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ABSTRACT:
The effects of seagrass bed geometry on wave attenuation and suspended sediment transport were
investigated using a modified Nearshore Community Model (NearCoM). The model was enhanced to account for cohesive
sediment erosion and deposition, sediment transport, combined wave and current shear stresses, and seagrass effects on
drag. Expressions for seagrass drag as a function of seagrass shoot density and canopy height were derived from published
flume studies of model vegetation. The predicted reduction of volume flux for steady flow through a bed agreed reasonably
well with a separate flume study. Predicted wave attenuation qualitatively captured seasonal patterns observed in the field:
wave attenuation peaked during the flowering season and decreased as shoot density and canopy height decreased. Model
scenarios with idealized bathymetries demonstrated that, when wave orbital velocities and the seagrass canopy interact,
increasing seagrass bed width in the direction of wave propagation results in higher wave attenuation, and increasing
incoming wave height results in higher relative wave attenuation. The model also predicted lower skin friction, reduced
erosion rates, and higher bottom sediment accumulation within and behind the bed. Reduced erosion rates within seagrass
beds have been reported, but reductions in stress behind the bed require further studies for verification. Model results
suggest that the mechanism of sediment trapping by seagrass beds is more complex than reduced erosion rates alone; it also
requires suspended sediment sources outside of the bed and horizontal transport into the bed.

constructing a complete wave-flow-seagrass-sediment model and present relevant equations as
a point of departure. Teeter et al. state that the
primary limitations on developing such a model are
computational power and information on frictional
damping of flow by seagrass blades and bottom
sheltering effects on sediment resuspension by
seagrass beds. Wave and flow damping by aquatic
vegetation has been the focus of several recent
modeling studies. These studies have focused on
development of expressions and parameterizations
for 1-dimensional or 2-dimensional frictional drag,
in terms of a vegetation Reynolds number or canopy
height and vegetation density. The drag force of the
vegetation on waves or steady currents is usually
expressed as

Introduction
Deciphering the effects of seagrasses on water
and sediments has been an active and challenging
research area. Previous work has focused on the role
of seagrass in reducing flow speed (Fonseca et al.
1982; Fonseca and Fisher 1986; Gambi et al. 1990;
Koch 1993; Rybicki et al. 1997), modifying flow and
turbulence structure (Ackerman and Okubo 1993;
Nepf 1999; Ghisalberti and Nepf 2002; Abdelrhman
2003; Ghisalberti and Nepf 2004), altering sediment
geochemical characteristics (Scoffin 1970; Wanless
1981; Wigand et al. 1997), attenuating wave energy
(Fonseca and Cahalan 1992; Koch 1996; Kobayashi
et al. 1993; Mendez et al. 1999), and affecting
sediment dynamics (Ward et al. 1984; Almasi et al.
1987; Lopez and Garcia 1998; Gacia et al. 1999;
Gacia and Duarte 2001). Recently, integration of
the above perspectives has received increasing
attention (Koch et al. 2006). Numerical models
may help address the complex nature of this
problem.
Teeter et al. (2001) review the physical, biological, and sedimentological complexities involved in

1
F ~ rf aub2
2

or

F ~rCd aU 2

ð1Þ

where F is force per volume, r is density, a is
projected area perpendicular to the flow direction
per unit water volume,¯f and Cd are the bulk drag
coefficients for waves and steady currents, respectively, ub is the amplitude of the wave induced
velocity just above the bottom, and U is the steady
current speed at some reference height (depth-
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averaged velocity here). For purposes of comparison, the different approaches in the literature to
estimating the bulk drag of seagrass may be
categorized as Kobayashi-type models (Kobayashi
et al. 1993; Mendez et al. 1999; Mendez and Losada
2004) and Nepf-type models (Nepf 1999; Ghisalberti and Nepf 2004).
Kobayashi et al. (1993) presented an analytical
solution of wave height decay through vegetation
based on linear wave theory, a Reynolds number
dependent drag parameterization, and constant
depth. The projected area per unit volume a 5 N 3
bv, where N 5 the number of shoots per unit bottom
area and bv is defined as the plant area per unit
height. Kobayashi et al. compared their model to
flume studies on artificial kelp stands with N 5 1,100
and 1,490 m22, and bv 5 5.2 1022 m, yielding a 5 57.2
and 77.5 m21, respectively. The flume studies consisted of 60 runs with varying water depths (0.45–
0.52 m), wave periods (0.714–2.0 s), and wave heights
(0.036–0.1934 m). They used the bulk drag coeffi¯ ) to calibrate the model for 60 runs and then
cient (f
correlated ¯f with Reynolds number (R 5 Ud/n,
where n is the kinematic viscosity of the water). They
found that ¯f decreases with increasing Reynolds
number, and the relationship can be approximated by


