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Abstract

Wetlands characterized by vegetation growing in patches, separated by non-vegetated open

spaces (channels), widely exist in coastal regions. Since wave energy is an important

factor that influences shoreline and wetland stability and causes damage, understanding

wave-spectrum evolution in such patchy vegetation is essential to minimizing erosion and

coastal hazard. Here, we conducted a numerical investigation on the evolution of irregular

waves across various frequency components in mound-channel wetland systems. Simula-

tions with a Boussinesq model showed the impact of patchy vegetation on wave energy was

both frequency- and space-dependent. Energy amplification was induced by mound channel

wetland systems in specific harmonics and locations. Compared with uniform bathymetry,

patchy vegetation on the tops of mounds also influences wave shoaling and nonlinear interac-

tion, intensifying wave energy transfer toward the higher harmonics. This phenomenon be-

came more pronounced for the longer-period incident waves. With increasing incident wave

period, mound-channel wetland systems had di↵erent impacts on the dominant-frequency

and high-harmonic energy; attenuation of the dominant-frequency energy decreased with

longer incident periods, while the trend in the high-harmonic energy reversed. This study

provides insight regarding wave attenuation by wetlands when there is spatial variability

in the wetland configuration. The reduced dominant wave energy by both attenuation and

energy transfer may influence sediment transport in mound-channel wetland systems, which

is related to long-term stability of shorelines and coastal wetlands.
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1. Introduction

The present study investigates how mound-channel wetland systems influence wave en-

ergy in the nearshore and estuarine areas. There is evidence that coastal wetlands have

various ecological benefits for coastal communities, such as providing habitats for flora and

fauna, maintaining water quality and enhancing environmental resilience (e.g., Cimon-Morin

et al., 2015; Cunni↵, 2015; Karjalainen et al., 2016; Silliman et al., 2012). In addition, wet-

lands can directly mitigate the physical stress of shoreline erosion and wave activity (e.g.,

Arkema et al., 2013; Costanza et al., 2008; Gacia and Duarte, 2001; Neubauer et al., 2002).

According to Cunni↵ (2015), such a “natural defense” is also more cost-e↵ective than typical

hard structures, such as breakwaters and levees.

The subject of wave dissipation by vegetation has attracted numerous studies since the

1980s. Dalrymple et al. (1984) and Kobayashi et al. (1993) derived analytical solutions

for the energy decay and wave speed reduction induced by vegetation for monochromatic

waves, while Méndez et al. (1999) and Méndez and Losada (2004) extended the models to

irregular wave application. In the following years, field studies, laboratory experiments and

numerical modeling demonstrated the capacity of vegetation for attenuating wave energy

(e.g., Augustin et al., 2009; Loder et al., 2009; Morgan et al., 2009; Wamsley et al., 2010).

Recently, the role of vegetation on irregular wave attenuation was found to be frequency-

dependent. Bradley and Houser (2009) and Anderson and Smith (2014) observed more

energy dissipation in the high-frequency components (compared to low frequencies) by both

natural and artificial vegetation. In a field study by Jadhav et al. (2013), the drag coe�cient

of vegetation depended on wave frequency, and they proposed a frequency-dependent curve

for velocity attenuation to better parameterize the drag coe�cient across the frequency

domain. Wu and Cox (2015) concluded that wave steepness and water depth a↵ected wave

energy dissipated by vegetation. Some studies also recognized that wave dissipation was

related to vegetation properties like sti↵ness and density (e.g., Bouma et al., 2005; Paul

and Amos, 2011), while Augustin et al. (2009) and Ozeren et al. (2013) observed little
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di↵erence between wave attenuation by rigid and flexible plants. External factors like current

and incident wave energy might undermine vegetation’s capacity to dissipate waves (e.g.,

Ondiviela et al., 2014; Paul et al., 2011). However, our understanding of coastal wetlands in

mitigating natural hazards is not yet as well-established as it is for hard structures (Cunni↵,

2015). For instance, studies on wave dynamics in patchy wetlands are still limited.

In field settings, patchiness is a common property of coastal wetlands (e.g., Rietkerk

et al., 2004; Rietkerk and van de Koppel, 2008). The uncertainty of growth and seasonal

variability may result in non-vegetated channels in-between vegetation patches. Silliman

et al. (2015) and van Wesenbeeck et al. (2008) reported a higher plant growth rate when

vegetation was grouped into patches to maximize the positive species interaction. Under

appropriate hydrodynamic and abiotic conditions, Bouma et al. (2009) and Balke et al.

(2012) observed enhanced sediment accretion induced by the attenuated hydrodynamic en-

ergy inside vegetation patches, which induced additional marsh growth. Yet, the dynamics of

wave-spectrum evolution in patchy vegetation, which is relevant to the stability of wetlands

and wave energy dissipation, is not well understood.

Nonlinear wave interaction is a significant factor in wave-spectrum evolution, especially

for shallow-water gravity waves over complex bathymetry. Whalin (1971) observed wave

energy transfer toward high frequencies in a series of regular-wave experiments, which was

induced by nonlinear wave interaction and uneven bathymetry. Freilich and Guza (1984)

derived a one-dimensional Boussinesq model to predict the nonlinear spectral evolution of

irregular waves, and observed secondary peaks at higher harmonics of the peak frequency

resulting from nonlinear interaction. Liu et al. (1985) extended the work to two horizontal

dimensions, which was applicable to more complicated cases. Following studies further

demonstrated the relationship between wave-spectrum evolution and nearshore processes,

such as wave shoaling, refraction and di↵raction (e.g., Eldeberky, 2012; Hamm et al., 1993;

Janssen et al., 2008; Norheim et al., 1998). With a mound in the bathymetry, Yeh et al.

