. (2011). The parameter
λ1 is defined as:

λ1 ¼ ρW−ρSð Þhs
3

Et2
ð1Þ

where hs and t, are the length and thickness of leaves, respectively, and
ρw and ρs are the water and plant densities, respectively. Based on the
above relationship, the model parameter λ1, m varies from 0.055 to
0.083 and is within the limits of the prototype parameter λ1, p, since
0.001bλ1,pb0.091.

However such a relationship does not account for the effect of the
flow velocity. The use of the Cauchy number, defined as the ratio of
the dynamic pressure and the modulus of elasticity, which character-
izes the deformation of an elastic solid under the effect of flow is
more appropriate for problems of the flow–plant interaction. The
Cauchy number is defined as:

Cy ¼ ρwU
2

E
S3 ð2Þ

where U is a characteristic velocity and S is the slenderness number, de-
fined as L/l (L = maximum cross-sectional dimension of the plant leaf
and l=minimum cross-sectional dimension of the plant leaf). It should
be noted that this definition includes the slenderness number S which
needs to be taken into account in the deformability. It is well known
that the deformation of a slender beam in bending under a transverse
surface load is proportional to S3 (Nikklas, 1992). Hence, the ratio
Cy,m/Cy,p (m: model and p: prototype) given in Eq. (3) shows that the
artificial plant used is slightly stiffer compared to the prototype plant.

Cy;m

Cy;p
¼ Um

Up

 !2
Sm
Sp

 !3 Ep
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� �
¼ 0:45−0:59: ð3Þ
al setup of the CIEM flume.



Fig. 2. Photo and schematic detail of the artificial Posidonia oceanica meadow.
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2.3. Test conditions

A series of experiments were performed for irregular waves propa-
gating over the artificial P. oceanica meadow in intermediate and
Table 1
Wave and Posidonia oceanica meadow characteristics.

Water depth
at meadow
h (m)

Significant
wave height
Hs (m)

Peak wave
period
Tp (s)

Wavelength
λ (m)

1.70 0.28 2.00 5.92
1.70 0.40 3.00 10.69
1.70 0.30 4.50 17.34
1.50 0.28 2.00 5.78
1.50 0.40 3.00 10.21
1.50 0.31 4.00 14.37
1.30 0.28 2.00 5.60
1.30 0.40 3.00 9.67
1.30 0.31 4.00 13.50
1.10 0.28 2.00 5.36
1.10 0.40 3.00 9.04
1.10 0.35 3.50 10.81
1.10 0.31 4.00 12.53
1.70 0.28 2.00 5.92
1.70 0.40 3.00 10.69
1.70 0.31 4.00 15.17
1.50 0.28 2.00 5.78
1.50 0.40 3.00 10.21
1.50 0.31 4.00 14.37
1.30 0.28 2.00 5.60
1.30 0.40 3.00 9.67
1.30 0.31 4.00 13.50
1.10 0.28 2.00 5.36
1.10 0.40 3.00 9.04
1.10 0.31 4.00 12.53
shallow waters. The wave conditions were selected in order to repro-
duce mild wave conditions of the Mediterranean Sea where P. oceanica
is mainly found. Jonswap spectrum, with a γ parameter equal to 3.3,
was used for the generation of irregular waves with the significant
wave height Hs ranging from 0.28 m to 0.40 m, the peak wave period
Tp from 2.0 s to 4.5 s, thus for intermediate to shallow waters,
0.09bh/λb0.29 and for wave steepness 0.017bH/λb0.052. The water
depth in the flume, at the location of the meadow, h, ranged between
1.10 m and 1.70 m, resulting in a range of the submergence ratio
α (=hs/h) from 0.32 to 0.50. The wave and meadow characteristics of
the experiments are shown in Table 1. Wave transformation was mon-
itored by 10 wave gauges distributed along the meadow, while veloci-
ties were measured at 12 locations as shown in Fig. 3.

