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Highlights: 

● Negative wave-driven current jet at suspended and floating canopy bottom against wave 

direction 

● Positive wave-driven current generated at canopy top and maximum magnitude of 

current jet in good agreement with an empirical model 

● Current at canopy side interface is controlled by mixing layer   

● Good agreement between SWASH and two VOF-based CFD models waveFoam and 

ihFoam 

● Predicted wave attenuations compare well with analytical solutions 
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Wave-driven flow induced by suspended and submerged canopies 

Haifei Chen1*, Xiaofeng Liu2, Qing-Ping Zou3*  

1Department of Civil and Environmental Engineering, University of Maine, Orono, Maine, USA 
2Department of Civil and Environmental Engineering, Penn State University, University Park, 

Pennsylvania, USA 
3The Lyell Centre for Earth and Marine Science and Technology, Institute for Infrastructure and 

Environment, Heriot-Watt University, Edinburgh, UK 

Abstract 

Coastal canopies deliver a wide range of ecosystem services through the flow and transport 

processes within and around the canopies. This study presents a numerical investigation on the 

effect of suspended/floating canopies on wave-driven current around canopy using a non-

hydrostatic model SWASH. The model results by SWASH for a submerged canopy are first 

validated with experiment measurements and compared with predictions from two Volume-of-

Fluid (VOF) based free surface flow models. Then the effects of suspended/floating canopies on 

wave attenuation and vertical mean flow structures are examined using SWASH. The model 

results show that a strong shoreward wave-driven current is generated at the top of a 

suspended canopy in the same direction as the wave, same as that at the top of a benthic 

canopy. In contrast, a seaward mean current is generated at the bottom of a suspended canopy 

in the opposite direction to the wave. The predicted particle trajectories indicate that due to flow 

attenuation within canopy, at the bottom of the canopy, the fluid particles travel faster at the 

bottom half of their orbits outside the canopy in the opposite direction of wave propagation than 

at the top half of their orbits within the canopy in the direction of wave propagation. This leads to 

open particle orbits and a time‐averaged mean current in the opposite direction of wave 

propagation. The present study is the first attempt that reveals and examines this physical 

phenomena that would play an important role in particulate transport and exchange across the 

suspended canopies. The maximum magnitudes of wave induced currents at the top and 

bottom of canopy are consistent with a recent empirical formula extracted from the observations 

for submerged canopy. The predicted wave decay agrees well with a three-layer analytical 

solution for suspended and submerged canopy and indicates that the canopy vertical location 

plays an important role in wave attenuation and canopy induced currents. The spatial 

distribution patterns of the wave-driven current clearly support the notion that the current 

strength generated at the canopy interface is a function of horizontal oscillatory velocity, vertical 

orbital excursion and canopy density. The spanwise extent of the mean current is examined by 

a 3-D simulation where the canopy occupies only half the flume width. Numerical results show 

that the wave-driven current is mainly confined to the part of flume occupied by the canopy and 

that the current strength is soon attenuated to zero towards the other part of flume through a 

mixing-layer-like transition region at the canopy side interface.  
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1. Introduction 

In coastal environments, canopies of aquatic vegetation are abundant and provide a wide range 

of ecosystem services (Barbier et al., 2011; Nepf, 2012). The most quoted ecosystem service in 

changing climate is perhaps wave attenuation and mitigation of coastal flooding, e.g., by 

seagrass meadows, salt marshes, mangroves, and kelp forests (Bradley and Houser, 2009; 

Gaylord et al., 2003; Ondiviela et al., 2014; Riffe et al., 2011; Wamsley et al., 2010; Zhang et al., 

2012). Damping of waves and currents help promote sedimentation and prevent erosion, which 

in turn contributes to growth and expansion of the coastal canopy (Corenblit et al., 2007; 

Horstman et al., 2015; Hu et al., 2018; Gacia and Duarte, 2001; Van Katwijk et al., 2010). 

 

Unlike the familiar natural submerged or emergent canopies that are rooted at seafloor, 

suspended canopies have received little attention. Common examples of suspended canopies 

include forests of certain kelp such as Macrocytis that have most of its biomass near the surface 

(Rosman et al., 2007), long-line mussel farms in aquaculture (Plew et al., 2005, 2006; 

McKindsey et al., 2011), vegetated platforms that serve as breakwaters for shore protection and 

marsh restoration in estuaries (Chen et al., 2016), and floating treatment wetlands to purify 

stormwater and eutrophic water bodies in ecological engineering (Fang et al., 2007; Tanner and 

Headley, 2011; Xu et al., 2017). 

 

Wave attenuation due to vegetation has been studied extensively via theory, experiments, field 

observations and numerical modelling in the past decades. However, the effect of canopies on 

wave-induced mean flow is much less understood. The mean flow dictates the exchange of 

water and particulate matter across the canopy boundaries which regulates the ecosystem 

services capacity of aquatic canopies. As for unidirectional flow in rivers and tides (Nepf and 

Vivoni, 2000; Huai et al., 2012; Plew, 2011), the presence of canopy also alters the vertical flow 

profiles for oscillatory flows (Abdolahpour et al., 2017b; Lowe et al., 2005; Luhar et al., 2010; 

Pujol et al., 2013). Lowe et al. (2005a) found that flow inside a canopy is more intensified under  

oscillatory forcing of wave action than steady current forcing of the same magnitude, which in 

turn results in higher mass transfer rates (Lowe et al., 2005b). In the vicinity of the canopy-water 

interface, a few laboratory experiments (Abdolahpour et al., 2017b; Luhar et al., 2010; Stratigaki 

et al., 2011) and a field study (Luhar et al., 2013) revealed a strong shoreward mean current in 

the wave direction immediately within and above a submerged canopy, which may influence the 

canopy residence time through advection and vertical mixing (Abdolahpour et al., 2017a). 

Currently there is a lack of experimental studies on wave-driven flows in the presence of 

suspended canopies. 

 

Many numerical studies in the literature have been dedicated to wave attenuations by the 

submerged or emergent canopies, using Bousinessq-type models (Augustin et al., 2009; 

Blackmar et al., 2013; Chakrabarti et al., 2017; Yang et al., 2015), non-hydrostatic wave model 

NHWAVE (Ma et al., 2013; Wu et al., 2016; Zhu and Chen, 2016), and Navier-Stokes solvers 

coupled with Volume-of-Fluid (VOF) surface capturing schemes (Chakrabarti et al., 2016; Chen 

et al., 2016, 2017; Marsooli and Wu, 2014; Maza et al., 2013, 2016). However, very few studies 

have focused on the vertical and horizontal structure of mean flow induced by 
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submerged/emergent canopies (Chakrabarti et al., 2016; Chen et al., 2017; Maza et al., 2013) 

and hardly any on suspended canopies. 

