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a b s t r a c t

The aim of this study is to understand the turbulent flow structure within diverse canopy models
dominated by progressive waves. A set of experimental conditions were considered in a laboratory
flume: three vegetation models (submerged rigid, submerged flexible and emergent rigid), three canopy
densities (128, 640 and 1280 stems/m2) and three wave frequencies (f¼0.8, 1 and 1.4 Hz). The canopy
morphology through both the plant flexibility and height and the canopy density were the characteristic
parameters that exerted a control on wave induced turbulence within the canopy bed. In the flexible
canopy model, sheltering at the bed was observed and was associated with the movement of the blades.
In contrast, in the rigid canopy model larger TKE was found as compared with the case without canopy.
The increase of TKE was associated with the production of the stem-wake turbulence. Sheltering in the
submerged rigid canopy model was found at the lower layer for the largest canopy density and highest
wave frequency because of a great loss of wave velocity, confined below the top of the canopy. Sweeps
and ejections were the predominant events, enhancing the transfer of momentum at the top of the
canopy. Therefore, below the top of the submerged rigid canopy was characterized by a vertical energy
exchange zone. Unlike the submerged model, sheltering was always found for emergent rigid vegetation,
and attributed to the inhibition of the wave energy at all depths.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The role of seagrass meadows in coastal zones has received a
lot of attention as they provide a refuge for fish, invertebrates and
plankton. The principal mechanism dominating the submerged
meadows is the reduction of waves and currents. Therefore, the
local hydrodynamics are highly dependent on the vegetation
density and flow conditions. Wave-induced forces are believed to
control the distribution of seagrass populations (Fonseca and
Bell, 1998). Specifically, waves have been found to determine the
upper depth limit distribution of submerged aquatic vegetation,
such as Posidonia oceanica (Infantes et al., 2009), and influence
species size, morphology, and distribution patterns (Lewis, 1968;
Menge, 1976; Blanchette, 1997).

Previous studies, using rigid and flexible vegetation models,
have successfully described the turbulence structure for sub-
merged vegetation subjected to unidirectional flow (Nepf, 1999;
Nepf and Vivoni, 2000; Folkard, 2005; Ghisalberti and Nepf, 2006;
Luhar et al., 2008; Tanino and Nepf, 2008; Lefebvre et al., 2010).
Some of the current and wave energy dissipated by aquatic
vegetation is converted into turbulent kinetic energy within the
meadow. Two distinct scales of turbulence have been identified

within aquatic canopies. First, turbulence is generated in the wakes
of individual blades and stems if the Reynolds number based on the
stem-diameter (or blade width) is larger than about 100 (Anderson
and Charters, 1982; Tanino and Nepf, 2008). Second, the drag
discontinuity at the top of a submerged meadow produces a shear
layer that generates canopy-scale turbulence which is transmitted
downward into the canopy (Ghisalberti and Nepf, 2002; Neumeier
and Amos, 2006). In addition, turbulence generated above the
canopy, e.g. by wind-driven stirring, can also penetrate into the
canopy. According to Pujol et al. (2010), the penetration of turbulence
generated above the canopy is damped by canopy drag.

Turbulence inside the meadow has positive biological conse-
quences such as improving the transfer of CO2 (in the form of
bicarbonate) from the water to the surface layer of leaves. Without
turbulence, the only physical mechanism capable of capturing CO2

would be by means of molecular diffusion from the boundary
layer, an extremely inefficient transport mechanism (Denny, 1988).
Recent findings suggest that biological processes, such as nutrient
uptake, may often be controlled by surface wave motion rather
than the steady component of velocity that has received consider-
ably more attention (Koch and Gust, 1999; Thomas and Cornelisen,
2003; Lowe et al., 2005b). As an example, Reidenbach et al. (2007)
suggest that wave motion adds a wave-induced enhancement of
water motion within a coral canopy, increasing the flux of water
(and entrained dissolved and particulate matter) to and from the
coral structure.
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Some authors have studied the effects of seagrass or coral reef
structures on a wave dominated flow in both laboratory and field
experiments (Coops and VanderVelde, 1996; Lowe et al., 2005a;
Reidenbach et al., 2007; Luhar et al., 2010; Hansen and
Reidenbach, 2012; Infantes et al., 2012; Pujol and Nepf, 2012).
Pujol and Nepf (2012) found that the passage of a breaking wave in
a seagrass canopy produced roughly twice as much TKE than of
that without plants. This is attributed to the generation of stem-
wake turbulence by the elevated near-bed orbital velocity during
the passage of the wave packet. Reidenbach et al. (2007) found
that the peaks in normal and shear stresses coincided with regions
of separation in the boundary layer as turbulent vortices were
shed from the surfaces of the coral during the forward and reverse
motions of the wave. This is a key mechanism for imparting
mixing and drives the overall exchange with the water column.
Although these findings deal with the impact of benthic organisms
on the turbulence structure for oscillatory flow, it is unclear how
differing seagrass structures (flexibility and height of the plants
and density of the meadow) modify the turbulence flow within
and above the meadow.