3. Wave height attenuation analysis

3.1. Wave height attenuation

The effect of the seagrasses on thewave propagation over themead-
ow and the resultant energy dissipation can be seen in Fig. 4, where the
wave energy spectrum is depicted for three characteristic experimental
tests. The spectrum is presented for the resistive wave gauges, WG4,
WG6, WG11, WG9 and WG13 at locations x/L=−0.05, 0.14, 0.61,
0.89 and 1.17, where x stands for the distance from the meadow front
and L=10.70 m is the total meadow length. A gradual decrease of the
wave energy along the meadow is shown which is due to the drag
of the seagrassmeadow.Wave energy dissipation is obvious for all com-
ponents of the wave spectra, especially at peak frequencies. It is also
noticed that the wave spectrum located onshore at x/L=1.17 shows
a larger wave energy than the one located at x/L=0.89 inside the
meadow. Similar findings are shown in the wave height variation
which is depicted in the following figures. Specifically, as the wave
exits the submerged vegetation, the wave height slightly increases.
The differences between the wave celerity inside and downstream the
meadow led to this increase, in similarity with the wave propagation
over a submerged porous step (Losada et al., 1997).

The resulting wave height variation over the meadow is shown in
Figs. 5 and 6 for various experimental configurations and for stem
H/λ h/λ Meadow density
Ν
(stems/m2)

Meadow
submergence ratio
α=hs/h

0.047 0.29 360 0.32
0.037 0.16 360 0.32
0.017 0.10 360 0.32
0.048 0.26 360 0.37
0.039 0.15 360 0.37
0.022 0.10 360 0.37
0.050 0.23 360 0.42
0.041 0.13 360 0.42
0.023 0.10 360 0.42
0.052 0.21 360 0.50
0.044 0.12 360 0.50
0.032 0.10 360 0.50
0.025 0.09 360 0.50
0.047 0.29 180 0.32
0.037 0.16 180 0.32
0.020 0.11 180 0.32
0.048 0.26 180 0.37
0.039 0.15 180 0.37
0.022 0.10 180 0.37
0.050 0.23 180 0.42
0.041 0.13 180 0.42
0.023 0.10 180 0.42
0.052 0.21 180 0.50
0.044 0.12 180 0.50
0.025 0.09 180 0.50

image of Fig.�2


Fig. 4. Wave spectrum transformation along the meadow.

Fig. 3. Location of resistive wave gauges and current-meters along the meadow.
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densities of 180 and 360 stems/m2 respectively. The wave height
decay is shown as the ratio of H/Ho, where H is the root-mean-
square wave height along the meadow, Hrms, and Ho is the root-
mean-square wave height before the meadow at WG4, Hrms,o. It is
evident that the wave damping depends strongly on the meadow
properties such as the stem density, N and the submergence ratio, α
and on the peak wave period, Tp.

This strong relationship between these parameters can be found in
the relevant literature, where analytical solutions have been developed
in order to describe the wave damping over submerged vegetation.
Usually the wave attenuation over seagrasses is described either by an
exponential function shown (Eq. (4)) (Kobayashi et al., 1993) or
by the expression given in Eq. (5) (Dalrymple et al., 1984; Mendez
and Losada, 2004), based on the conservation of energy equation; the
energy loss of waves propagating through vegetation is due to the
work carried out on the vegetation:

Kv ¼ H
Ho

¼ exp −kixð Þ ð4Þ

Kv ¼ H
Ho

¼ 1
1þ βx

ð5Þ

where, Kv is a damping coefficient and ki and β are parameters related
to the plant and wave characteristics and x is the distance along the
meadow. Both equations are shown (Dalrymple et al., 1984) to be iden-
tical for small values of the arguments ki andβ respectively, which is the
case for such wave and seagrass interaction.

Based on the experimental results, an average value of β is obtained
for each test and then the theoretical variation for Kv is calculated from
Eq. (5) which is also shown in Figs. 5 and 6. The proposed analytical
expression fits well the experimental results regarding the wave height
exiting the meadow while in the seaward side small differences are
observed which are discussed below.