 

In this study, we utilize a non-hydrostatic wave-flow model SWASH (Simulating WAves till 

SHore, Zijlema et al., 2011) to investigate the canopy effect on wave attenuation and the wave-

driven current. The merit of the non-hydrostatic models lies in their computational efficiency and 

high accuracy of capturing wave dispersion properties with only two to three vertical layers. On 

the other hand, this type of model can also be applied with an arbitrary number of vertical layers 

to resolve the vertical structure of the flow. The grid resolution requirement for the latter 

application is less than that for the VOF-based models. To further reduce the computational cost 

dominated by solving the pressure Poisson equations, Rijnsdorp et al. (2017) proposed a 

subgrid approach which solves the vertical accelerations and non-hydrostatic pressures on a 

relatively coarse vertical grid, and the horizontal velocities and turbulent stresses on a much 

finer subgrid. This boosts the computational efficiency by up to one order of magnitude. The 

new implementation in SWASH makes it highly attractive for three-dimensional (3D) wave-flow 

simulations at field scales (~10 x 10 wavelengths and ~1000 wave periods). In the present 

study, the subgrid approach was adopted in 3D simulations for a partially vegetated flume. 

 

The objective of the present study is to investigate the wave attenuation and vertical structure of 

wave-driven flows in the presence of both submerged and suspended canopies, in particular, 

the wave-driven current at the interface of suspended canopies. The performance of SWASH 

and two VOF-based models with different wave absorption techniques are first compared. The 

paper is structured as follows. The non-hydrostatic model SWASH and the two VOF-based 

models built on the OpenFOAM platform, waveFoam and ihFoam, are described in Section 2. 

All three models consider rigid canopies only and treat them as a continuous medium, which is 

in its discrete form similar to an infinite row of identical vegetation stems (Dupont et al. 2010). In 

Section 3, the performance of the three models to predict wave height decay are compared, 

followed by the validation of vertical flow profiles predicted by SWASH and ihFoam. The effect 

of canopy configuration on wave attenuation and wave-driven flow pattern are then examined. 

The wave-driven current generated at the canopy interface is further investigated by a 3D 

simulation of a canopy that occupies only half-width of the flume. Conclusions are drawn in 

Section 4. 

2. Methodology 

2.1 SWASH 

The non-hydrostatic model SWASH (Zijlema et al. 2011) solves the mass and momentum 

balance equations for an incompressible, single-phase, free surface flow, which is vertically 

bounded by the time-varying free surface,           , and the fixed bottom,          . 

Here,         are the Cartesian coordinates,   is time,   is the free surface displacement relative 

to the still water level where    , and   is the still water depth. The governing equations are 

given as (Rijnsdorp et al., 2017)  

  

  
 

  

  
 

  

  
                                                                                      Eq. (1)  
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                                        Eq. (4) 

where       are the velocity component in the x, y, and z direction, respectively,   is the 

gravitational acceleration,   is the constant fluid density, and     represents the turbulent 

stresses (  and   denoting the coordinates). In these equations, the total pressure has been 

decomposed into the hydrostatic         and non-hydrostatic component   , with   being the 

normalized non-hydrostatic pressure. The last terms in Eqs. (2-3) represent the momentum loss 

due to the presence of canopy.     and     are the x- and y-component of the drag force acting 

on the rigid canopy, 

               ⃗⃗                                                                                                           Eq. (5) 

               ⃗⃗                                                                                                           Eq. (6) 

where    is the canopy drag coefficient,   is the number of vegetation stems per unit bed area, 

and    is the stem width, and   ⃗⃗   √         is the magnitude of the velocity. 

 

The time evolution of the free surface is obtained by enforcing the mass conservation across the 

entire water column, 
  

  
 

 

  
∫    

 

  
 

 

  
∫    

 

  
                                                                                        Eq. (7) 

 

The numerical implementation of SWASH is based on an explicit, second order accurate finite 

difference method in space and time. It makes use of a surface- and terrain-following  -

coordinate that divides the instantaneous water column vertically into a fixed number of layers. 

The number of layers required for accurate wave predictions depends on the dimensionless 

water depth, kh,, where k is the wave number. To ensure sufficiently accurate prediction of 

wave dispersion, the pressure gradient in the vertical momentum equation is approximated by 

the Keller-Box scheme or the standard central differences. In the present study, the wave height 

decay is simulated using low vertical resolutions (3 layers) and the Keller-Box scheme, while the 

flow profiles are resolved using high vertical resolutions (30~50 layers) and the central 

differencing scheme. 

 

Waves are generated by prescribing time series of surface elevation or horizontal particle 

velocities at the wavemaker boundary, which may be obtained from wave theory or 

experiments. In case of flat bottom, waves need to be damped or absorbed by specifying a 

sponge layer of finite length before reaching the other end of the flume. In case of a sloping 

beach, a moving shoreline boundary is also available, which conserves the mass and removes 

the computational grid points wherever the local water depth is below a certain threshold. The 

sponge layer implemented in SWASH is similar to the relaxation zone in the VOF-based wave 

model waveFoam described in the next section. The vertical layer schematization of vegetation 

by Suzuki et al. (2012) extends SWASH to study the effects of submerged and suspended 

canopies on wave attenuation and vertical flow structures. 
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2.2 VOF models 

Since SWASH treats the free surface as a single-valued function         , it cannot resolve 

wave breaking processes such as overturning, plunging, air-entrainment, and breaking-induced 

turbulence. With the development of sophisticated CFD algorithms and increasing computing 

power, the free surface flow models using VOF method (Hirt and Nichols, 1981) have seen 

increasing applications to wave-structure interactions and surf zone breakers (e.g., Chen et al., 

2017; Jacobsen et al., 2012; Zhou et al., 2017). For example, the “interFoam” is a family of two-

phase flow solvers in the open source CFD toolbox OpenFOAM® (Jasak, 1996; Rusche, 2002). 

 

Treating the air-water mixture as one effective fluid, the two-phase flow model solves only one 

set of mass conservation and momentum equations (Jasak, 1996; Rusche, 2002) 

   ⃗⃗                                                                                                Eq. (8) 

   ⃗⃗ 

  
      ⃗⃗  ⃗⃗            ⃗⃗                  ⃗⃗          

⃗⃗⃗⃗                      Eq. (9) 

  

  
     ⃗⃗         

⃗⃗ ⃗⃗                                                                      Eq. (10) 

where  ⃗⃗          is the fluid velocity vector with       being the velocity component in x, y, z 

directions, respectively,   is the fluid density,            is the effective viscosity 

incorporating both dynamic viscosity   and turbulent eddy viscosity   ,  
  is the pseudo-dynamic 

pressure,    is the acceleration due to the gravity,    is the position vector of the fluid grid, 

  
⃗⃗⃗⃗             ⃗⃗   ⃗⃗  is the hydrodynamic drag force acting on the canopy. Note that this 

formulation consists of a vertical drag component, which is much smaller than the horizontal 

components, Eqs. (5-6). Future implementations should use different drag coefficients in 

directions that are, respectively, tangential (vertical, for rigid canopies) and perpendicular 

(horizontal) to the stem’s longitudinal axis.   is the volume of fluid fraction used to mark the 

location of the free surface, and   
⃗⃗ ⃗⃗  is a velocity field to prevent the smearing of the air-water 

interface. The local density   and the local viscosity   of the effective fluid are calculated by 

                                                                                            Eq. (11) 

                                                                                           Eq. (12) 

where the subscripts 1 and 2 denote the water and air properties, respectively. 