2200 2:4
f ~0:08z
ð2Þ
R
Mendez et al. (1999) and Mendez and Losada
(2004) expanded Kobayashi’s solution by including
swaying motion of the seagrass, wave breaking, and
variable depth, and parameterized their model
based on careful flume experiments. They allowed
for swaying motion of the seagrass by changing the
characteristic velocity in Eq. 1 to the relative velocity
between plant and water. They reported another
empirical relationship between bulk drag and
Reynolds number:


4600 2:9
f ~0:4z
ð3Þ
R
Given the same Reynolds number, the bulk drag
coefficient in Mendez et al. (1999) is higher than
that in Kobayashi et al. (1993), because a lower
velocity relative to the plant, when accounting for
plant motion, requires a higher drag coefficient to
maintain the same amount of wave energy attenuation. Their model fit to the data has a better
correlation coefficient than Kobayashi et al.’s
model. This suggests that the swaying motion of
plants might need to be considered for optimal
drag estimation.
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Nepf (1999) used a different approach to explore
the drag of vegetation on steady currents. She
ignored the flexibility of the vegetation, mimicking
the seagrass shoots using arrays of cylinders (width
d 5 6.4 mm). The projected area a 5 nd, where n is
the number of shoots per unit bottom area and d is
a typical shoot diameter; this definition of a is
equivalent to the Kobayashi-type models. Based on
observations for pairs of cylinders by Bokaian and
Geoola (1984), she assumed that the bulk drag
coefficient is a function of vegetation density as
represented by the fractional volume occupied
(ad ). Numerical simulations were performed for
both random and staggered arrays of cylinders with
different element spacings (i.e., different values of
ad). She showed that the bulk drag coefficient is
relatively constant for ad up to 0.01 and declines
steadily beyond this density (Fig. 6 in Nepf 1999). In
the density-independent range (0.001 , ad , 0.01),
the spacing between cylinders is too large for the
wake behind an upstream cylinder to influence the
drag of a downstream cylinder. In the steady-decline
range (0.01 , ad , 0.1), the drag coefficient
decreases due to turbulent wake interference that
delays the point of separation on a downstream
cylinder and subsequently leads to a lower drag
(Kundu and Cohen 2002). In this model ¯f was
argued to be a weak function of Reynolds number.
Ghisalberti and Nepf (2004) considered the
effects of canopy submergence on flow, turbulence,
and drag. They found a significant reduction in
drag relative to the Nepf (1999) expression when
the top of the canopy was submerged, attributed to
vortex shedding by the free end of the submerged
grass blades. The bulk drag coefficient was approximately 64% of its value for emergent plants,
depending weakly on the depth of the shear layer
inside the canopy. They did not explore the effects
of changing the degree of submergence. All of their
experiments were carried out with canopy heights
set at 30% of the water depth.
There are two main differences between these two
types of models. Kobayashi-type models are for
oscillatory flow (waves) while Nepf-type models are
for steady currents. The Reynolds numbers are
different as the characteristic velocities are wave
orbital velocity and uniform current speed, respectively. In Kobayashi-type models the bulk drag
is a function of Reynolds number that reflects the
nature of the flow around a single shoot of
vegetation. The bulk drag in Nepf’s model is
a function of density that reflects the properties of
the whole bed.
All of these studies were vertically 2-dimensional,
measuring or modeling a vertical slice through
a grass bed in the direction of wave propagation or
flow, with flow prevented from diverging around the
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bed. While they were all instructive and valuable,
they did not consider spatially varying seagrass bed
geometry (e.g., less than complete seagrass coverage), spatially varying shorelines and bathymetries,
or combinations of waves and currents. Although
there have been several observational studies that
indicate reduced sediment resuspension in seagrass
beds due to lower shear stresses and enhanced
sediment deposition (Lopez and Garcia 1998; Gacia
and Duarte 2001), there have been almost no
modeling studies of sediment transport in seagrass
beds.
The model described by Teeter et al. (2001), as
implemented at least partially in Teeter (2001), is
an exception. It is quite comprehensive, including
wind forcing, wave forcing, seagrass-enhanced drag,
and sediment transport, but it depends extensively
on empirical parameterizations based on local
observations. Teeter (2001) implemented this model for Laguna Madre, Texas, representing vegetation
drag by a fixed roughness (Nikuradse sand grain
roughness kn , 0.2 m), which was tuned to give
reasonable agreement with field observations, but is
not applicable to seagrass beds in other locations
with other combinations of waves and currents.
We have developed a new, more flexible, approach for modeling interactions between waves,
currents, and sediment transport in seagrass systems. The new model reduces the empiricism of the
Teeter et al. (2001) approach by estimating wave
and current drag that depends on seagrass density
and height, based on Nepf (1999). It also considers
3-dimensional spatial variability in bed geometry
and bathymetry, allows for both wave and current
influences, considers the nearshore currents generated by wave breaking, calculates total bottom shear
stress based on vector addition of wave and current
stresses, and estimates fine sediment resuspension,
deposition, and transport in and near seagrass beds.
In the remainder of this paper, we describe the
model development with an emphasis on drag
estimation, validate it against flume studies of flow
reduction by Gambi et al. (1990) and against field
observations of wave damping, and present several
model scenarios exploring the effects of seagrass
bed geometries on wave attenuation, tidal current
modification, and sediment trapping.
Methods
NUMERICAL MODELING OF WAVES AND CURRENTS
We adapted the Nearshore Community Model
(NearCoM) system and integrated a curvilinear
nearshore circulation model SHORECIRC (Shi et
al. 2003) and a wave driver REF/DIF-1 (Kirby et al.
2005) into the system. NearCoM aims to predict
waves, circulations, and sediment transport in the