The effect of the submergence ratio onwave attenuation is shown in
Fig. 7 where Kv is plotted for the same wave conditions (Hs=0.28 m,
Tp=2 s) and meadow density N=360 stems/m2 and 180 stems/m2.
For both densities, the incident wave height (measured at x/L=
−0.05) is reduced by ~15–25%, with a larger attenuation observed for
the dense meadow. In the seaward side of the meadow (x/L=−0.05)
the wave height increases for the dense meadow (360 stems/m2).
This is due to the sudden local decrease of the “water depth”, as
can be seen if the dense meadow is considered as a ‘rigid’ submerged
barrier. This is not the case for the sparse one where the wave height
is gradually attenuated. The effect of the submergence ratio onwave at-
tenuation is also evident. The degree of wave attenuation is related to
the fraction of the water column occupied by the seagrass as expressed
by the submergence ratio and the stem density. This was expected,
since the wave energy loss over themeadow is due to the drag force in-
duced by the vegetation,which is higherwhen a larger fraction ofwater
is within the meadow.

The effect of the dispersion parameter h/λ on wave attenuation is
shown in Fig. 8 where Kv is plotted for the same plant configurations
(N=360 stems/m2 and 180 stems/m2 respectively, hs/h=0.50) and
variable wave conditions. The longer waves are mostly attenuated
with a maximum wave attenuation up to 35% observed for h/λ=
0.09 and the dense meadow (N=360 stems/m2). This can be easily
interpreted based on wave kinematics, since for longer waves the
highest portion of the water column beneath the free surface is
under wave motion, so the plant resistance to the flow is stronger.

image of Fig.�4
image of Fig.�3


Fig. 5. Kv (=H/Ho) variation over the artificial P. oceanica meadow length, x, for different experiments (N=180 stems/m2). (+) experimental results, (line) theory as Eq. (5).
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The dependence of the β parameter on the above characteristics is
shown in Fig. 9, where values of β range from 0.005 to 0.035. For
these small values for β, the above mentioned similarity of Eqs. (4)
and (5) is verified. It is shown that a 50% increase of the submergence
ratio, α (from 0.32 to 0.50), results in an average 117% increase of
β. Also a 100% increase of the stem density, N, results in an average
80% increase of β. The effect of the wave period is also significant
Fig. 6. Kv (=H/Ho) variation over the artificial P. oceanica meadow length, x, for different
since a 100% increase of Tp (from 2 s to 4 s) results in an average
115% increase of β.

3.2. Estimation of drag coefficient Cd

To obtain a general expression for estimating the attenuation coef-
ficient Kv which can be considered characteristic for the P. oceanica
experiments (N=360 stems/m2). (+) experimental results, (line) theory as Eq. (5).

image of Fig.�5
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Fig. 7. Kv (=H/Ho) variation over the meadow for different submergence ratios hs/h (Hs=0.28 m, Tp=2 s).
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plant, the analysis of Mendez and Losada (2004) is adopted, which is
an extension of the Dalrymple et al. (1984) approach. The same anal-
ysis has been conducted also by Bradley and Houser (2009)
and Cavallaro et al. (2010) among others. They showed, based on
the conservation of wave energy equation that the parameter β
used in Eq. (5) for random waves, can be expressed as:

β ¼ 1
3
ffiffiffi
π

p CdbvNHok
sin h3kαhþ 3 sin hkαh
sin h2khþ 2khð Þ sin hkh

ð6Þ

where, Cd is the average drag coefficient of the meadow, bv is the
plant area per unit height of each vegetation stand normal to the hor-
izontal velocity (0.01 m for the present experiments) and k is the
wave number. In fact Cd is the most important parameter for the cal-
culation of the damping coefficient and is characteristic for each plant
related to its biomechanical properties. Based on the results for β, the
average Cd can be obtained, by rewriting Eq. (6):

Cd ¼ β
3
ffiffiffi
π

p
bvNHok

sin h2khþ 2khð Þ sin hkh
sin h3kαhþ 3 sin hkαh

: ð7Þ

For such wave seagrass interaction a relationship between Cd and
a characteristic nondimensional flow parameter is desired for the
Fig. 8. Kv (=H/Ho) variation over the me
efficient modeling of the hydrodynamic behavior of P. oceanica
under wave motion. In literature Cd is usually related to the Reynolds
number, Re, in the form of Eq. (8):

Cd ¼ αþ β
Re

� �γ
ð8Þ

where the coefficients α, β, γ depend on the plant characteristics
(shape of leaves, length and thickness of leaves, density, modulus of
elasticity, and stiffness) with values found in literature shown in
Table 2. The Reynolds number is given as:

Re− ¼ uc;0⋅bv

ν
ð9Þ

where v is the kinematic fluid viscosity of water (10−6 m2/s) and uc,0
is a characteristic velocity, selected as the maximum orbital velocity
upward the meadow, at the meadow edge (z=−h+hs) and calcu-
lated by applying the linear wave theory, using Hrms,0 and Tp as the
wave height and period corresponding to a monochromatic wave
train:

uc;0 ¼ πΗ0

Τ
cos h kαhð Þ
sin h khð Þ : ð10Þ
adow for different h/λ (hs/h=0.50).
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Fig. 9. β parameter variation for various experimental configurations.