 

The “interFoam” solver is implemented on a collocated unstructured grid with a finite volume 

discretization, with Eqs. (8)-(12) solved using the Pressure Implicit with Splitting of Operators 

(PISO) algorithm. The readers should refer to Jasak (1996) for a detailed description of the finite 

volume method in OpenFOAM and to Rusche (2002) for the VOF surface capturing scheme. To 

apply the general-purpose, free surface flow solver to study coastal processes, Jacobsen et al. 

(2012) and Higuera et al. (2013) separately extended the “interFoam” solver with additional 

functionalities for wave/current generation and absorption, and released the solvers open-

source as waveFoam and ihFoam, respectively. Building upon these two solvers, the present 

authors further incorporated the canopy effect in the momentum equation, Eq. (9). 

 

2.2.1 waveFoam 
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The waveFoam solver by Jacobsen et al. (2012) adopts the relaxation zone technique, which 

requires extra computational domains (1~2 wavelengths) to minimize the wave reflection. For 

each region designated as a relaxation zone, a target solution of wave/current field is 

prescribed. The velocity and volume fraction field inside the relaxation zone are a weighted 

average of the target solution and that computed from the CFD solver, 

 ⃗⃗    ⃗⃗                ⃗⃗                                                                      (Eq. 13) 

                                                                                         (Eq. 14) 

where   denotes a relaxation parameter which varies smoothly from 1 to 0 across the relaxation 

zone. The relaxation parameter typically takes either a higher-order polynomial or exponential 

functional form. When the target field is set to be the state of the still water, the incoming wave 

field gradually approaches this target with     at the end of the relaxation zone. Similar 

approach was implemented in SWASH (designated as sponge layer) to prevent wave 

reflections. 

 

2.2.2 ihFoam 

On a different approach, the ihFoam solver by Higuera et al. (2013) uses an active absorbing 

boundary condition to cope with the wave reflection without increasing the length of the 

computational domain. It measures the surface elevation in front of the boundary, and actively 

adjusts the inflow or outflow flux by comparing the measured surface elevation,   , with the 

theoretical target,   . In case a reflected wave,   , is detected, the inflow velocity profile is 

adjusted by assuming that the reflected wave is in shallow water regime and hence its phase 

speed, c, and depth-uniform velocity profile,   , can be easily determined by 

  √                                                                                             (Eq. 15) 

   √
 

 
                                                                                          (Eq. 16) 

where          is the reflected wave height, and    is the correction velocity to be applied 

perpendicular to the boundary to cancel out the reflected wave. For a wavemaker boundary, the 

target surface elevation is calculated from a given wave theory. For a pure absorbent boundary, 

the target surface elevation is the still water level,     . 

 

2.3 Turbulence models 

The standard two-equation k  model have been adapted to compute the mean flow and 

turbulence structures in open channels with rigid submerged canopies (e.g., Shimizu and 

Tsujimoto, 1994; Lopez and Garcia, 2001). Assuming that the work done by the flow against 

canopy drag is converted to the turbulent energy, two additional terms are introduced in the 

transport equations for turbulent kinetic energy, k , and dissipation rate,  . In SWASH, the 

default closure coefficients are those calibrated by Shimizu and Tsujimoto (1994). For the VOF-

based models waveFoam and ihFoam, the k  model in OpenFOAM is adapted following the 

formulations proposed by Lopez and Garcia (2001). In the present study, both models have 

been run with and without activating the two-equation closure model. We found that the model 

results are not sensitive to the inclusion of the turbulence model (skill index changes less than 

4%), therefore, only results without the closure model are reported in the following section. The 
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most noticeable difference observed is that for SWASH activating turbulence model helps to 

smooth slightly the vertical flow profiles. 

3. Results and discussion 

Before applying the model to study wave attenuation and mean flow structures around the 

canopies, three validation exercises were performed against observations and analytical 

solutions: 1) wave height decay above a submerged canopy; 2) wave decay and velocity 

profiles within a submerged canopy; and 3) wave decay by additional suspended/floating 

canopies. In this section, we first assess the performance of SWASH and two VOF-based 

models to predict the wave attenuation in the presence of submerged canopies. The predictive 

capability of SWASH to resolve the vertical flow profiles is then confirmed by comparing with 

ihFoam predictions and a large-scale flume experiment (Stratigaki et al., 2011). The effects of 

canopy configurations (submerged, suspended, and floating canopies) on wave attenuation and 

spatial distribution patterns of the mean flow are then examined. The maximum wave-driven 

current predicted at the canopy interface is evaluated with a recent empirical model by 

Abdolahpour et al. (2017b). The formation mechanism of this current is further investigated by a 

3D simulation in which the canopy occupies only half-width of the flume. 

 

3.1 Comparison of wave height decay by three models 

Figure 1 shows the experimental and the numerical flume setup for the non-hydrostatic model 

SWASH, and the VOF-based model waveFoam and ihFoam, respectively. The experiments 

were conducted at the USDA-ARS National Sedimentation Laboratory (NSL) in Oxford, 

Mississippi, USA (Wu et al., 2012), where the wave attenuation with rigid and flexible vegetation 

was tested over a flatbed (Marsooli and Wu, 2014). The stem of the rigid vegetation is made of 

birch dowels and that of the flexible vegetation polyurethane tubing, both of which are 0.2 m tall 

and have a stem diameter of 3.1 mm. The vegetation canopy with a staggered arrangement is 

3.66 m long and has a density of 3182 stems/m2. The porous parabolic beach in the physical 

flume (Figure 1a) is not included in the numerical flumes (Figure 1b-1d) because the porosity 

and the shape of the beach is unknown. The error metrics of model sensitivity in Appendix A are 

used to evaluate the model performance. 

 

Table 1 Wave conditions in the experimental study on wave attenuation by submerged 

vegetation on a flatbed (Wu et al., 2012) 

Case1 
Water 
depth 
h (m) 

Wave 
height 
H0 (m) 

Wave 
period 
T (s) 

Dimensionless 
depth kh 

(k: wavenumber) 

   
SWASH2 

   
OpenFOAM2 Wave type3 

1 0.3 0.035 1.0 1.37 2.1 2.0 Stokes II 

2 0.4 0.085 1.8 0.76 1.3 1.5 Stokes V 

3 0.3 0.036 1.0 1.37 1.9 1.8 Stokes II 

4 0.4 0.087 1.8 0.76 1.1 1.1 Stokes V 
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Notes:  
1 Cases 1 & 2: rigid vegetation; cases 3 & 4: flexible vegetation. 
2 The canopy drag coefficient, CD, is calibrated by comparing model predictions against the 
measured wave height above the canopy. The same set of drag coefficients is used for both 
waveFoam and ihFoam models. 
3 The applicable wave type is determined according to Le Méhauté (1976). The incident waves 
at the numerical wavemaker are specified using the stream function wave theory by Fenton 
(1988). 