nearshore ocean. SHORECIRC numerically solves
the depth-integrated 2-dimensional horizontal
equations and incorporates a semi-analytical solution for the vertical current profile (Svendsen et al.
2000). REF/DIF-1 accounts for shoaling, refraction,
energy dissipation, and diffraction as waves propagate over variable bathymetry and determines shortwave forcing to drive currents in SHORECIRC. Our
enhancements to the system include estimating
seagrass effects on drag and turbulence, calculating
the vector sum of wave and current bottom stresses,
and adding a fine sediment transport module.
SEAGRASS EFFECTS ON DRAG
For the model presented here, we adopted and
modified the vegetation form drag expression of
Nepf (1999), which was developed based on
laboratory experiments with steady flows through
rigid seagrass mimics. The primary reason for using
this expression is that it explicitly accounts for the
effects of seagrass shoot density over a realistic
range of densities. The dominant seagrass species
in the field studies to which we compare our
model predictions was Ruppia maritima (leaf width
, 1.5 mm), with a fractional volume (ad) that
fluctuated seasonally between about 0.0014 and
0.003. This range of ad is within the densityindependent regime of Nepf (1999), but it is three
orders of magnitude smaller than the values
reported in Kobayashi et al. (1993) and Mendez et
al. (1999) for their laboratory studies of seagrass
wave drag. We apply the Nepf (1999) approach
because we prefer to use steady flow drag data in
comparable seagrass densities rather than wave drag
data from a much higher seagrass density, and
because we use the same basic drag formulation for
both steady flow and wave forcing in our model.
Bottom shear stress (tcs) for steady currents is
written using a standard quadratic law:
tcs ~rCd U 2

ð4Þ

where r is flow density, U is depth-averaged flow
velocity, and Cd is the drag coefficient. Assuming
that seagrass blades may be modeled as rigid
cylinders, Nepf (1999) partitioned total drag into
skin friction due to the bottom stress at the
sediment-water interface and form drag by the
seagrass blades. She expressed the drag coefficient
as
 
1
h
ð5Þ
Cd ~(1{ad)CB z CD ad
2
d
where a is the projected plant area per unit volume,
d is shoot diameter, h is water depth, ad represents
the fractional volume occupied by seagrasses, CB is
a skin friction drag coefficient (set equal to 0.001
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here), and CD is the bulk drag coefficient for
seagrass, which Nepf (1999) determined from
experiments. The first term on the right-hand side
of Eq. 5 represents skin friction, whereas the second
term represents form drag. We modified her
calculation of a to allow seagrasses to only occupy
part of the water column, so a 5 nld/h, where n is
the number of seagrass shoots per unit area and l is
the canopy height. Rearranging Eq. 5, the drag
coefficient for current becomes
Cd ~(1{

nld 2
1
l
)CB z CD (nhd)( )
2
h
h

ð6Þ

Cd is a function of canopy height, shoot density,
shoot diameter, and water depth. In Nepf (1999)’s
model, CD is a function of fractional volume (ad).
We approximate the curve in Fig. 6 of Nepf (1999)
as
CD &1:17,

10{3 < ad < 10{2

{0:255 ln (ad), 10{2 < ad < 10{1

as
k
Cd ~½  2
ln zz0

ð8Þ

where k 5 0.4, the von Karman constant. This does
not mean that the velocity profile within an actual
grass bed is logarithmic. A recently study by Ghisalberti and Nepf (2002) shows that the flow structure
within and just above an unconfined canopy resembles a mixing layer rather than a boundary layer.
Resolving the vertical structure of the flow in the grass
bed is beyond the scope of our study; we only want to
parameterize the drag of the bed on the flow, for
which purpose our approach is a reasonable approximation.
We used field observations to determine the
seagrass bulk drag for waves in REF/DIF-1. Bottom
shear stress due to pure wave action (tw) is
expressed in terms of the wave friction factor ( f ):