(1994) observed energy convergence behind a cone-shaped island. In wetlands with complex

bathymetry, the presence of patchy vegetation will provide additional attenuation of wave

energy. Thus, the evolution of wave spectra becomes more complicated.
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This paper is focused on wave evolution in patchy wetlands characterized by vegetated

mounds and unvegetated cross-shore channels (mound-channel wetland systems) using nu-

merical simulations with a fully nonlinear and weakly dispersive Boussinesq model. The

mound-channel wetland systems are idealized from a prototype engineered wetland in Dale-

hite Cove, Galveston Bay, TX. In the following, we introduce the applied methodology

and present the simulation results. Further insight into the role of mound-channel wetland

systems on wave evolution is provided in the discussion, followed by final conclusions.

2. Methodology

2.1. Boussinesq Model

The numerical model used in this study is COULWAVE (e.g. Kim and Lynett, 2011;

Lynett et al., 2002), which is based on the depth-integrated Boussinesq-type equations, with

sub-models to include the e↵ects of bottom friction, wave breaking and turbulent mixing.

This model is fully nonlinear and weakly dispersive, and has been successfully applied in

one- and two-dimensional simulations of wave propagation over uneven bathymetry (e.g.,

Løvholt et al., 2015; Lynett et al., 2010, 2002; Yang et al., 2015). The dimensional governing

(continuity and momentum) equations are

@⇣

@t
+r · [(⇣ + h)u

↵

] +H.O.T. = O(µ4), (1)
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↵
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�R
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�R
ev

+H.O.T. = O(µ4), (2)

where ⇣ = free surface elevation, h = local water depth, u
↵

= horizontal velocity vector at

z
↵

from still water level and g = gravity. The e↵ects of bottom friction and wave breaking

are included in R
f

and R
b

, and R
ev

accounts for the vertical and horizontal eddy viscosity

of turbulent mixing. H.O.T represents the higher-order nonlinear and dispersive terms on

the order of O(µ2), where µ is the ratio of water depth and wavelength (h
�

). Additional

details regarding these terms are described in literature (e.g., Kim and Lynett, 2011; Liu,

1994; Løvholt et al., 2013; Lynett et al., 2002).
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To simulate the e↵ect of vegetation in numerical models, various approximations have

been applied in previous studies. A straightforward approach is to represent vegetation as

increased bottom friction (e.g., Augustin et al., 2009; Blackmar et al., 2013; Loder et al.,

2009). This approach works satisfactorily in predicting large-scale flow characteristics, while

small-scale patterns adjacent to individual plant stems are not as well resolved. Another

approach to approximate vegetation is by including drag force terms, such as in Nepf (2004)

and Huang et al. (2011), to explicitly account for the e↵ect of stem density and better capture

smaller-scale features. Applying a three-dimensional model, Maza et al. (2015) concluded

that simulating the actual geometry of plants provided better prediction of wave forces, com-

pared to the drag force approximation. Recently, Ozeren et al. (2013) and Wu et al. (2016)

further demonstrated that vertical variation of vegetation also influenced wave attenuation.

In our study, we focus on the wave-spectrum evolution a↵ected by the drag e↵ect of patchy

vegetation, where we are interested in the aggregated impact of the vegetation patch on the

large-scale flow. Thus, we approximate the vegetation patches as increased bottom friction

(R
f

in Eq. 2) in the simulations.

2.2. Study Domain

This study expands on the regular-wave experimental findings in Truong et al. (2014)

and the numerical simulation findings on wave-induced circulation in Yang et al. (2015). We

select the engineered site of Dalehite Cove in Galveston Bay, TX as our prototype, which is

composed of constructed vegetated mounds separated by unvegetated channels; vegetation

(i.e., higher bottom friction) is specified only at the top of each mound. In nature, similar

patchy wetlands also commonly exist (e.g., Rietkerk et al., 2004; Rietkerk and van de Koppel,

2008). The mound spacings (S), water depths (h
o

), incident wave heights (H
i

) and peak

periods of incident waves (T
p

) are selected based on the predominant site conditions with

Froude scaling (Truong et al., 2014). In the field, the average dimensions of mounds are 35

m for the bottom diameter, 13 m for the top diameter, and 0.5 m in height. The selected

geometric scale factor is 1:6.5, while the corresponding time scale factor is 1:2.55. The

investigations of Yang et al. (2015) and Truong et al. (2014) were limited to the research
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of regular waves and three mounds alongshore for all laboratory scenarios. Here, we (a)

use TMA wave spectra to simulate more realistic wave conditions (Hughes, 1984), and (b)

assume periodic distribution of mounds in the alongshore direction (Fig. 1). To maximize

computational resources, the simulations were executed at the same 1:6.5 length scale used in

Truong et al. (2014); however, we compared the scaled simulations with real scale simulations

to ensure scalability of the results (see Appendix A (Supplementary Materials)). Figure

S1 shows the incident wave spectra with peak wave period T
p

= 1.5 to 4.0 s, incident

wave height H
i

= 0.14 m, and o↵shore depth h
o

= 0.50 m. The periodic and infinite

distribution of mounds alongshore was simulated by assuming symmetry (depth, free surface

and velocity) about the alongshore computational boundaries (i.e., zero normal flux and

zero normal gradient at the boundary), which narrowed the domain to save computational

time. An absorbing boundary condition was used at the o↵shore and inshore computational

boundaries to eliminate cross-shore wave reflection (e.g., Wei and Kirby, 1995). Consistent

with other studies (e.g., Augustin et al., 2009; Blackmar et al., 2013; Yang et al., 2015), the

e↵ect of vegetation was included by employing a quadratic bottom friction term in Eq. 2:

R
f

= f ub|ub|
h+⇣

, where f is the friction coe�cient. Using the laboratory data in Truong et al.