 
Figure 1. Illustration of two-dimensional (2D) flume setup for (a) the experimental study by Wu 

et al. (2012) and numerical models (b) SWASH, (c) waveFoam, and (d) ihFoam. The wave 
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absorption by porous parabolic beach in the physical flume (a) was simulated as sponge layer, 

relaxation zone and absorbing boundary condition in the numerical models (b-d). 

 

For the SWASH model, the numerical flume is 14.0 m long including a 4.0 m sponge layer to the 

right of the flume. The computational domain is discretized into 700 grids horizontally with a 

uniform size of 0.02 m, and 3 equidistant layers vertically (see Appendix B for the model 

sensitivity to vertical layer resolutions). A weakly-reflective wavemaker boundary is specified 

based on the target wave conditions listed in Table 1. A radiation boundary condition is 

specified at the right end (outlet). The time step is automatically adjusted between a maximum 

and minimum Courant number of 0.5 and 0.2. All cases are run 30 s, while only the last 5 wave 

periods results are used for post-processing. 

 

For the VOF-based flow solvers, the flume height increases to 0.5 m to accommodate the air 

motion. The waveFoam model uses a 4.0 m long relaxation zone to absorb the outgoing waves, 

while the ihFoam model adopts the absorbing boundary to let the waves leave the domain 

freely. A uniform grid size of 0.01 m in the horizontal direction and 0.005 m in the vertical 

direction is used, resulting in a total of 140,000 grids for the waveFoam model and 100,000 

grids for the ihFoam model. The time step is automatically adjusted at runtime by imposing a 

maximum Courant number of 0.3. Our modeling experience suggests that a smaller Courant 

number is required to achieve more accurate wave predictions. The corresponding wave 

parameters listed in Table 1 are used to specify the boundary conditions at the wavemaker. 

 
Figure 2. Comparison of spatial evolution of wave height predicted by three numerical models: 

SWASH (solid lines), waveFoam (dash-dotted lines), ihFoam (dashed lines), and observed in 
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the experiment (circles) by Wu et al. (2012). (a) Case 1; (b) case 3; (c) case 2; (d) case 4. 

Vertical dashed lines indicate the canopy boundaries. 

 
Figure 2 shows the comparison of the three model predictions with the experimental 

measurements. It is seen that all three models adequately capture the extent of wave height 

decay by the submerged canopy, the average skill index being 0.96, 0.97, and 0.92 for SWASH, 

waveFoam, and ihFoam, respectively (see Table 2). For relatively deep water and shorter 

waves (cases 1 & 3), the predictions by SWASH and waveFoam are almost identical, with 

negligible spatial oscillations in the wave height evolution (average wave reflection coefficient 

1.0%). However, the prediction by ihFoam exhibits a considerable spatial oscillation starting at 

the rear edge of the canopy (wave reflection coefficient about 9%), which is attenuated 

approaching the leading edge. For relatively shallow water and longer waves (cases 2 & 4), the 

extent of the spatial oscillation in the ihFoam predictions is reduced. Since the numerical models 

exclude the porous parabolic beach of limited length in the physical flume, which may cause 

stronger wave reflections for longer period waves (as demonstrated by the measurements in 

Figure 2c and 2d), the models tend to under-predict the spatial oscillations of wave height. This 

comparison suggests that the absorbing boundary condition proposed by ihFoam, which 

assumes a shallow water wave regime, indeed, performs slightly better for shallow water waves 

than for their deep water counterparts. On the other hand, the sponge layer/relaxation zone 

technique adopted by SWASH/waveFoam seem to work well for both cases, although extra 

length of the computational domain entails more CPU time (see Table 3 for computational time 

comparisons). 

 

Table 2 Wave reflection coefficients and error metrics for the numerical results in Figure 2 

Case 
Reflection coefficients1 (%) Error metrics (NRMSE, SI)2  

SWASH waveFoam ihFoam SWASH waveFoam ihFoam 

1 1.6 0.4 9.1 0.09, 0.98 0.09, 0.98 0.08, 0.99 

2 1.6 1.2 8.9 0.13, 0.94 0.10, 0.97 0.17, 0.89 

3 1.7 0.5 9.2 0.08, 0.98 0.09, 0.98 0.08, 0.99 

4 1.6 1.2 9.0 0.16, 0.93 0.12, 0.96 0.22, 0.82 

Average 1.6 0.8 9.1 0.12, 0.96 0.10, 0.97 0.14, 0.92 

Notes: 
1 The wave reflection coefficients are calculated at the rear edge of the canopy, using the four-

probe method proposed by Lin and Huang (2004). This method is able to separate the incident 

and reflected waves for both the primary wave component and the free and bound higher 

harmonics. 
2 The error metrics Normalized Root Mean Square Error (NRMSE) and Skill Index (SI), are 

calculated according to the definitions in Appendix A. 

 

Table 3 Computational time required for SWASH and OpenFOAM models (unit: s) 

Case 
SWASH1 OpenFOAM2 

3 layers 50 layers waveFoam ihFoam Ratio 

1 10 296 2879 1773 1.62 

2 18 857 3330 2010 1.66 
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3 10 296 2892 1890 1.53 

4 18 824 3498 2195 1.59 

Notes: 
1 SWASH model was run on a Lenovo Thinkpad with a single Intel Core i5 Processor, 2.2 GHz. 
2 OpenFOAM models were run on a HP workstation using 6 cores, Intel Xeon i7 Processor, 3.4 

GHz. The last column is the ratio of computational time between waveFoam and ihFoam. 

 

The calibrated canopy drag in Table 1 for both rigid and flexible vegetation is consistent with 

those in previous studies (e.g., Marsooli and Wu, 2014). The calibrated drag for the flexible 

canopy (cases 3 & 4) is only slightly smaller than that for the rigid canopy (cases 1 & 2). It is 

also noted that the drag coefficients calibrated for SWASH is only slightly different from those 

for the VOF-based models, which may be attributed to the differences in the wavemaker 

boundaries and the wave velocity profiles in these models. It should be emphasized that the 

good predictive skills for the different models in Table 2 were achieved by fitting the bulk canopy 

drag coefficient against the measured wave height data. The canopy drag coefficient is the most 

uncertain parameter used to incorporate the canopy effect into hydrodynamic models as a 

continuous medium. As reviewed by Henry et al. (2015), significant variations exist in the 

plethora of the proposed canopy drag coefficients, which are typically functions of Reynolds 

number and Keulegan-Carpenter number. A universal canopy drag formulation applicable to 

various vegetation properties and wave conditions is currently lacking, and is still an ongoing 

research topic. 

 

3.2 Vertical flow profiles in the presence of submerged canopies 

Figure 3a and 3b show the laboratory flume and the SWASH model setup in which a 

submerged canopy is subjected to regular waves generated at relatively deep water (Stratigaki 

et al., 2011). The flume bottom is covered with a 20 m long flat sandy layer and two sloping 

beaches. The vegetation canopy is 10.7 m long and 0.55 m high, with a canopy density of 

180~360 stems/m2 and a stem width of 1 cm. The incident wave conditions are listed in Table 4. 