Fig. 10. Variation of Cd with a Reynolds number.
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Fig. 10 shows the measured Cd values against the Reynolds num-
ber for both stem densities, together with the plot of Eq. (8) for the
coefficients α, β and γ taken from the Mendez et al.'s (1999) study
on rigid plants and Cavallaro et al. (2010) on flexible P. oceanica arti-
ficial meadow. The Reynolds number considered in the present study
varies from 1000 to 3200, while in the above mentioned studies it
varies from 200 to 15,500. Based on the present experimental results
for a meadow density of 180 stems/m2, a new relationship that corre-
lates the drag coefficient and the Reynolds number is proposed for
the plant of P. oceanica with a correlation coefficient R2=0.91:

Cd ¼ 2400
Re

� �0:77
: ð11Þ

The results from other experimental studies on wave and sub-
merged vegetation interaction (Augustin et al., 2009) show that
such a correlation can be poor. It should be mentioned that for the
wave conditions tested, poor correlation was found for the Cd with
the Keulegan–Carpenter number K, in the range of 20bKb100. The
proposed Cd formulation is useful in numerical modeling of such
wave–sea grass interactions, where the extra terms in the momen-
tum equations, due to the drag force, are expressed in terms of Cd.
Also in field applications, the estimation of Cd is simple and based
on measurements of the wave conditions of the study area.

The results indicate that the meadow stem's density is important
for the evaluation of the proper Cd, as has been shown also in
Huang et al. (2011), while the submergence ratio has a minor effect
for the tested conditions (0.32bαb0.50). It is shown that for the
dense meadow (360 stems/m2) the estimated Cd is greater than the
sparse case (180 stems/m2) and the experimental data for Reb2500
tend to follow the curve for the rigid plants proposed by Mendez
et al. (1999). Actually for mild wave conditions Reb2500 the denser
meadows are shown not to be inserted into motion by wave action
and the drag force is shown to be the same with the rigid plants' as-
sumption. Moreover it is shown that for Re>2500 the results for
both densities follow the same trend, showing a possible threshold
for indication of dense (to be modeled as porous flow) or sparse
vegetation.

It should be mentioned that the wave conditions examined
within the present study refer to relatively mild wave conditions
Table 2
Values of coefficients α, β, γ found in literature.

Study α β γ

Mendez et al. (1999) — rigid plant 0.40 2200 2.2
Cavallaro et al. (2010) — swaying plant 0 2100 1.7
Present study 0 2400 0.77
(1000bReb3200). Looking closely to the form of Eqs. (8) and (11)
and the experimental results as depicted in Fig. 10, the high decrease
of the Cd with the increase of Re is shown, for such range of Re. This is
not the case for the storm conditions that correspond to Re in the
range of 10,000–15,000. For this region Cd has a small decrease with
the increase of Re and is asymptotic to a specific value, which is calcu-
lated as Cd~0.20–0.30 by applying Eq. (11), Cd~0.40 for the rigid
plants and Cdb0.10 for the flexible plants, by applying Eq. (8) with
α, β and γ taken from the Mendez et al.'s (1999) and Cavallaro
et al.'s (2010) studies respectively. This comparison demonstrates
the effect of the stiffness of the plants to the estimated Cd and sug-
gests that the extraction of the outcome of the present study to
storm conditions give reasonable results. What is also shown is that
the validity of such a relationship in Eq. (8) is subject to the efficient
modeling of the mechanical properties of the artificial plant used.