ð7Þ

Nepf (1999)’s model is for an emergent canopy.
We account for submergence by scaling the form
drag by the ratio of the canopy height to the water
depth. A further reduction in drag may be needed
to account for free-end effects at the top of
submerged canopies (Ghisalberti and Nepf 2004).
We have not made any additional modification to
the Nepf (1999) expression because the experiments of Ghisalberti and Nepf were limited to
deeply submerged canopies. It is reasonable to
expect that the drag reduction they observed would
be less for a less submerged canopy, but there is no
data on the effects of different depths of submersion. Equation 6 is adopted as a reasonable
starting approximation, pending additional data.
In Nepf’s experiments the velocity was measured
at 7.5 cm above the bottom, whereas the reference
height in SHORECIRC is set at 1 m, requiring
conversion of her drag coefficient to one that is
relevant for SHORECIRC. SHORECIRC treats all
drag as if it were generated by bottom boundary
layer turbulence (Eq. 4). Although Nepf’s expression (Eqs. 5 and 6) only assumes that a small part of
the drag is generated by bottom boundary layer
turbulence, the form of her total drag coefficient is
operationally the same as for bottom boundary layer
drag. We make the required conversion by assuming
a logarithmic turbulent bottom boundary layer
velocity profile and solving for a bottom roughness
coefficient z0 consistent with Cd from Eq. 6 at
a reference height of z 5 7.5 cm. Using this value of
z0 and a new reference height z 5 1 m, we calculate
the tidal current drag coefficient for SHORECIRC
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1
tw ~ rfub2
2

ð9Þ

1
h
f ~(1{ad)fB z f ad( )
2
d

ð10Þ

where

where ub is wave orbital velocity near the bottom, fB
is the wave skin friction factor, and¯f is a bulk drag
representing the effects of seagrasses on waves. fB
was calculated using a bottom roughness equivalent
to the value of CB 5 0.001 used in SHORECIRC,
following procedures in U.S. Army Corps of
Engineers (2002), while ¯f was determined using
field observations and assuming the functional form
of Eq. 7 with an adjustable multiplicative coefficient
(see below). As in Eq. 6, f depends on the ratio of
canopy height to water depth (l/h) through the
fractional volume (ad 5 nd 2l/h).
COMBINING WAVE AND CURRENT BOTTOM STRESSES
Once the drag coefficient and wave friction
factors are estimated through Eqs. 6 and 10, current
and wave fields are calculated by SHORECIRC and
REF/DIF-1. With this updated current and wave
field (wave height and period) and with known
bottom sediment grain size, skin friction shear stress
due to pure current (tcs) and wave motions (tws) are
obtained using the techniques in U.S. Army Corps
of Engineers (2002). Then we apply vector summation of the two skin friction components to calculate
maximum skin friction shear stress (tms):
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
tms ~ (tws ztcs jcos wwc j)2 z(tcs sin wwc )2
ð11Þ
where wwc is the angle between current and wave
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propagation and can be calculated from SHORECIRC and REF/DIF-1. Because we are interested in
the maximum potential for sediment movement,
the absolute value of coswwc is used in Eq. 11 to
guarantee maximum vector summation regardless
of the direction of wave orbital motion. This vector
summation ignores enhanced turbulence due to
nonlinear wave-current interactions in the bottom
boundary layer (Grant and Madsen 1979). Given the
high uncertainty of seagrass drag estimation and
turbulence structure in seagrass beds, Eq. 11 is
a reasonable first order approximation for combined wave-current bottom stress.
SEDIMENT TRANSPORT MODELING
We developed and incorporated a suspended
sediment transport module based on North et al.
(2004). The module accounts for erosion and
deposition with a simple parameterization of consolidation for single grain size cohesive sediments.
We solve for changes in bottom sediment per unit
area (B in kg m22) over time t at each grid point
using
dB
~D{E{cB
dt

ð12Þ

where D and E are the deposition and erosion rate
(kg m22s21), respectively, and c is a first order
consolidation rate (s21; set equal to zero here).
The formulation states that the amount of erodible
sediment per unit area increases by deposition but
decreases by erosion and consolidation. The deposition rate is calculated as
D~Ws C

ð13Þ

where the settling velocity (W s ) is equal to
0.03 cm s21 (a typical value for fine suspended
sediment in Chesapeake Bay; Sanford et al. 2001)
and C is depth-averaged suspended sediment
concentration (kg m23). The erosion rate may be
expressed as
E~M (

tms
dB
~
~
{1)H (tms {tc )H (Bz2 )
dt
tc

ð14Þ

where tc is critical shear stress for erosion (e.g.,
0.15 Pa for fine sand), M is an empirical constant (5
3 1025 kg m22 s21 here), and H̃ is the Heaviside step
function (H̃ 5 1 when its argument is . 0 and H̃ 5
0 when its argument is # 0). The first step function
in Eq. 14 represents the initiation of sediment
motion when the maximum bottom shear stress
exceeds the critical value, while the second step
function prevents over-erosion and negative values
of B.
Given the erosion and deposition rates in each
model cell, a third-order accurate numerical

scheme QUICKEST (Leonard 1979) is used to solve
the depth-averaged transport equation for suspended sediments (Clarke and Elliot 1998):
L(hC ) L(hUC ) L(hVC )
L
LC
z
z
~ (hKx
)
Lt
Lx
Ly
Lx
Lx
L
LC
z (hKy
)zE{D
Ly
Ly