While all cases have been simulated using SWASH, only case S1 was also simulated using 

ihFoam, which requires less computational time compared with waveFoam. The wave-

absorbing sandy sloping beach at the outlet in the laboratory flume was replaced with a solid flat 

bottom combined with a sponge layer in SWASH and an absorbing boundary in ihFoam. The 

implications of using different wave absorbing techniques in numerical models is discussed by 

comparing the present model results using varying sponge layer lengths and the IH2VOF model 

results (Maza et al., 2013). For the SWASH model, the horizontal grid size is 0.08 m for T= 3.5, 

4.0 s and 0.04 m for T= 2.0 s, which leads to more than 150 grids per wavelength. Preliminary 

tests have shown that it is adequate to use 3 vertical layers to resolve the wave height evolution 

(see Appendix B), while it requires 50 layers for h= 2.4 m and 30 layers for h= 1.8 m to 

adequately resolve the vertical flow profiles. For the ihFoam model, a uniform grid of 0.04 m in 

horizontal and 0.02 m in vertical is used, which results in four times as many grids as the 

SWASH model. Both models were run for 60 s, while only the last 5 wave periods results are 

used for post-processing. 
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Figure 3. Two-dimensional flume setup for (a) the experimental study of Stratigaki et al. (2011) 

and (b) numerical study with a submerged canopy. The origin of the x-z coordinate system is 

located at the still water level above the leading edge of the canopy. #1, #2 and #3 represent 

the gauge locations. (c)-(e) Illustrations of submerged, suspended, and floating canopy 

configurations for which wave attenuation and vertical mean flow structures are to be examined 

in the present model simulations. 

 

Table 4 Test matrix of incident wave conditions and vegetation canopy configurations for the 

laboratory flume by Stratigaki et al. (2011) and SWASH model simulation. 

Case 
Water depth 

h (m) 
Wave height 

H0 (m) 
Wave period 

T (s) 
CD Canopy configuration* 

S1 2.4 0.42 3.5 1.8 
Density 180 stems/m2 

Submerged, 
Suspended, 

Floating 

S2 2.4 0.21 3.5 1.8 

S3 2.4 0.21 2.0 1.8 

S4 1.8 0.42 4.0 0.8 
Density 360 stems/m2 

Submerged, Floating 
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* Note: For cases S1-S3, all three canopy configurations (submerged, suspended, floating) are 

considered for each case. For case S4 with a smaller water depth, only submerged and floating 

configurations are considered. 

 
Figure 4. Effect of sponge layer length on the oscillation of wave height decay for a submerged 

canopy subject to the incident wave h = 2.4 m, H0 = 0.42 m, T = 3.5 s. Dash-dotted lines: 

IH2VOF model results by Maza et al. (2013). All other lines: SWASH model predictions with 

varying sponge layer lengths of 6, 8 and 10 m. Circles: experiment by Stratigaki et al. (2011). 

 

Figure 4 shows the effect of sponge layer length and/or the starting location on the oscillation of 

wave height decay for a submerged canopy, with Normalized Root Mean Square Error 

(NRMSE) NRMSE=0.28 and Skill Index (SI) SI=0.79 for a 6 m sponger layer, NRMSE=0.18 and 

SI=0.89 for a 8 m sponger layer, NRMSE=0.33 and SI=0.58 for a 10 m sponger layer, and 

NRMSE=0.16 and SI=0.91 for IH2VOF. The flume length is kept constant at 60 m, so varying 

the sponge layer length also changes the location where the wave starts to be artificially 

damped by the sponge layer. This would affect the phase of the reflected waves relative to the 

incident waves, and hence the spatial oscillation patterns of the wave height above the canopy. 

The SWASH model results in Figure 4 confirm this hypothesis, and show that the oscillation 

pattern for a 8 m sponger layer (solid line) is more consistent with that in the experimental 

measurements, although the predicted oscillation is slightly weaker. Also shown in Figure 4 is 

the IH2VOF model result by Maza et al. (2013), which shows that the predicted oscillation 

magnitude and distance between troughs in the wave height are also smaller than the 

observation. Model-data comparisons for other incident wave and canopy conditions (see 

Figures 6 and 7 in Maza et al., 2013 and Figure 6 in Marsooli and Wu, 2014) suggest that even 

if the wave absorbing is simulated by including a sloping beach, the numerical model cannot 

replicate the observed partial standing wave patterns exactly. These discrepancies may come 
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from the difference in the incident waves generated at the wavemaker, and the unknown wave 

reflections altered by the beach morphologic changes due to the wave action. 

 
Figure 5. Vertical profiles of maximum, minimum and mean horizontal velocities at three 

locations (a) outside and (b,c) inside a submerged canopy subject to incident waves at water 

depth of h = 2.4 m, wave height and period H0 = 0.42 m, T = 3.5 s (case S1 in Table 4). Panels 

(a), (b), (c) correspond to locations #1 x = -0.7 m, #2 x = 2.0 m, and #3 x = 8.0 m indicated in 

Figure 3a. Solid lines: SWASH model with a 8 m long sponge layer; dash-dotted lines: ihFoam 

model; circles: experiment by Stratigaki et al. (2011). The straight horizontal dashed lines 

denote the top of the canopy. 

 

To validate the predicted vertical profiles of velocity, the SWASH predictions from the surface- 

and terrain-following  -coordinate are interpolated vertically to a fixed uniform grid. 

Subsequently, the mean velocities were computed at each grid point by time-averaging the 

interpolated model predictions. Figure 5 shows the vertical flow profiles predicted by SWASH 

and ihFoam, and experimental measurements by Stratigaki et al. (2011). Before entering the 

leading edge of the submerged canopy, the wave kinematics is not affected by the canopy 

(Figure 5a) and consistent with the depth-uniform velocity profiles typical of shallow water 

waves. While within the canopy, the wave kinematics is altered significantly in the vicinity of the 

canopy interface, which generates a non-zero mean current in the direction of wave 

propagation. 

 

Both model predictions are in reasonable agreements with the experiment, with Skill Index (SI) 

SI=0.54 for SWASH and SI=0.59 for ihFoam (the relatively low skills affected by the limited 

number of measurements). The discrepancies near the canopy interface between SWASH and 

ihFoam may be due to the additional vertical drag component in the ihFoam model (see Eq. 9 in 

Section 2.2). The discrepancies below the canopy interface between model and measurement 

in Figure 5c may result from the local bed elevation changes around the vegetation stems and 

the disturbance of the suspended sediments picked up from the sandy bottom, which are not 
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considered in the models. From the macroscopic point of view, Ma et al. (2014) summarized 

that the presence of suspended sediments would create a stably stratified water column, which 

then plays a critical role in damping the flow turbulence and altering the sediment-stratified 

bottom boundary layer. It is worth noting that SWASH model results are almost as accurate as 

those by the VOF-based ihFoam model. This is reassuring since SWASH does not require as 

fine a grid as VOF-based CFD models, which makes it feasible to conduct field-scale SWASH 

simulations without compromising much accuracy. This is especially true when wave breaking 

and/or turbulence effects are absent or insignificant. As demonstrated in Appendix C, the partial 

standing wave patterns as a result of the varying sponge layer lengths (Figure 4) have negligible 

effects on the vertical flow profiles. 