(2014), the model setup with COULWAVE employed here was validated and calibrated in

Yang et al. (2015) for regular wave conditions in patchy vegetation. Vegetation friction

coe�cients were calibrated as 0.10 and 0.15 respectively for the 0.50 and 0.36-m depth

scenarios. This study applied these calibrated vegetation coe�cients to extend the range of

the previous research to irregular wave conditions. Hereafter, we refer to the simulations with

vegetation represented by higher bottom friction as vegetated scenarios. Table 1 summarizes

all simulated scenarios (i.e., mound spacings [S = 5.48�10.02 m], o↵shore depths [h
o

= 0.36

and 0.5 m], incident wave heights [H
i

= 0.07 and 0.14 m], peak periods [T
p

= 1.5 � 4.0 s]

and vegetation coe�cients [f
veg

= 0.10 and 0.15]) in this study. For reference, simulations

of horizontal bathymetry without mounds, channels or vegetation were also performed with

the corresponding depths and wave conditions. Model validation is presented in Appendix

A (Supplemental Materials).
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APPROXIMATE LOCATION OF FIGURE 1

Figure 1: (a) Bathymetry (in m) for the 7.02-m mound spacing and 0.50-m o↵shore depth. Cross-shore

channels are along y = ±3.51 and ±10.53 m. Vegetation is represented by higher friction on top of the

mounds, marked by black dotted circles. Waves propagate from left to right. The mounds are assumed

to distribute periodically and infinitely in the alongshore direction. To save computational time, we only

model a narrow alongshore-symmetric portion of the domain, and mirror it into infinity in the alongshore

direction. (b) Transect of bathymetry along centerline (y = 0 m). Horizontal bathymetry without mounds

and channels (constant depth after x = 17.0 m) is simulated for reference. Grid resolution of 0.05 m was

selected to resolve the scale of the mound-channel bathymetry in the simulations.

2.3. Data Analysis

To study the spatial distribution of wave energy, we used 663 model output locations

over a sub-domain of 15 m < x < 30 m in the cross-shore direction and from y = 0 m to

the adjacent cross-shore channel, e.g., y = 3.5 m in Fig. 1. Simulation output included

time series of free surface elevation and depth-integrated horizontal velocity. Because of

symmetry, this sub-domain can be mirrored alongshore to represent the wider domain. Each

simulation contained at least 200 individual waves to provide convergence in the estimates of

wave spectra. Fast Fourier transform (FFT) was used to obtain wave spectra from the free

surface elevation data. The spectra were smoothed by averaging 32 neighboring frequency

bands, which resulted in 0.06-Hz frequency resolution. In addition, to quantify wave energy

in the harmonic frequencies, we integrated the wave spectra over a few frequency bins

centered around the first (f1 = 1
Tp
), second (f2 = 2

Tp
) and third (f3 = 3

Tp
) harmonics to

obtain the representative energy, i.e.,
R

fu

fi
S
p

df , where S
p

is the wave spectrum, f
i

and f
u

are

the lower and upper frequencies around the harmonic. The integration ranges for the first,

second and third harmonics were 0.5
Tp

to 1.5
Tp
, 1.5

Tp
to 2.5

Tp
and 2.5

Tp
to 3.5

Tp
.

3. Results

We applied COULWAVE to simulate all the scenarios in Table 1, then analyzed model

output following the methods described above. Figure 2 shows the instantaneous free surface

and wave-averaged (over two T
p

) current in non-vegetated and vegetated scenario 2 (at time
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Table 1: Matrix of simulation scenarios and simulated percent of energy in each harmonic (spatially inte-

grated over area shown in Fig. 8)

Scenario (m) S (m) h
o

(m) Hi (m) Tp (s) fveg Energy in harmonics (%)

(NV vs. VG)

1st 2nd 3rd 1st 2nd 3rd

1 5.48 0.50 0.14 2.0 0.10 68 22 5 64 20 4

2 7.02 0.50 0.14 2.0 0.10 69 21 5 68 20 4

3 8.66 0.50 0.14 2.0 0.10 70 21 5 70 21 4

4 10.02 0.50 0.14 2.0 0.10 70 20 4 70 20 4

5 7.02 0.50 0.14 1.5 0.10 78 17 2 77 15 2

6 7.02 0.50 0.14 3.0 0.10 55 24 11 53 24 10

7 7.02 0.50 0.14 4.0 0.10 41 28 15 40 28 16

8 5.48 0.36 0.07 2.0 0.15 56 24 10 54 25 8

9 7.02 0.36 0.07 2.0 0.15 57 25 9 56 25 8

10 8.66 0.36 0.07 2.0 0.15 56 26 9 56 27 9

11 10.02 0.36 0.07 2.0 0.15 58 26 9 58 26 9

12 7.02 0.36 0.07 1.5 0.15 70 20 4 70 19 3

13 7.02 0.36 0.07 3.0 0.15 47 24 13 47 23 13

14 7.02 0.36 0.07 4.0 0.15 38 24 15 38 23 15
S: mound spacing; h

o

: o↵shore depth at wavemaker; H
i

: incident wave height; T
p

: peak period of incident

wave; f
veg

: increased bottom friction coe�cient of vegetation e↵ect; NV : non-vegetated scenario; V G:

vegetated scenario.