ð15Þ

where h is water depth, U and V are depth-averaged
velocity components, and Kx and Ky are diffusion
coefficients. The QUICKEST scheme reduces overshoot problems near strong gradients in concentration. This feature is particularly important because
the presence of seagrass could lead to abrupt
changes in bottom shear stress, which may in turn
cause strong gradients in suspended sediment
concentrations.
It should be noted that depth-averaged transport
formulations used here effectively assume a vertically
uniform sediment concentration profile. In reality,
we expect sediment concentrations to be higher
near the bottom, which can be approximately
compensated for by increasing the value of Ws in
Eq. 13. Different vertical profiles of turbulent
mixing inside and outside the seagrass bed (Nepf
and Vivoni 2000) would change the respective
vertical profiles of suspended sediment concentration, slightly biasing the estimates of sediment
deposition as a result. Because we intend to explore
only first-order effects of seagrass beds on currents,
waves, and sediments, depth-averaged transport
formulations are adopted as a reasonable approximation.
MODEL VALIDATION
Two model configurations were used for model
validation. In the first, we set up the model to test
the effects of seagrass under current-only conditions
(using SHORECIRC only). Because we are particularly interested in modeling the effects of seagrass
beds that cover only part of the model domain, such
that water may flow around the bed rather than
being forced through it or over it, we use the data of
Gambi et al. (1990) for comparison. Gambi et al.
studied flow speed reduction by Zostera marina L.
(eelgrass, shoot diameter d 5 0.28 cm) in a seawater
flume, with the seagrass bed occupying only 20% of
the width of the flume. SHORECIRC was configured to mimic the relative dimensions of their
flume experiments. The actual model domain was
considerably larger because of computational constraints, but the ratios of the domain length,
domain width, and the horizontal extent of the
eelgrass bed were scaled exactly (1 m seagrass bed
length in the flume is scaled to 3,200 m in the
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model). The canopy height was not scaled by the
same factor; a canopy height of 0.75 m with 1 m
water depth was used to mimic the flume bed and
give a realistic drag coefficient. This does not affect
the model-data comparison because we are interested only in the scaled horizontal structure of
the flow field. Flow was driven using an upstream
flux boundary condition, with no flow through the
domain sidewalls, to generate the same free-stream
velocities as Gambi et al. The eelgrass parameters
they reported were used to calculate the drag
coefficient for SHORECIRC based on Eqs. 6 and
7. We computed the volume flux reduction within
the eelgrass bed from just upstream of the bed to
the end of bed where flow reached a steady
condition. The volume flux reduction is defined as
ð
ð
(1{ Udz= Ucontrol dz)|100
ð16Þ
where Ucontrol is the up-stream velocity. We choose
combinations of two shoot densities (600 and
1,200 shoots m22) and two free-stream velocities
(10 and 20 cm s21). Comparisons are shown in
Fig. 1. The model-predicted values for the four
different combinations agree reasonably well with
Gambi et al.’s results, without any parameter tuning.
As expected, the eelgrass bed with higher shoot
density results in higher volume flux reductions.
The model-predicted volume flux reduction increases rapidly behind the leading edge of the
eelgrass bed and levels off approximately halfway
into the bed.
In the second model validation exercise, the
model was configured to test the effects of seagrass
on wave attenuation (using RED/DIF-1 only). We
used field observations to determine the magnitude
of the wave form drag, because equivalent data to
that of Nepf (1999) on the relationship between
seagrass density and wave form drag (¯f ) is not
available. The field observations were carried out in
Duck Point Cove, near Bishop’s Head Point, Maryland, in mesohaline Chesapeake Bay (Newell and
Koch 2004). A time series of wave height and
seagrass parameters were measured in different
months at two adjacent sites parallel to the
shoreline, one vegetated with R. maritima and the
other unvegetated. The size of R. maritima bed was
about 600 m in the alongshore direction and 200 m
in the crossshore direction, and a pressure sensor
was located at the center in average water depth of
1 m. Assuming the same incident wave climates at
the two sites, we can plot wave height measurements
at the unvegetated site against the vegetated site to
evaluate wave attenuation by the R. maritima bed.
Assuming that ¯f is a function of fractional volume
(ad) and has similar functional form to that for
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Fig. 1. Comparison of flow speed reduction in a seagrass bed
between the model prediction (4 curves) and flume data (4
discrete points: 2 triangles and 2 circles) reported by Gambi et al.
(1990). The percentage of volume flux reduction is used as an
indicator of flow speed reduction and is plotted against the
relative distance beyond (downstream of) the free-stream velocity
measurements. Relative distance is normalized by the distance
between the free-stream measurement and the end of the bed.
The leading edge of the seagrass bed is indicated by the vertical
line. The solid and dashed curves are model predictions for shoot
density 1,200 m22 with 10 and 20 cm s21 free-stream velocity,
respectively. The dotted and circle curves are model predictions
for shoot density 600 m22 with 10 and 20 cm s21 free-stream
velocity, respectively. The solid and open triangles represent
Gambi et al.’s results for shoot density 1,200 m22 with 10 and
20 cm s21 free-stream velocities, respectively, whereas the solid
and open circles are Gambi et al.’s results for 600 m22 with 10 and
20 cm s21.