 

3.3 Effect of canopy configurations on wave height decay and wave-driven current 

Figure 6 shows the comparison of wave height evolution predicted by the SWASH model and a 

three-layer analytical solution (Zhu and Zou, 2017) under submerged, suspended, and floating 

canopy configurations (see Figure 3c-3e for illustrations). The same canopy parameters, i.e., 

canopy length, height, density, and drag coefficient, are specified in the SWASH model and 

used for calculating the analytical solutions. Assuming the wave height   at a distance x into a 

canopy is related to the incident wave height    as              , Zhu and Zou (2017) 

derived the analytical solution of the exponential decay coefficient    for a canopy of height   , 

vertically positioned with a distance    below the still water surface and a distance    above the 

bottom,  

    
 

  
       

                                                     

                       
                        (Eq. 17) 

where   is the wavenumber,    is the vegetation stem width, and            is the total 

water depth at which the canopy stands. This three-layer analytical solution has been validated 

in Zhu and Zou (2017) against both laboratory and field observations for submerged, emergent, 

and suspended canopies. 

 

It can be observed in Figure 6 that the most significant wave height decay occurs for the floating 

canopy. For the case of relatively deep water waves, kd = 1.80 (Figure 6a), the vertical location 

of the canopy in the water column plays a significant role in mitigating the wave energy. This is 

expected since the wave kinematics for this case varies a lot across the water depth and 

becomes increasingly larger toward the free surface. Consequently, increasingly larger canopy 

drag and more wave height decay are seen in the order of the submerged, suspended, and 

floating canopies as observed in Figure 6a. For the case of relatively shallow water waves, kd = 

0.82 (Figure 6b), the wave height decay is less sensitive to the canopy vertical location, since 

the wave kinematics in this case is more uniform in the vertical direction. 

 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T
 

Figure 6. Comparison of wave height decay predicted by the SWASH model (solid lines) and 

the analytical solution (dashed lines, Eq. 17) by Zhu and Zou (2017) under (for each set of lines 

from top to bottom) submerged (blue), suspended (green), and floating (red) canopy 

configurations (see Figure 3c-3e for illustrations,             ). (a) Case S3: T=2.0 s, 

H0=0.21 m, d=1.7 m, 0.5H0k = 0.11, kd= 1.80. (b) Case S2: T=3.5 s, H0=0.21 m, d=1.7 m, 

0.5H0k = 0.05, kd = 0.82. 

 

Note that for both cases, the analytical solutions closely follow the SWASH model results, with 

the largest discrepancy for the floating canopy in Figure 6a. The wave height decay by the 

analytical solution is overestimated compared with the SWASH result. This is likely related to 

the linear wave assumption inherent in the analytical solution, which tends to predict a 

proportionally larger damping for larger incident waves. The agreement between the SWASH 

model results and the analytical solution is better for the linear incident waves in Figure 6b 

where 0.5H0k = 0.05, than for the nonlinear waves in Figure 6a where 0.5H0k = 0.11. 
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Figure 7. Spatial distribution of wave-averaged flow (left panels) and vertical profiles of mean 

horizontal velocity at x = 5.3 m (right panels) in the presence of (a) submerged, (b) suspended, 

and (c) floating canopy. Dashed red squares in the left panel and horizontal lines in the right 

panel indicate the enclosing boundaries of the canopy. Incident wave water depth h=2.4 m, 

wave period T = 3.5 s, wave height H0=0.21 m. 

 

(a) 

(b) 

(c) 
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Figure 7 shows the spatial distribution of wave driven current and its vertical profile at x=5.35 m 

in the presence of submerged, suspended, and floating canopy, respectively. It is noted that the 

strong mean current jet is generated mainly in the vicinity of the canopy interface due to strong 

velocity shear at this region. The higher the interface is located in the water column, the larger 

the velocity shear, the stronger the mean current strength, and the larger the vertical extent of 

the current jet. These results clearly support the empirical formulation proposed by Abdolahpour 

et al. (2017b) for a submerged canopy based on physical tests, which indicated that the 

maximum current speed increases with the above-canopy orbital velocity and the vertical orbital 

excursion at the canopy interface and the canopy density. 

 

 
Figure 8. Particle trajectory, mean and wave horizontal velocity within and at the top and bottom 

of the suspended canopy under the same wave conditions as in Figure 7b. (a) Trajectories (blue 

solid lines) of five seeding particles (P1-P5, black dots) released at x = 5.3 m and z = -0.3 m, -

0.58 m, -0.85 m, -1.13 m and -1.44 m for five wave cycles. (b) Vertical profiles of mean 

horizontal velocity at x = 5.3 m. (c)-(e) Time history of horizontal velocities at fixed Eulerian 

coordinates x = 5.3 m and z = -0.58 m (P2), -0.85 m (P3), and -1.13 m (P4). Horizontal dashed 

lines in (a)-(b) indicate the upper and lower interfaces of the suspended canopy in Figure 7b, 

vertical dash-dotted line in (b) indicates the zero mean velocity, and horizontal dotted lines in 

(c)-(e) indicate the time-averaged mean horizontal velocity at P2, P3, and P4. 
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More notably, the model also predicts a mean current jet underneath the suspended and 

floating canopies in the opposite direction of the wave propagation. This is in contrast to the 

shoreward current jet immediately within and above submerged canopies as observed by Luhar 

et al. (2010, 2013). This phenomena has not been revealed previously. However, both current 

jets are generated near the canopy boundaries and would play an important role in the 

particulate transport and exchange around the canopies. The mechanism behind the formation 

of the negative current jet is illustrated by the Lagrangian trajectories of five particles initially 

placed within, at the top and bottom of the canopy in Figure 8a. The positive current jet at the 

canopy upper interface is generated by the positive velocity gradient due to damped flow motion 

within the canopy, which is analogous to the wave streaming in the wave bottom boundary 

layers. However, due to flow attenuation within canopy, the fluid particles at the bottom of the 

canopy travel faster at the bottom half of their orbits outside the canopy than at the top half of 

their orbits within the canopy (Figure 8e). This leads to open particle orbits and a time‐averaged 

mean current in the opposite direction of wave propagation. By analogy, the current jet strength 

at the canopy lower interface should also be a function of the horizontal orbital velocity and the 

vertical orbital excursion at the interface and the canopy density. The empirical model proposed 

for positive current jet by Abdolahpour et al. (2017b) at the top of a submerged canopy may also 

be applicable to predict the magnitude of the negative current jet at the lower interface of a 

floating/suspended canopy. 