step t = 160 s). Wave shoaling occurs over the mounds with shallower depth, leading to

wave height damping by wave breaking on the mound crest (x = 21 m). The wave-induced

currents converge toward the centerline (y = 0 m) in Fig. 2(c,d), and indicate wave refraction

behind the mounds (x = 24 m). Circulation cells similar to rip current systems are observed

farther onshore (24 < x < 30 m), with landward currents behind the mounds and seaward

currents in the cross-shore channels (y = ±3.51 m). The alongshore feeder currents from

the shadow zone shoreward of the mounds into the channels induce energy amplification
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in the channels, as shown by the brighter spots (about 50% higher free surface elevation)

at x = 27 m and y = ±3.51 m in Fig. 2(a,b). Overall, the wave-induced currents in the

vegetated scenario are weaker than in the non-vegetated one. Such current circulation is

a significant factor in influencing wave evolution within patchy wetlands. The reader is

referred to Yang et al. (2015) for a thorough analysis of the wave setup and wave-induced

currents in mound-channel wetland systems.

APPROXIMATE LOCATION OF FIGURE 2

Figure 2: Instantaneous free surface and wave-averaged current for scenario 2 (Table 1) where (a,c) are

non-vegetated and (b,d) are vegetated, all at time step t = 160 s. O↵shore depth h
o

= 0.50 m, peak wave

period T
p

= 2 s, incident wave height H
i

= 0.14 m and mound spacing S = 7.02 m. Waves propagate from

left to right. Black dotted lines depict the ramp and mounds in Fig. 1.

3.1. Significant Wave Height

3.1.1. Impact of mound spacing and depth

Bathymetry characterized by shoals, or mounds, is known to induce wave shoaling,

breaking and refraction, consequently inducing current circulation and wave pattern non-

uniformity. In this study, the scenarios with di↵erent mound spacings and depths provide

an insight regarding the extent of the spatial variability of wave height.

Figure 3(a,d,g) show the planform wave height distribution with various mound spacings

(i.e., 5.48 m, 7.02 m and 8.66 m) without vegetation. The o↵shore depth is 0.50 m, with a 2-s

peak wave period. Mound-channel bathymetry has a significant influence on wave refraction,

shoaling and breaking, leading to alongshore variability in the significant wave height con-

tours. The decreased depths over the mounds cause stronger wave breaking, reducing wave

height behind the mounds. In contrast, areas of increased wave height exist in the cross-shore

channels (alongshore boundaries of the sub-domain), which is attributed to wave interaction

with the nearshore currents induced by the mound-channel configuration (Fig. 2(c)). With

increasing mound spacing, both the regions of wave height reduction behind the mounds

and the regions of wave height amplification in the channels are pushed farther onshore.

According to Yang et al. (2015), mound-channel wetlands generated circulation similar to
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APPROXIMATE LOCATION OF FIGURE 3

Figure 3: Contours of local significant wave height normalized by incident significant wave height (unitless)

for non-vegetated scenarios (a,d,g) and vegetated scenarios (b,e,h), and percent di↵erence between non-

vegetated and vegetated scenarios (c,f,i). Red and blue colors in (c,f,i) indicate wave height increase and

decrease by vegetation. Panels (a,b,c), (d,e,f) and (g,h,i) are for mound spacing of 5.48 m, 7.02 m and 8.66

m, respectively, where o↵shore depth h
o

= 0.50 m and peak wave period T
p

= 2 s. Panels (j-r) are the same

contours with h
o

= 0.36 m and T
p

= 2 s. Waves propagate from left to right. Black dotted lines depict the

ramp and mounds in Fig. 1.

rip-current systems, and larger mound spacing left a wider space for circulation development

shoreward. As a result, the alongshore feeder flows from the mounds’ shadow zones into

the channels move shoreward, resulting in wave height amplification farther onshore in the

channels.

When water depth decreases, the e↵ect of bathymetry on wave propagation becomes more

significant. Figure 3(j,m,p) show the wave height distribution for a 0.36-m o↵shore depth

and the same mound spacings. Compared with the 0.5-m depth scenarios (Figure 3(a,d,g)),

the mounds dissipate relatively more wave energy, resulting in relatively lower wave heights

at x > 21 m. Strong wave height reductions occur behind the mounds. However, unlike

the 0.50-m depth, in which the regions of lower wave height widen onshore, these regions in

the 0.36-m depth maintain almost a constant width in the cross-shore direction. Moreover,

the area of dissipated wave energy behind the mound is less sensitive to the mound spacing.

Compared with the deeper scenario, the area of wave height amplification in the channel

moves seaward (x < 23 m), and increases when the channel is wider.

3.1.2. Impact of vegetation

Figure 3(b,e,h) show the significant wave height distribution for the vegetated scenarios

(0.50-m o↵shore depth), while Fig. 3(c,f,i) show the corresponding percent-di↵erence with

respect to the non-vegetated scenarios. While energy dissipation by breaking on the mounds

occurs in both the presence and absence of vegetation, when vegetation is introduced the

total wave energy dissipation on the mound increases. Thus, vegetation reduces wave height

10



on top of the mounds, and the region of wave damping diverges and extends into the outer

shadow zones (hereafter, termed “OSZ”; the blue regions angled to centerline behind the

mounds (x > 23 m) in Fig. 3(c,f,i)). For small mound spacing, this dissipation expands

into the shoreward sides of the channels, but amplifies wave height in the channels next

to the mounds (Fig. 3(c)). With wider mound spacings, the amplified wave height in the

channels is shifted shoreward in the vegetated scenario. In addition, compared with the non-

vegetated scenario, the higher resistance of vegetation reduces the shoreward current behind

the mounds by 30% or more, while the alongshore feeder flows are less a↵ected (Fig. 2(c,d)).