steady current (Eq. 7), we change the height of the¯f
curve to obtain the observed wave attenuations in
October. The calibrated¯f is written as
f &0:253, 10{3 < ad < 10{2
{0:055 ln (ad),

10{2 < ad < 10{1

ð17Þ

We validated the October-derived calibration by
applying observed seagrass parameters for May and
June, then calculating the corresponding wave
friction factors and comparing the model-predicted
wave heights with observations. Table 1 summarizes
the slopes and goodness of linear fits from the field
observations and the calibrated model. A slope less
than 1 indicates wave attenuation. Both the October
calibration run and May validation run slopes agree
well with the data, which show mild wave attenuation. Wave attenuation by the seagrass bed peaked
in June when the seagrass canopy occupied the
whole water column. The model qualitatively
captures this trend ( June attenuation . May and
October) although the model tends to slightly
underestimate wave attenuation in June.
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TABLE 1. Linear fits (zero intercept) of unvegetated (x axis) versus vegetated (y axis) wave heights from field observations, for
comparison to the calibrated model in May, June, and October, 2001.
May

Observation
Model

June

October

Slope

R2

Slope

R2

Slope

R2

0.97
0.95

0.84
–

0.75
0.88

0.81
–

0.95
0.92

0.96
–

This approach has the advantage that a wider
range of vegetation density is covered with one
empirical parameter (¯f ). This is particularly useful
for simulating seasonally or geographically varying
seagrass populations. The underestimation of wave
attenuation in June may be due to a different
response to oscillatory forcing, the flexibility of real
seagrass blades (i.e., in June the reproductive stems
may have different flexibility from the vegetative
stems in other months), a Reynolds number dependence for which we have not accounted, or
additional drag force due to sediment bed forms.
The drag partitioning for current and waves here
assumes a flat sediment bed due to a lack of field
measurements on bed forms. Further study is
needed to understand the influence of these effects,
and a wide range of realistic vegetation densities, on
the bulk drag of seagrass. For the present purpose,
the qualitative reproduction of changing wave drag
due to seasonal changes in seagrass morphology is
considered sufficient.
MODEL SETUP AND SCENARIOS
The model domain is set at 720 m in the shorenormal direction and 5,400 m in the shore-parallel
direction with a 10 3 30 m grid resolution. Two
bathymetries are set up: a flat bottom with 1 m
depth and a sloping bottom with 2.5 m depth
offshore and 0.05 m depth at the shoreline. When
present, tidal currents are assumed to be primarily
in shore-parallel direction with a maximum magnitude of about 20 cm s21. Tidal currents are simulated by imposing flux boundary conditions through
the upstream and downstream boundaries of the
domain at semidiurnal frequency. A 4-s sinusoidal
wave enters the domain from the offshore boundary
with wave heights varying between 0.1 and 0.4 m, at
an incident angle of either 0u (scenarios 1–3) or 10u
(scenario 4) counterclockwise from the shorenormal direction. The domain of the sediment
module is smaller than the entire SHORECIRC/
REFDIF-1 domain to avoid anomalous physical
forcing near the boundaries, and a looping boundary condition is applied in the shore-parallel direction so that the sediment flux leaving one end of
the domain equals the flux entering the other end
of the domain. Bottom sediments are initialized
with B 5 3 kg m22 uniformly distributed throughout the domain. This avoids depletion of the

bottom sediment supply over the duration of a run
and the corresponding additional complexity. In
addition to the scenarios reported here, the
sediment transport module was verified to conserve
mass when suspended sediments and bottom sediments are totaled.
Model scenarios were designed to investigate
the effects of seagrass bed geometry on wave
transformations and sediment transport. Model
scenarios include three flat bottom cases with
varying width, length, and position of the seagrass
bed and one sloping bottom case with three
different bed geometries (Table 2). The seagrass
parameters observed in June for R. maritima are
applied (density is 1,270 m22; canopy height is 1 m).
The circulation, wave, and sediment modules are
turned on in all scenarios, and we look at several
output quantities.
The first two scenarios examine the effect of
seagrass bed width and alongshore extents on
reduction of the wave energy flux reaching the
shoreline. Wave energy flux (F ) is the rate at which
wave energy is transported in the horizontal direction and can be expressed as
1
F ~ECg ~( rgH 2 )Cg
8