 
Figure 9. The maximum magnitude of wave-driven current speed at the top and bottom of a 

suspended and floating canopy predicted by SWASH (vertical axis) and the empirical model 

(horizontal axis, Eq. 18) by Abdolahpour et al. (2017b) proposed for submerged canopy based 

on physical tests. Circles:  maximum magnitude of positive speed near the canopy top; squares: 
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maximum magnitude of negative speed near the canopy bottom. The sloping dashed line 

represents 1:1 agreement. 

 

Abdolahpour et al. (2017b) proposed that the observed maximum wave-driven current speed, 

 ̄   , at the top of a submerged canopy, correlating well with the experimental data, can be 

described by the following empirical formula 

 ̄            
  

  
                                                                                (Eq. 18) 

where      √
 

 
∫       ̅    

 

 
 is the root-mean-square (RMS) horizontal orbital velocity far 

above the canopy,  ̅  
 

 
∫      

 

 
 is the time-averaged mean velocity with     being the 

phase-averaged velocity over multiple wave periods,    is the vertical orbital excursion at 

canopy interface according to the linear wave theory, and    is the canopy drag length scale, 

which is a function of canopy density and drag. It should be noted that the empirical formulation, 

Eq. (18), was proposed based on a laboratory study for shallow water waves. Applying the 

formula to intermediate water waves may need some adjustments, since the RMS wave velocity 

in the latter case is not as depth-uniform as in shallow water waves. As a result, the RMS orbital 

velocity at the canopy interface is used instead in our calculations. 

 

Figure 9 shows the maximum wave-driven current speeds predicted by SWASH at the canopy 

interface in comparison with those by the empirical model of Abdolahpour et al. (2017b). For all 

the three canopy configurations, the positive/negative currents are extracted from the vertical 

profiles at the middle of the canopy, x = 5.3 m. It is found that the empirical model predicts quite 

well the positive current, and slightly underestimates the magnitude of the negative current 

when the magnitude becomes larger. The discrepancy in the stronger negative current between 

SWASH and the empirical model is reminiscent of the closed nature of the numerical flume. The 

larger the Stokes drift and the wave-driven current near the canopy top, the more return flow 

recirculating above and beneath as well as through the canopy. It is not surprising that the 

recirculating flow in a closed flume would reinforce the negative current generated at the canopy 

lower interface, therefore, increasing the discrepancy observed between SWASH and the 

empirical model. Relative to open systems such as the ocean, the return flow in a closed flume 

may have more impacts on the strength of the negative current than the positive current, 

because in the latter case, the compensating flow may preferentially return through a channel 

well above and below the canopy shear layer at the top interface (Abdolahpour et al., 2017b) 

where there is less resistance. 

 

3.4 Wave-driven current in a partially vegetated 3D flume 

Figure 10 shows the SWASH model setup for a 3D numerical wave flume, in which a 

submerged canopy occupies only half the flume width. It is interesting to see how the spatial 

patterns of the wave-driven current would change for this case. The 3D numerical flume is 34.8 

m long and 1.0 m wide. As in the previous section, the canopy is 10.7 m long and 0.57 m high, 

which is equal to one-third of the still water depth. The computational domain is discretized with 

a uniform grid of 0.08 m in x-direction and 0.0625 m in y-direction, and 50 layers in the vertical 

direction, resulting in a total of 435 x 16 x 50 = 0.348 million grids. The model was run 60 s on a 
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Lenovo Thinkpad using 3 Intel Core i5 Processors, 2.2 GHz. The subgrid approach by Rijnsdorp 

et al. (2017) was also tested by reducing the equidistantly distributed vertical pressure layers 

from 50 to 5. For each real time of 1 s, this reduces the computational time from 13 min to 1.7 

min without compromising the model results (Rijnsdorp et al. 2017). 

 
Figure 10. (a) Plan view and (b) front view of model setup for a 34.8 m long, 1.0 m wide 3D 

numerical wave flume, in which a submerged canopy occupies the half-width, from y= -0.5 m to 

y= 0 m in the spanwise direction, of the flume. 

 

Figure 11 shows the spatial distribution of the wave-driven mean flow in vertical x-z plane 

y=0.06 m and the vertical profiles of mean horizontal velocity in the vicinity of side interface, 

y=0.0 m (center of flume), of the partially-filled submerged canopy. Figure 12 shows the spatial 

distribution of the mean flow in horizontal x-y plane z= -1.14 m and the spanwise profiles of 

horizontal velocity near the canopy top interface, z= -1.13m. It is found that at the canopy side 

interface y= 0.0 m, there is a strong current near the canopy top. Moving sideways from the 

canopy and into the other half of the flume, i.e., y= 0.06, 0.12 m, however, the strength of this 

current cannot be sustained and is soon attenuated because of the absence of canopy drag. 

While the vertical extent of the current near the canopy top interface is related to the water 

particle vertical excursion (Abdolahpour et al., 2017b), the spanwise extent of the current across 

the side interface is not. For plane regular waves, the water particle orbits in the same plane as 

that of wave propagation. There is no out-of-plane orbital velocity that may contribute to the 

spanwise spreading of the current. Considering the spatial distribution of the mean flow in 

Figure 12, the spanwise extent of the wave-driven current is likely induced by the mixing layer 

formed at the canopy side interface. 

 

Figure 13 shows the spatial distribution of the depth-averaged wave-driven mean flow in the 

presence of the partially-filled submerged canopy. The model results show that there is a 

returning flow in the numerical flume compensating the Stokes drift and the wave-driven jet 
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current generated near the canopy top interface. The model results also confirm that the wave 

height decay along the canopy length induces additional wave setup, O(0.1 mm) (Dean and 

Bender, 2006; Van Rooijen et al. 2016). For this 3D flume, however, we observed no spanwise 

variations of the wave height and the mean water level, likely due to the small canopy drag and 

canopy width relative to the incoming wave length. Thus the dominant flow direction is 

longitudinal pointing to the negative x-direction, with the flow strength attenuated in half the 

flume due to the presence of canopy. The flow adjusts itself near the leading and rear edges of 

the canopy. The strength of the spanwise flow, O(0.001) m/s, is at least one order of magnitude 

smaller than the dominant wave-driven current in the direction of wave propagation. 

 
Figure 11. Spatial distribution in vertical x-z plane of wave-driven mean flow at y= 0.06 m (left 

panel) and vertical profiles of mean horizontal velocity at x= 5.3 m and y= 0.06, 0.0, 0.12 m 

(right panel) in the presence of a partially-filled submerged canopy. Note that y=0 indicates the 

lateral boundary of the canopy. Dashed red squares in the left panel and horizontal lines in the 

right panel indicate the enclosing boundaries of the canopy. T= 3.5 s, H0=0.21 m. 
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Figure 12. Spatial distribution in horizontal x-y plane of wave-driven mean flow at the top of the 

canopy z= -1.14 m (left panel) and spanwise profiles of mean horizontal velocity at x= 5.3 m and 

z= -1.14, -1.07, -1.21 m (right panel) in the presence of a partially-filled submerged canopy. 