This results in stronger energy convergence towards y = 0 m, resulting in increased wave

height of 10 to 40% in some areas shoreward of the mounds in the deeper depth scenarios

(Fig. 3(c,f,i)).

With a shallower depth of 0.36 m, the relative impact of vegetation becomes more sig-

nificant as shown in Fig. 3(k,n,q,l,o,r). Vegetation divides the region of low wave height

behind the mound into two parts angled to centerline, y = 0 m (Fig. 3(k,n,q)). In the

percent-di↵erence contours, wave height reduction in OSZ is more significant than in the

0.50-m depth scenario. When mound spacing increases, wave height amplification in the

channels, resulting from the altered circulation patterns induced by vegetation , widens and

expands shoreward. On the other hand, the higher vegetation roughness in the shallower

depth causes 75% higher dissipation of cross-shore velocity over the mounds (Yang et al.,

2015), enabling more energy accumulation shoreward of the mounds. Therefore, wave height

amplification by vegetation behind the mounds is also more intense than in the 0.50-m depth

scenario; regardless of vegetation scenario there is at least a 30% increase in wave height

as shown by the darker hot areas shoreward of mounds in Fig. 3(l,o,r) compared with Fig.

3(c,f,i).

3.1.3. Impact of incident wave period

The simulation results also show the incident wave period (T
p

) influences significant wave

height distribution. Figure 4 shows selected results, but all results exhibit the same trends

with respect to T
p

. The shortest incident wave generates more structure than the longer-
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period waves, such as the slight wave height amplification in OSZ (Fig. 4(a,b)). Regions of

low wave height behind the mounds widen with increasing wave period; for the vegetated

scenario, this low wave height region diverges into two separated parts when T
p

= 4 s (Fig.

4(k)). This is similar to the shallower scenario in Fig. 3(n), since the longer wave period

approaches the shallow water limit. With longer waves, the e↵ect of vegetation tends to

more clearly organize wave height amplification into three regions, i.e., shoreward of the

mounds, wave height amplification on the seaward edges of the channels, and wave height

damping in OSZ extending into the channels onshore (Fig. 4(k)).

APPROXIMATE LOCATION OF FIGURE 4

Figure 4: Contours of local significant wave height normalized by incident significant wave height (unitless)

for non-vegetated scenarios (a,d,g,h) and vegetated scenarios (b,e,h,j) and percent di↵erence between non-

vegetated and vegetated scenarios (c,f,i,k). Red and blue colors in (c,f,i,k) indicate wave height increase

and decrease by vegetation. Panels from top to bottom are for peak wave periods of 1.5 s, 2 s, 3 s and 4 s,

respectively, where o↵shore depth h
o

= 0.50 m and mound spacing S = 7.02 m. Waves propagate from left

to right. Black dotted lines depict the ramp and mounds in Fig. 1.

3.2. Evolution of Wave Spectra

3.2.1. Transfer of wave energy to higher harmonics

The contours of significant wave height only represent the integrated wave energy at

each output location in the sub-domain. To investigate the wave energy evolution, wave

spectra were extracted from several locations along a cross-shore transect over the mound

(i.e., y = 0 m); see Figure 5. In all locations, wave energy is transferred from the dominant

frequency into the second and third harmonics, which is induced by nonlinear interaction

over complicated bathymetry. Wave breaking over the mound significantly reduces the

dominant-frequency energy by 51%, while vegetation on the mound’s top provides additional

attenuation at the higher harmonics (13%). Shoreward of the vegetated mound’s bottom

(x = 23.4 m, Fig. 5(b)), the dominant-frequency energy becomes 20% higher than the

shoreward edge of the mound’s top (x = 21.6 m), which indicates stronger refraction and
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APPROXIMATE LOCATION OF FIGURE 5

Figure 5: Wave spectra along the transect over mound (i.e., y = 0 m). (a) Non-vegetated scenario; (b)

vegetated scenario. Spectra are extracted from locations in front of mound (x = 17.7 m), on the mound

(x = 20.4 m), behind the mound’s top (x = 21.6 m), and behind the mound (x = 23.4 m). O↵shore depth

h
o

= 0.50 m, mound spacing S = 7.02 m, and peak wave period T
p

= 2 s.

di↵raction, leading to energy convergence, induced by the patchy vegetation (see also Fig.

8(c)).

In order to study the energy evolution of various harmonics over the mound-channel

wetland systems, we computed the wave spectra of all 663 output locations and integrated

each spectrum over the bins around the first, second and third harmonics (see Section 2.3).

Figure 6(a-i) show the wave energy contours of the three harmonics of non-vegetated and

vegetated scenarios and the corresponding percent di↵erence, for the 0.50-m depth scenario,

while Fig. 6(j-r) show the same results of the 0.36-m depth scenario; Table 1 presents

percent of total energy in each harmonic over the area shown in Fig. 8. While most of

the energy remains in the dominant frequency (i.e., first harmonic), considerable portions

are transferred into the second (20 � 25%) and third (5 � 10%) harmonics. Such energy

transfer across frequencies is attributed to various factors, including the bathymetry itself,

the presence of vegetation, induced currents and wave steepening, and nonlinear interactions.