ð18Þ

where E is the wave energy density, Cg is group
velocity, r is water density, g is the gravitational
constant, and H is wave height. In these two
scenarios, we change the geometry of the seagrass
bed and calculate the ratio of F with and without
seagrasses, averaged over the entire shoreline. The
percentage of wave energy flux reduction is then
(1 2 Fwith/Fwithout) 3 100.
The third scenario examines the effect of seagrass
bed location (distance offshore) on reduction of
bottom stress over the total domain. Because we are
interested in the influences of the seagrass bed on
the total force acting on the bottom sediments in
the domain, we define the total bottom stress as the
skin friction shear stress integrated over the whole
domain. The ratio of total bottom stress with and
without the seagrass bed is used to calculate the
percentage reduction. In the third scenario, the
percent bottom stress reduction is compared as the
mid point of the bed is moved from an inshore
position toward the offshore boundary, with bed
width and length fixed.

Center of the bed located 550 m from the
offshore boundary
Center of the bed located 360 m from the
offshore boundary
1,800

1,800

200

Full crossshore domain

Sloping (2.5 m offshore, 0.05 m onshore)
4

0

Flat (1 m)
3

0

Full alongshore domain

Flat (1 m)
2

100

300 to full alongshore
domain (300-m intervals)

Same as above

Percent of total bottom
stress reduction
Wave height and skin
friction shear stress
Same as above

Percent of wave energy
flux reduction
Same as above

Offshore edge of the bed fixed at the
offshore boundary
Offshore edge of the bed fixed at the offshore
boundary; Center of the bed fixed at the
center of alongshore domain
Center of the bed located 50 to 650 m from
the offshore boundary (50-m intervals)
Full alongshore domain
Flat (1 m)

0 to 700
(50-m intervals)
100
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Fig. 2. Changes in wave energy flux reduction (indicator of
wave attenuation) on the shoreline when the crossshore and
alongshore seagrass bed width increases (see scenario 1 and 2 in
Table 2 for details). Incident wave angles are zero degree (shorenormal direction). Seagrass parameters (shoot density and
canopy height) in June were used.

The last scenario (with a sloping bottom) is more
realistic than the constant depth scenarios. It
examines the overall influence of seagrass presence
and extent on tidal currents, waves, and sediment
transport in more detail. We examine changes in
wave height, skin friction shear stress, suspended
sediment, and bottom sediment over both space
and time through two tidal cycles. Cases considered
are no seagrass, a seagrass bed of limited extent, and
a seagrass bed covering the full domain.
Results

1

Bathymetry
Scenario

TABLE 2. Model scenarios.

Crossshore bed width (m)

Alongshore bed length (m)

Position

Output quantities
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Larger seagrass bed width in the direction of wave
propagation results in higher wave attenuation, and
relative wave attenuation increases as incoming wave
height increases. Figure 2 shows changes in wave
energy flux reduction when the crossshore bed
width is varied but the bed occupies the entire
domain in the alongshore direction (scenario 1).
The results are presented with respect to only the
crossshore direction, since there is no alongshore
variation. Wave energy flux reduction increases with
crossshore width but levels off as maximum width is
approached. The increase in energy flux reduction
is obviously due to the increase in seagrass wave
drag as the bed becomes wider. The energy flux
reduction levels off at large bed width simply
because not much wave energy is left to dissipate,
so the rate of change decreases.
Percent energy flux reduction also increases with
increasing wave height. This is because a larger wave
height exerts a higher stress on the bottom,
proportional to the wave orbital velocity squared.
The wave energy dissipation rate is proportional to
the product of stress and wave orbital velocity for
rough turbulent flow (Dean and Dalrymple 1991),
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Fig. 3. Skin friction evolution when 0.2 m waves propagate
along a central transect from the offshore boundary to shoreline
(upper panel) and total bottom stress reduction (lower panel)
when a seagrass bed is moved away from shoreline (scenario 3 in
Table 2). Wave and seagrass parameters are the same as Fig. 2.

so wave energy dissipation is proportional to orbital
velocity (wave height) cubed, while wave energy flux
is only proportional to wave height squared. Wave
energy dissipation is proportionately more effective
for higher waves.
Increasing seagrass bed length alongshore (perpendicular to wave propagation) linearly reduces
the wave energy flux at the shoreline. Figure 2
shows changes in wave energy flux reduction on the
shoreline for scenario 2, in which we change the
alongshore length of the bed while keeping the
crossshore width fixed. As expected, wave energy
flux reduction is linearly proportional to the
alongshore seagrass bed length. Again, percent
energy flux reduction increases with incident wave
height.
With fixed seagrass bed geometry and a flat
bottom, moving the bed away from the shoreline
reduces the total force exerted on the bottom.
Figure 3 presents the skin friction distribution and
the percent reduction in total force acting on
bottom sediments as the position of the bed is
moved from inshore towards the offshore boundary
(scenario 3), with a fixed bed width of 100 m and
length covering the whole domain in the alongshore direction. In the upper panel of Fig. 3, 0.2-m
waves are applied in the shore-normal direction,
and as the bed is moved toward the shoreline, the
abrupt reduction in skin friction (indicating the
area occupied by seagrass) is moved accordingly. It
should be noted that the skin frictions at the
shoreline for different bed locations are about the
same. This may be due to very weak nonlinearities in
wave energy dissipation in this flat bottom scenario
and due to the absence of wave diffraction because
the seagrass bed covers the entire alongshore