Note that z= -1.14 m is the closest to the top interface of the canopy. Dashed red squares in the 

left panel and horizontal lines in the right panel indicate the enclosing boundaries of the canopy. 

T= 3.5 s, H0=0.21 m. 

 
Figure 13. Spatial distribution of depth-averaged wave-driven mean flow in the horizontal plan 

(a) and spanwise profiles of the depth-averaged mean velocity in x-direction  ̅  (b) and y-

direction  ̅  (c) at x= 0.5, 5.3, and 10.1 m in the presence of a partially-filled submerged canopy. 

Note that y= 0 indicates the lateral boundary of the canopy. Dashed red squares in panel (a) 

and horizontal lines in panels (b,c) indicate the enclosing boundaries of the canopy. T= 3.5 s, 

H0=0.21 m. 

4. Conclusions 

The present study examines the canopy-induced wave-driven mean flow structures across the 

suspended canopies. The predictive capability of the non-hydrostatic model SWASH is first 

assessed by comparisons with experiments and two VOF-based models developed on the 

OpenFOAM platform for a submerged canopy. It is shown that SWASH predicts well the wave 

height decay using only 3 vertical layers and resolves the vertical flow profiles using 30~50 

layers. The wave-driven current jet near the top of a submerged canopy is as well captured by 

SWASH as the much more computationally intensive OpenFOAM models. The effects of 

suspended/floating canopies on wave attenuation and vertical structures of wave-driven mean 

flows are then examined using SWASH. The predicted wave height decay agrees well with a 

three-layer analytical solution (Zhu and Zou, 2017). The model results indicate the significant 

effect of canopy vertical location on wave attenuation and wave-driven mean flow patterns. 

 

For a suspended canopy, numerical results show that a strong shoreward/downwave mean 

current jet is generated near the top of canopy. This result is consistent with that at the top of 

submerged canopy by Luhar et al. (2010) and Abdolahpour et al. (2017b). In contrast, a 
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seaward/upwave mean current jet is generated near the bottom of canopy, which has not been 

revealed by previous studies. The predicted particle trajectories indicate that due to flow 

attenuation within canopy, at the bottom of the canopy, the fluid particles travel faster at the 

bottom half of their orbits outside the canopy in the opposite direction of wave than at the top 

half of their orbits within the canopy in the direction of wave. This leads to open particle orbits 

and a negative time‐averaged flow in the opposite direction of wave propagation. At the top of 

the canopy, the fluid particles travel faster at the top half of their orbits outside the canopy in the 

wave direction than at the bottom half of their orbits within the canopy in the opposite direction 

of wave (Abdolahpour et al. 2017b). This leads to open particle orbits and a positive time-

averaged flow in the direction of wave. These findings provide more insights into the wave-

driven flows at the canopy boundaries, which are critical to the particulate transport and 

exchange across the canopy. The strength of both currents is related to wave horizontal 

velocity, vertical orbital excursion, and canopy density. The proposed empirical formulation by 

Abdolahpour et al. (2017b) based on observations for a submerged canopy predicts well the 

magnitude of the positive current, and tends to underestimate that of the negative current, which 

is reinforced by the recirculating flow near the canopy bottom in a closed flume. 

 

The wave-driven current generated near the canopy side interface is examined using a 3D 

SWASH simulation for a partially vegetated flume in the spanwise direction. While the vertical 

extent of the current near the top and bottom of canopy is related to the wave particle vertical 

excursion, the 3D model results suggest that the spanwise extent of the wave-driven current is 

likely induced by the mixing layer at the canopy side interface. Turbulence-resolving models 

such as Large Eddy Simulations may be adopted to investigate in more detail the characteristics 

of the mixing layer. These localized wave-driven current patterns around the canopy-water 

interface have strong implications on the net transport of suspended sediments, nutrients and 

pollutants in the vegetated coastal habitats. 

Appendix A Error metrics to quantify model performance 

Two quantities, Normalized Root Mean Square Error (NRMSE) and Skill Index (SI), are used to 

quantify the model performance. The NRMSE is computed as 
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,                                                                                        (Eq. A1) 

and the skill index is computed as (Willmott, 1981) 
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                                                                                 (Eq. A2) 

where    and    are the predicted and measured parameters of interest, and   
̅̅ ̅̅  is the mean 

of the measured data. The NRMSE represents the magnitude of the errors with respect to the 

range of the measured data. The skill index measures the similarity of the trend and absolute 

accuracy between the measurements and the model results, which is bounded between 0 

(significant discrepancies) and 1 (perfect agreement). 
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Appendix B Effect of SWASH vertical layer resolutions on wave dissipation 

Figure B1 shows the effect of SWASH vertical layer resolutions on the wave height decay above 

a submerged canopy. The incident waves are in the range of intermediate depth, kh = 

0.76~1.37 (Table 1). Without adjusting the canopy drag coefficient, increasing the vertical 

resolution from 3 layers to 50 layers adversely affected the model’s skill index by 0.3% for cases 

1 and 3, and 2% for cases 2 and 4. Better resolving the velocity profiles results in slightly less 

wave dissipation. However, it is seen that most of the wave dissipation could be captured 

remarkably by SWASH using a low vertical resolution of 3 layers. 

 
Figure B1. Wave height evolution above a submerged canopy predicted by SWASH with 3 

vertical layers (solid lines) and 50 vertical layers (dash-dotted lines) and measured (circles) by 

Wu et al. (2012). Panels (a-d) correspond to cases 1, 3, 2, 4 in Table 1. Vertical dashed lines 

indicate the canopy boundaries. 

Appendix C Effect of SWASH sponge layer length on velocity profiles 

The wave-dissipating sloping beach in the laboratory flume (Stratigaki et al., 2011) was not 

incorporated in the present model studies. As a result, the reflected waves from the 

shoaling/breaking process on the beach may lead to partial standing wave patterns not being 

captured by the SWASH model adopting sponge layers. Figure 4 demonstrates that by using 

different sponge layer lengths, there appears a spatial shift in the resulting partial standing wave 

patterns. The average wave reflection coefficients calculated at the leading and rear edges of 

the canopy using the four-probe method (Lin and Huang, 2004) are 5.6%, 3.4%, and 4.4%, 
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respectively, for a sponge layer of 6 m, 8 m, and 10 m. Figure C1 shows the effect of these 

partial standing wave patterns on the velocity profiles within a submerged canopy. It is therefore 

confirmed that despite the spatial shift of the reflected waves as observed in Figure 4, the partial 

standing wave patterns have little effect on the velocity magnitude within the canopy. 

 
Figure C1. Vertical profiles of maximum, minimum and mean horizontal velocities at (a) x = 2.0 

m and (b) x = 8.0 m within a submerged canopy (case S1 in Table 4). Lines: SWASH model 

predictions with a sponger layer length of 6 m (dashed lines), 8 m (solid lines) and 10 m (dotted 

lines). Circles: experiment by Stratigaki et al. (2011). The corresponding wave height evolutions 

along the canopy are shown in Figure 4. 
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