At the higher harmonics, with respect to the non-vegetation scenarios, vegetation reduces the

energy over a larger area (Fig. 6(f,i,o,r)). This implies that vegetation reduces wave energy

at higher frequencies, which is consistent with previous studies (e.g., Anderson and Smith,

2014; Bradley and Houser, 2009; Jadhav et al., 2013; Wu and Cox, 2015). Likely both energy

transfer across harmonics (see Section 4.4 below) and direct dissipation of energy in the

harmonics, as induced by vegetation, contribute to energy reduction at higher frequencies.

However, patchy vegetation does not induce wave energy reduction in all locations or at all

harmonics. Rather, with respect to the non-vegetated scenarios, energy amplification by

vegetation occurs behind the mounds and in parts of the channels. For the shallower depth

(0.36 m o↵shore), higher vegetation roughness results in larger increases in energy behind
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APPROXIMATE LOCATION OF FIGURE 6

Figure 6: Contours of wave energy (in m2) for non-vegetated scenarios (a,d,g), wave energy (in m2) for

vegetated scenarios (b,e,h) and percent di↵erence between non-vegetated and vegetated scenarios (c,f,i).

Red and blue colors in (c,f,i) indicate wave energy increase and decrease by vegetation. Panels (a,b,c),

(d,e,f) and (g,h,i) are for wave energy around the dominant frequency, second harmonic and third harmonic,

respectively, where o↵shore depth h
o

= 0.50 m, peak wave period T
p

= 2 s and mound spacing S = 7.02

m. Panels (j-r) are the same contours with h
o

= 0.36 m and T
p

= 2 s. Waves propagate from left to right.

Black dotted lines depict the ramp and mounds in Fig. 1. To show spatial variation, color bar ranges di↵er

for di↵erent scenario depths and harmonics; see Table 1 for total energy in each harmonic.

the mounds, especially at the higher harmonics (Fig. 6(l,o,r)). These regions extend farther

inshore compared to the 0.50-m depth scenario.

3.2.2. Impact of incident wave period

Figure 7 show selected harmonic results for various incident wave periods (i.e., T
p

= 1.5

s and 4 s) for the 0.50-m depth scenario. With increasing wave period, the nonlinear e↵ects

becomes more significant (e.g., Whalin, 1971). In addition, when wave period increases, the

incident wavelength approaches the shallow-water limit, causing the relative e↵ect of the

mound-channel bathymetry to become more pronounced. As a result, a larger portion of

wave energy is transferred into the higher harmonics for the 4-s wave scenario. In the lab-

oratory study of regular wave propagation over bathymetry with parallel circular contours,

Whalin (1971) also observed more significant energy transfer across harmonics for longer

waves. In addition, with longer incident wave period, there is less similarity between the

contours of significant wave height (Fig. 4(j,k)) and energy at the dominant-frequency (Fig.

7(j,k)). Here, most energy in x < 18 m and x > 24 m is transferred into the second and third

harmonics. This implies that energy transfer of a long wave across frequencies is spatially

dependent within mound-channel systems. Moreover, for longer waves, the increase of en-

ergy shoreward of the mounds and in the channels due to vegetation is mainly in the higher

frequencies (Fig. 7(o,r)). In contrast, vegetation reduces energy in the higher harmonics in

the shorter-wave scenarios over most of the sub-domain (Fig. 7(f,i)).
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APPROXIMATE LOCATION OF FIGURE 7

Figure 7: Contours of wave energy (in m2) for non-vegetated scenarios (a,d,g), wave energy (in m2) for

vegetated scenarios (b,e,h) and percent di↵erence between non-vegetated and vegetated scenarios (c,f,i). Red

and blue colors in (c,f,i) indicate wave energy increase and decrease by vegetation. Panels (a,b,c), (d,e,f)

and (g,h,i) are for wave energy around the dominant frequency, second harmonics and third harmonics,

respectively, where o↵shore depth h
o

= 0.50 m, peak wave period T
p

= 1.5 s and mound spacing S = 7.02

m. Panels (j-r) are the same contours with T
p

= 4 s. Waves propagate from left to right. Black dotted

lines depict the ramp and mounds in Fig. 1. To show spatial variation, color bar ranges di↵er for di↵erent

scenario depths and harmonics; see Table 1 for total energy in each harmonic.

4. Discussion

4.1. Non-uniform spatial distribution of wave energy in mound-channel systems

With continuous vegetation in planform, wave propagation through the vegetation field

varies less alongshore. As a result, a single cross-shore transect can reasonably represent

the wave evolution (e.g., Anderson and Smith, 2014; Koftis et al., 2013; Paul et al., 2011;

Tang et al., 2015). For the mound-channel wetland systems in this study, however, the

impact of patchy vegetation is spatially dependent. Vegetated mounds directly attenuate

the wave-induced current, especially in the cross-shore direction (Fig. 2(c,d) and Yang et al.

(2015)), which in turn modifies the patterns of wave breaking and wave refraction. This

interaction results in wave energy amplification and damping in di↵erent regions, rather

than a monotonic decay through a vegetation belt (e.g., Eq. 50 in Dalrymple et al. (1984)

and Eq. 17 in Kobayashi et al. (1993)). In other words, the simplified one-dimensional

approaches to predict wave propagation over uniform vegetation are not appropriate for

assessing wave conditions in patchy wetlands.