The purpose of this paper is to study the distribution of
turbulence structure in canopy models characterized by a set
of plant and wave characteristics such as plant flexibility and
height, vegetation density and wave frequency. Turbulence struc-
ture is described in terms of the vertical distribution of normal
stresses, shear stresses, TKE and the production and dissipation
of TKE.

2. Material and methods

The study was conducted in a 6�0.5�0.5 m wave flume. A
schematic of the setup is shown in Fig. 1a. The mean water height,
h, was 0.3 m. A plywood beach, with a slope of 1:3 and covered
with a 7-cm layer of foam rubber, was located at the end of the
tank. A vertical paddle, called a flap type wavemaker, was
introduced at the front of the tank of the tank and was driven
by a variable-speed motor located outside the tank. It is defined
the longitudinal direction as x, and x¼0 at the wavemaker; y is the
lateral direction and y¼0 at the centreline of the tank, and z is the
vertical direction, with z¼0 at the flume bed.

2.1. Vegetation quantification

To construct the meadow, individual canopies model were
inserted into a predrilled baseboard of 2.5 m in length. The char-
acteristics of the plants varied greatly in terms of height and
morphology of the plant and density of the canopy. In order to
obtain features in the laboratory similar to those in the field, 30
different situations were studied featuring three canopy models
(submerged rigid, submerged flexible and emergent rigid vegetation,

where emergent vegetation was defined as that plant whose height
was emergent the half part of the wave cycle), two canopy heights
(hv¼14 and 29 cm), three density of vegetation models (ns¼128, 640
and 1280 stems/m2) and three oscillating frequencies (f¼0.8, 1 and
1.4 Hz). The rigid canopy model consisted of rigid cylinders made of
PVC and 1 cm in diameter. The density of the canopy was quantified
by three different SPF. According to Serra et al. (2004) the SPF can be
defined as the fractional plant area at the bottom occupied by stems:

SPFð%Þ ¼ nπðd=2Þ2
A

 !
� 100 ð1Þ

where n is the number of canopy, d is the diameter of the plant and A
is the total area. SPFs of 1, 5 and 10% were used for this study. The
averaged distance between stems (S¼ ns

−1=2−d) varied from 7.8 to
1.8 cm. The vegetation pattern for each SPF was made at random by
means of a computer function.

A flexible vegetation model was constructed from high poly-
ethylene blades attached by a plastic band to a PVC dowel 2 cm
long and 1 cm in diameter. The flexible vegetation model was
geometrically and dynamically similar to typical seagrasses, as
described by the dimensionless parameter λ1 (Ghisalberti and
Nepf, 2002). More details about the vegetation characteristics in
this experiment are given in Pujol et al. (2013)

Therefore, 30 wave flow experiments were conducted and
denoted as, WP 1–WP 3 for experiments without plants, SRV
1–SRV 9 for the submerged rigid vegetation model, SFV 1–SFV 9 for
the submerged flexible vegetation model and ERV 1–ERV 9 for the
emergent rigid vegetation model (Table 1).

2.2. Measuring technique

The Eulerian velocity field was defined as (u, v, w) in the (x, y, z)
directions, respectively. The three components of velocity were
recorded with a downward-looking Acoustic Doppler Velocimeter
(Sontek/YSI16-MHzMicroADV). The acoustic frequency was 16 MHz,
the sampling volume was 0.09 cm3 and the distance to the sampling
volume was 5 cm. The ADV instrument sampled at 50 Hz for a
10 min time interval (resulting in 30,000 samples). To avoid spikes,
beam correlations from ADV measurements lower than 70% and
instantaneous velocities higher than two standard deviations were
discarded. The ADV, which was operated manually, was mounted
on a movable vertical frame that operated from the bottom
(z¼1 cm) up to z¼21 cm. It was limited at the upper part by both,
the wave shape and the 5 cm distance from the ADV to the
sampling volume.

For each experiment, a vertical profile was taken over a height
range of z¼1–21 cm at 1 cm interval above the bed. ADV profiles
were collected at x¼150 cm from the leading edge of the canopy
and was identical for all canopy configurations. In order to obtain
valid data acquisition within the canopy, just a few stems were

Fig. 1. Scheme of the laboratory experiments. Experiments were conducted in a 6 m long flume. The streamwise coordinate is denoted by x, with x positive in the
downstream direction, and x¼0 at the mean position of the wavemaker. The vertical coordinate is z, with z¼0 at the bed. The mean water height, h, is 30 cm. The mean plant
height in still water is hv,SRV¼14 cm for submerged rigid and flexible vegetation and hv,ERV¼29 cm for emergent rigid vegetation. The model meadow was 250-cm long.
The vertical dashed line indicates the position of the velocity profile measured using a Sontek MicroADV. Note that dimensions in the figure are given in cm and the beach
slope at the end of the tank are not scaled.
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