The validity of Eq. (11) can be checked, through the comparison of
the measured Hrms along the meadow of all the experiments with the
predicted Hrms based on the use of Eqs. (5), (6) and (11). The results
show a satisfactory agreement, with the predicted wave heights
being slightly overestimated at all positions along the meadow,
except at x/L=0.79, suggesting that such a relationship can be useful
for estimating the wave height damping over a P. oceanica meadow
(Fig. 11).
Fig. 11. Comparison between measured and predicted Hrms.
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4. Wave induced velocities attenuation analysis

In this section, the data of the orbital velocities attenuation by the
artificial P. oceanica meadow are discussed and a subsequent spectral
analysis of the data is performed with the calculation of an attenua-
tion parameter. The purpose of such analysis is to obtain insight on
the flow structure above and inside the meadow.
4.1. Wave induced velocity attenuation

The velocities were measured at three vertical locations, upstream
the meadow at x/L=−0.07, inside the meadow at x/L=0.17 and 2 m
from the meadow end, at x/L=0.80. At each vertical location ADVs
were installed at four different levels; at 20 cm, 40 cm, 60 cm and
80 cm above the seabed, or at z/hs=0.36, 0.72, 1.09 and 1.45 respec-
tively, where z denotes the distance from the flume bed and hs=
0.55 m is the seagrass height (Fig. 3). Fig. 12 shows the power spectrum
of the horizontal velocity at the four levels. Within the meadow, z/hs=
0.36, the velocities are decreased significantly for all wave components,
and themaximum value of the spectrum for the peak period is reduced
by 85% when wave exits the meadow (x/L=0.80). A small shift of the
energy from lower to higher frequency components is observed as the
wave enters the meadow, from x/L=−0.07 to x/L=0.17, evident at
all four levels. This energy transfer is not clearly shown in the wave
height spectrum shown in Fig. 4 for this test. The reduction of velocities
is shown also above themeadow at z/hs=1.45 for the wave exiting the
meadow (x/L=0.80). However for the position just above the top of the
seagrass (z/hs=1.09) the energy at the peak frequencies of the spec-
trum is amplified even at x/L=0.80, revealing the effects attributed to
the movement of the plant leaves. Regarding the vertical velocities, a
gradual decay of the velocities along the meadow is observed at all
levels (z/hs=0.36, 0.72, 1.09 and 1.45) as the wave exits the meadow
(Fig. 13). Moreover the vertical velocities are much lower than the hor-
izontal ones for these wave conditions, h/λ=0.12.

These findings are shown more clearly in Fig. 14 where the exper-
imental vertical distributions of minimum and maximum horizontal
and vertical velocities are shown along the meadow. The velocities
Fig. 12. Power spectrum of measured horizontal velocity for Hs=0
are made dimensionless with the maximum free surface velocity at
x/L=−0.07 and are plotted together with the velocity profiles
derived from the linear wave theory at x/L=−0.07. The velocity at-
tenuation is evident inside the lower canopy position (z/hs=0.36)
as the wave exits the vegetated flume bed (x/L=0.80), while much
above the meadow (z/hs=1.45) the velocities are slightly attenuated.
The complex flow pattern is revealed at the position just above the
meadow edge (z/hs=1.09) where horizontal velocities are increased
and vertical velocities are slightly decreased due to the higher inter-
action between waves and moving leaves. The excess of the positive
wave induced horizontal velocities above the meadow (z/hs>1)
and the negative ones below the meadow (z/hsb1), which is more
obvious upstream the meadow (x/L=−0.07), suggests the existence
of a local circulation pattern.

In order to analyze the effect of the plant properties on the veloc-
ity structure, an analysis based on the power spectrum of the horizon-
tal velocities follows.

4.2. Velocity attenuation parameter

The wave induced velocity spectral densities is calculated for all
tests and x/L locations along the meadow. An attenuation parameter
(αj) is calculated to evaluate the changes in the wave-induced spec-
tral flows caused by the canopy and to compare them under different
test conditions. It was calculated for the lower canopy at each fre-
quency component of the spectrum, following a method similar to
that developed for coral reefs (Lowe et al., 2007):

αj ¼ φ2
j
SU;low
SINU ;high

 !0:5

¼ φ2
j
SU;z¼20 cm

SINU z¼80 cm

 !0:5

ð12Þ

where SU,low is the wave-induced velocity spectra obtained from the
lower ADV (zlow=0.20 m) at each of the three x/L locations and
SUIN