4.2. Impact of wetland configuration on wave dissipation

To quantify the e↵ect of mound-channel wetland systems on wave evolution, wave height

and wave energy are integrated over the sub-domains of the contours in Section 3, i.e.,
R R

H
s

dxdy and
R R

S
h

dxdy, where H
s

is the significant wave height and S
h

is the energy

in the harmonics. Figure 8(a) shows the wave height di↵erence (in %) between mound-
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channel systems with and without vegetation and horizontal bathymetry (without vegeta-

tion, mounds or channels), where negative values indicate reduction caused by the vegetated

mounds. It is observed that smaller mound spacing and shallower depth provide higher

reduction in wave height overall in the sub-domain. Mound-channel bathymetry is the

dominant factor in reducing the overall wave height (9% to 18%), while patchy vegetation

provides only a fair contribution (< 4%). The e↵ect of vegetation alone is less sensitive to

the mound spacing.

APPROXIMATE LOCATION OF FIGURE 8

Figure 8: (a) Percent di↵erence of significant wave height between mound-channel systems with and without

vegetation (hollow symbols), and between vegetated mound-channel systems and non-vegetated horizontal

bathymetry (filled symbols). Percent di↵erence of wave energy in the first (solid lines), second (dashed lines)

and third (dotted lines) harmonics (b) between mound-channel systems with and without vegetation; (c)

between vegetated mound-channel systems and non-vegetated horizontal bathymetry. Legends in panel (b)

also apply to panel (c). Circles and triangles are for o↵shore depth h
o

= 0.50 m and h
o

= 0.36 m. Peak

wave period T
p

= 2 s. The percent di↵erence is defined as Vveg�Vref

Vref
⇥ 100%, where V

veg

is the value for

vegetated scenarios and V
ref

is the value for reference non-vegetated scenarios. Negative values indicate

reduction by vegetation.

Figure 8(b) shows the percent di↵erence of integrated energy in the harmonics between

non-vegetated and vegetated mound-channel systems. The e↵ect of vegetation on overall

wave energy within subdomain is frequency-dependent, with more dissipation occurring in

the higher harmonics. Similar preferential dissipation of high-frequency spectra was reported

in other studies with continuous vegetation (e.g., Anderson and Smith, 2014; Jadhav et al.,

2013; Wu and Cox, 2015). In our study, however, patchy vegetation does not dissipate

wave energy at all harmonics; a slight energy increase (< 4%) is observed in the second

harmonics of the shallower scenario. The maximum reductions by vegetation are 6%, 8%,

and 18% for the first, second and third harmonics. The combined e↵ect of vegetation plus

the mound-channel bathymetry versus the non-vegetated horizontal bathymetry is shown in

Fig. 8(c). Energy reduction by the vegetated mounds is more significant for the shallower

depth with narrower mound spacing (up to 30%). In the deeper scenario, rather than being
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dissipated, more energy is transferred into the higher harmonics by the vegetated mounds,

leading to increased energy in the second (2% to 6%) and third (12% to 15%) harmonics.

However, energy reduction at the dominant frequency is greater than energy increase at

the higher harmonics, so the total wave energy in the subdomain is still attenuated (4%)

by the combined e↵ects of patchy vegetation plus mound-channel bathymetry in the deeper

scenario (solid circles in Fig. 8(a)).

4.3. Impact of wave period on wave dissipation

Similar spatial integration of wave height and wave energy is performed to show the

relationship between incident wave period (T
p

) and the wave-spectrum evolution in the sub-

domain. In Fig. 9(a), the e↵ect of bathymetry and vegetation on wave height is not very

sensitive to the incident wave period (variation within 5% from 1.5 s to 4.0 s). Wave height

attenuation is not always the largest for the shorter wave-period scenarios; for instance,

except for the results shown by the filled circles, wave height damping by mound-channel

wetland systems on T
p

= 1.5 s is less significant than T
p

= 2.0 s.

APPROXIMATE LOCATION OF FIGURE 9

Figure 9: (a) Percent di↵erence of significant wave height between mound-channel systems with and without

vegetation (hollow symbols), and between vegetated mound-channel systems and non-vegetated horizontal

bathymetry (filled symbols). Percent di↵erence of wave energy in the first (solid lines), second (dashed lines)

and third (dotted lines) harmonics (b) between mound-channel systems with and without vegetation; (c)

between vegetated mound-channel systems and non-vegetated horizontal bathymetry. Legends in panel (b)

also apply to panel (c). Circles and triangles are for o↵shore depth h
o

= 0.50 m and h
o

= 0.36 m. Mound

spacing S = 7.02 m. The percent di↵erence is defined as Vveg�Vref

Vref
⇥ 100%, where V

veg

is the value for

vegetated scenarios and V
ref

is the value for reference non-vegetated scenarios. Negative values indicate

reduction by vegetation.

Figure 9(b,c) show the relative e↵ects of vegetation and bathymetry on wave energy

in the harmonics. In both the non-vegetated and vegetated scenarios, the longer wave

scenarios (scenario 7 for the deeper depth and scenarios 13 and 14 for the shallower depth;

see Table 1) exhibit more nonlinearity, where more than 50% of the spectral energy is in

higher harmonics and, consequently, less energy is at the dominant frequency. Compared
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with a non-vegetated horizontal bottom (Fig. 9(c)), the vegetated mound-channel system

causes higher energy reduction at the dominant frequency, with energy reduction increasing

with decreasing period (T
p

). For the 0.5-m depth scenarios, energy at the dominant frequency

is increasingly transferred to the higher harmonics as T
p

decreases for T
p

� 3 s, as much

as 5% and 15% respectively into the second and third harmonics. However, the longer 4-

s wave scenarios exhibit additional energy loss throughout the spectrum, at the dominant

frequency and the higher harmonics. As shown in Fig. 7, energy transfer across the spectrum

is less significant for shorter waves. In Fig. 9(c), the amplified high-harmonic energy in

the deeper scenario (hollow circles with dashed and dotted lines) implies that modified

wave shoaling, wave refraction and current circulation by mound-channel wetlands in turn

intensify nonlinear energy transfer across frequencies.

The shallower 0.36-m scenarios (Fig. 9(c)) also supports that vegetated mound-channel

systems dissipate energy throughout the wave spectrum for longer incident waves. Here,

as with the 0.5-m scenarios dominant energy reduction by the vegetated mound-channel

system increases with decreasing T
p

in the 0.36-m scenarios. Yet, unlike the deeper scenario,

energy is dissipated at the higher harmonics with a general trend of increasing dissipation

with increasing T
p

.

Compared with the non-vegetated mound-channel scenarios, the vegetation causes a

higher energy reduction in the higher harmonics (Fig. 9(b)). When vegetation is included

in the mound-channel scenarios, energy dissipation decreases more with decreasing T
p

at the

higher harmonics (< 10%), while energy dissipation is small and largely insensitive to T
p

at

the dominant frequency.

4.4. Implications of spectral evolution on sediment transport

For the long-term stability of coastal wetlands, the potential issues of vegetation survival

and sediment erosion should be considered. Previous studies illustrated that vegetation grew

better in patches (e.g., Silliman et al., 2015; van Wesenbeeck et al., 2008), and the positive

feedback of sediment accretion could occur under certain conditions (e.g., Balke et al., 2012;

Bouma et al., 2009). According to Diplas et al. (2008), the threshold of sediment motion
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depended on not only hydrodynamic force magnitude but also duration of peak hydrody-

namic force. Previously, Yang et al. (2015) reported the e�ciency of patchy vegetation in

reducing the overall wave-induced flow velocity, which could lead to weaker hydrodynamic

force. In this study, the energy transfer toward higher frequencies in mound-channel wetland

systems (Tab. 1) reduces the dominant-frequency wave energy, so the duration of dominant

force above the threshold of sediment motion may decrease. On the other hand, the trans-

ferred energy to higher harmonics can intensify turbulence at the bed, which may result

in stirring and more suspended sediments in water column (e.g., Osborne and Greenwood,

1992). In such a case, sediment might still be washed away by currents, even though the

duration above the threshold for sediment motion is reduced. For instance, as discussed

in Fig. 8(c) and Fig. 9(c), energy at the higher harmonics is amplified by the vegetated

mounds (compared to horizontal bathymetry) in the deeper scenario, which may increase

sediment suspension. Therefore, to mitigate sediment erosion of patchy wetlands, besides

the reduced hydrodynamic force and duration, reducing the potential for energy transfer

to higher harmonics may need to be considered, for example by increasing the height of

mounds, which might be equivalent to the the shallower scenario in Fig. 8(c) and Fig. 9(c).

5. Conclusions

Patchy wetlands commonly exist in nature due to natural vegetation growth and seasonal

variability, and recent studies have also demonstrated higher growth rate and lower erosion

when vegetation is grouped in patches. To improve wetland management and minimize

marsh loss in engineering practice, it is necessary to further understand the interaction of

waves within these mound-channel wetland systems.

Wave-spectrum evolution in mound-channel wetland systems is spatially dependent, and

the patchy vegetation does not decrease wave energy in all frequency components or in all

locations. Even with the same incident wave-energy level, wave spectra with di↵erent peak

periods may result in completely di↵erent evolution of wave energy in the frequency domain.

The mound-channel bathymetry in this study intensifies nonlinear wave energy transfer

toward higher frequencies. Consequently, sediment motion as well as wave impacts onshore
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are not best characterized by considering significant wave height and dominant period alone.

Thus, to improve the e�ciency of wetlands in attenuating waves and mitigating coastal

hazards (e.g., storm surge), the energy distributions of various incident wave conditions

should be considered in engineering practice.

In closing, this study complements our understanding of the evolution of irregular waves

in mound-channel wetland systems. Our findings demonstrate that the e↵ect of vegetated

mounds on wave energy is frequency- and space-dependent within wetlands, and is not well

characterized by monotonic dissipation during propagation. Future engineering practice on

wetland management and restoration should account for the interaction between naturally

occurring irregular waves, currents and complex wetland configuration to better design for,

and predict shoreline and wetland stability. Due to the complexity of wave dynamics in these

systems, future work is needed to understand the influence of other factors, such as multiple

rows of mounds, extreme wave conditions, and quantification of sediment movement and

subsequent erosion of marsh fringe and inshore shorelines. Future studies are also needed

to understand the relative scale of mound size (e.g., diameter and height) and incident

wavelength, to better inform future engineering practice.
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veg vs. non-veg, ho = 0.50 m
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(b)

1st harmonic, ho = 0.50 m

2nd harmonic, ho = 0.50 m

3rd harmonic, ho = 0.50 m

1st harmonic, ho = 0.36 m

2nd harmonic, ho = 0.36 m

3rd harmonic, ho = 0.36 m
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veg vs. non-veg, ho = 0.50 m
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(b)

1st harmonic, ho = 0.50 m

2nd harmonic, ho = 0.50 m

3rd harmonic, ho = 0.50 m

1st harmonic, ho = 0.36 m

2nd harmonic, ho = 0.36 m

3rd harmonic, ho = 0.36 m
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