,high is the wave induced flow spectra obtained from the higher
ADV (zhigh=0.80 m) at the location upstream the meadow, at
x/L=−0.07. The term φj is a correction factor to take into account
the predicted vertical increase of the flow magnitude with distance
.4 m, Tp=3 s, h/λ=0.12, hs/h=0.50 and N=360 stems/m2.
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Fig. 13. Power spectrum of measured vertical velocity for Hs=0.4 m, Tp=3 s, h/λ=0.12, hs/h=0.50 and N=360 stems/m2.
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from the flume bed. It is derived from the linear wave theory (Dean
and Dalrymple, 1991) and calculated as:

φj ¼
cos h kjzhigh

� �
cos h kjzlow

� � ð13Þ
Fig. 14. Vertical distribution of the dimensionless horizontal (above) and vertical (below)
velocities are made dimensionless with umax and vmax, maximum horizontal and vertical fr
(line) linear wave theory.
where zhigh and zlow are the elevations of the highest current-meter
(zhigh=0.80 m) and lowest current-meter (zlow=0.20 m). Kj is the
wave number evaluated for each component of the spectrum. For
each test, the attenuation parameter was calculated at the three x/L
locations (x/L=−0.07, 0.17 and 0.80) and for spectral components
containing most of the wave energy.
velocities for Hs=0.4 m, Tp=3 s, h/λ=0.12, hs/h=0.50 and N=360 stems/m2. The
ee surface velocities (z/hs=2) from the linear wave theory. (+) experimental results,
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Fig. 15. Spectra of wave induced velocities measured in the lower canopy (z/hs=0.36)
at the three locations along the meadow (above). Attenuation parameter for the spec-
tral components Tj (below).

Fig. 16. Attenuation parameter (αj) calculated for each wave period (Tj) of the wav

Fig. 17. Attenuation parameter (αj) calculated for each wave period (Tj) of the w

81T. Koftis et al. / Coastal Engineering 73 (2013) 71–83
The spectrum of the of wave induced velocities measured in the
lower canopy (z/hs=0.36) at the three locations along the flume
(ADV0, ECM0, ECM2 as in Fig. 3) is shown in Fig. 15, for Hs=0.4 m,
Tp=3 s, hs/h=0.50 and N=360 stems/m2, together with the atten-
uation parameter. Upward the meadow (x/L=−0.07) the attenua-
tion parameter is about equal to one, showing that the reflection
due to the meadow is insignificant. As the wave enters the vegetated
bed (x/L=0.17), it is shown that the velocities of the longer wave
components (Tj>Tp=3 s) are mostly attenuated, while the short
wave components obtain values αj>1. This reveals a flow field with
nonlinear interactions, with a partly energy transfer from the longer
to the shorter period wave components. This is more evident from
Fig. 16 where the attenuation parameter is depicted as calculated
for Hs=0.4 m, Tp=3 s and N=360 stems/m2, at the three locations
along the meadow (x/L=−0.07, 0.17 and 0.80). The small values of
αj ~0.4 at the leeward side of the meadow (x/L=0.80) indicate the
efficient velocity reduction for all the submergence ratios at the
lower canopy (z/hs=0.36). The wide reduction on the velocities
above the seabed indicates the efficiency of the meadows in minimiz-
ing sediment suspension under wave action and eventually erosion.

Minor attenuation in wave energy is observed from the lower sub-
mergence ratio, particularly for the shorter period wave components.
The influence of the stem density on the attenuation parameter is not
e-induced velocity spectra component. Hs=0.4 m, Tp=3 s, N=360 stems/m2.

ave-induced velocity spectra component. Hs=0.4 m, Tp=3 s, hs/h=0.42.
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Fig. 18. Attenuation parameter (αj) calculated for each wave period (Tj) of the wave-induced velocity spectra component. Hs=0.4 m, Tp=4 s, hs/h=0.50.
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significant as the wave exits the meadow (x/L=0.80), as shown from
Fig. 17 for the same wave conditions (Hs=0.4 m, Tp=3 s) and sub-
mergence ratio (hs/h=0.42). However at x/L=0.17, the velocities
are reduced for the dense meadow (αj ~0.8) while for the sparse
one they are found unaltered. This is in accordance with the findings
from the wave height analysis, where it was shown that the denser
meadow acts as a “submerged barrier” as the wave enters the vege-
tated seabed. Similar results are obtained for the longer wave period
test (Hs=0.4 m, Tp=4 s) and for hs/h=0.50 shown in Fig. 18; longer
wave components are mostly attenuated from the canopy, which is in
accordance with the findings of the wave height analysis. Similar re-
sults were found also in the experimental study of Lowe et al. (2007).

If the velocities measured at the higher located ADVs, at z=40 cm
(z/hs=0.72) and z=60 cm (z/hs=1.09), are used for the calculation
of αj in Eq. (11), the results for the attenuation parameter are shown
in Fig. 19. Regarding the location upstream the meadow (x/L=
−0.07) the attenuation parameter shows that it is unaffected by the
meadow (αj ~1) but for the location inside the meadow the variation
for the results seems to be affected by the leaves' motion. The atten-
uation parameter fluctuates arbitrarily between 0.8 and 1.4 at both
locations (x/L=0.17 and 0.80), with no specific dependence on the
wave period. This reveals that near the meadow edge the motion of
the plant leaves highly interacts with the water as indicated by
Koch et al. (2006).
Fig. 19. Attenuation parameter (αj) for the cases as in Fig. 17 as calculated for the A
5. Conclusions

The main objective of this study was to evaluate the effects of the
P. oceanicameadow on the wave height formulation and on the wave
orbital velocities. Full scale experiments were conducted in the CIEM
flume in Barcelona and several wave conditions and plant configura-
tions were tested. The following conclusions can be derived:

1. The wave height distribution follows well the proposed analytical
expression found in literature, of the form 1/1+βx, where x is
the distance from the meadow boundary and parameter β depends
on the plant and wave characteristics. Parameter β is shown to de-
pend strongly on the meadow submergence ratio and stem density
and on the wave conditions. Experimental values for β indicate the
similarity of this expression to another commonly used, in such
wave and vegetation interaction, exponential decay law.

2. For the dense meadow, in its upward side, the wave height slightly
increases due to the sudden local decrease of the “water depth”.
The dense meadow acts as a ‘rigid’ submerged barrier.

3. The degree of the wave attenuation observed is related to the frac-
tion of the water column occupied by the seagrass as expressed by
the submergence ratio and the stem density. The wave damping
increases with an increasing submergence ratio and stem density,
as expected, since the wave energy loss over the meadow is due
DVs at z=40 cm and z=60 cm (SU,low=SU,40 and SU,low=SU,60 respectively).
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to the drag force induced by the vegetation, which is higher when
a larger fraction of water is within the meadow.

4. The longer waves are mostly attenuated from the meadow with a
maximum wave height damping ~35% observed for h/λ=0.09
and the dense plant. This was expected since for longer waves,
the highest portion of the water column beneath the free surface
is under the wave motion, so the plant resistance to the flow is
stronger.

5. An empirical relationship for the drag coefficient Cd related to
the Reynolds number is obtained. For mild wave conditions,
Reb2500, Cd is shown to be the same with the rigid plants' as-
sumption for the dense meadow. The results for the calculated
wave heights using the proposed relationship are in satisfactory
agreement with that of the measured ones, suggesting that such
a relationship can be useful for estimating the wave height
damping over a P. oceanica meadow.

6. Regarding the velocity structure, it is found that inside the mead-
ow and just above the flume bed, the wave orbital horizontal and
vertical velocities are significantly decreased. The velocity attenua-
tion parameter was found to be αj ~0.4 for all frequency compo-
nents of the wave spectrum. This shows explicitly, the ability of
the meadows to diminish the sediment suspension under wave ac-
tion and provide protection against erosion. The velocities at the
meadow edge are increased and the wave kinetic energy at the
peak frequencies of the spectrum is amplified, while it is reduced
mainly at the low frequencies.

7. The longer wave components of the kinetic energy spectrum are
mostly attenuated compared to the short wave components, which
is in accordance with the findings of the wave height analysis. The
partial energy transfer from the longer period to the shorter period
wave components, reveals the flow pattern inside the meadow due
to the effects introduced in the flow by the plant leaves.
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