Fig. 4. Wave height evolution when waves propagate along
a central transect from the offshore boundary to shoreline (upper
panel) and the corresponding changes in skin friction shear stress
(lower panel) under three seagrass bed configurations. See
scenario 4 in Table 2 for details. Seagrass parameters in June
were used.

domain. In the lower panel of Fig. 3, the percent
of total bottom stress reduction is calculated
according to the previous section. The total bottom
stress with a seagrass bed is the integral average of
skin friction distribution over the crossshore distance, as shown in Fig. 3. It can be seen that total
bottom stress reduction increases approximately
linearly with the offshore distance of the bed. It
makes sense that total force acting on bottom
sediments is reduced by moving the bed offshore
because the affected area between the bed and
shoreline increases linearly with the distance of the
bed offshore. The smaller waves that emerge from
the seagrass bed act over this entire area. Again,
larger waves result in proportionately higher bottom
stress reduction.
Seagrass bed geometry also influences sediment
dynamics, in ways that are more complex than the
reduction in bottom stress alone. In the fourth
scenario, the more realistic sloping bottom case, we
compare model runs with no seagrass, a seagrass
bed 200-m wide and 1,800-m long, and a seagrass
bed that covers the entire width of the domain and
is 1,800-m long. Figure 4 shows crossshore transects
of wave height and skin friction shear stress across
the center of the seagrass bed at slack tide. In the
upper panel of Fig. 4, wave shoaling and then
breaking as waves propagate shoreward can be seen
without the seagrass bed. This wave height evolution
corresponds to the increase and quick drop of skin
friction shear stress shown in the lower panel of
Fig. 4. In both cases with seagrass beds, wave height
and skin friction shear stress within and behind the
bed are greatly reduced. The breaking zone and the
peak of skin friction shear stress for the case with
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Fig. 5. Time series comparing a 200 m wide bed with a no seagrass case, as described in scenario 4. Predictions are from the central
transect shown in Fig. 6. The solid line here represents the spatial average of each variable from the offshore boundary to the offshore edge
of the bed (450 m from offshore boundary); the dashed line is the spatial average within the bed (from 450 to 650 m); the dotted line is the
spatial average over the rest of the domain. Seagrass parameters in June were used.

a 200-m wide bed are moved shoreward. When the
crossshore domain is fully occupied by the seagrass
bed, the breaking zone disappears. Differences
between all three cases in deeper water near the
offshore boundary are relatively small. The reason is
that short period wave orbital velocity decays with
depth, making bottom friction less effective to
dissipate wave energy in deeper areas. Interactions
between seagrass beds and waves in deeper water
depend on wave period; longer period waves
interact more effectively with seagrass beds in
deeper water.
Reduced skin friction has important implications
from the standpoint of sediment transport. To
demonstrate this, we put a line in Fig. 4 to indicate
the critical shear stress (about 0.15 Pa; U.S. Army
Corps of Engineers 2002) for fine sands (0.2 mm).
Sediments start to move when shear stress exceeds
a critical value (Eq. 14). As shown in Fig. 4, the
distances over which the critical stress is exceeded
are about the same with or without the seagrass
beds. The erosion rate is proportional to the
distance between the lines of wave-induced skin
friction and critical shear stress (Eq. 14), so erosion
rate is greatly reduced within and behind the
seagrass beds. This implies that, without advection

of sediment from external sources, suspended
sediment concentrations within and behind the
beds may be lower than those with no seagrass bed.
Although greatly simplified, these model results
illustrate that seagrass bed geometries can have
profound effects on waves and can subsequently
influence sediment dynamics.
To further examine the effects of seagrass beds
on sediment dynamics, we compare the time series
of six variables associated with sediments between
the 200-m wide bed case and the no seagrass case
(Fig. 5) over 2 full tidal cycles. The variables are
bottom sediments, suspended sediment concentration, skin friction shear stress, current magnitude,
erosion rate, and deposition rate. In Fig. 5, each
panel contains three lines that represent the
averaged values of each variable offshore of the
bed, within the bed (or where the bed would be),
and between the bed and the shoreline. As can be
seen in Fig. 5, current magnitudes show semidiurnal tidal signals and, when the seagrass bed is
not present, they decrease shoreward due to increased bottom friction. Current magnitudes at
the onshore position during floods are slightly
smaller than ebbs because flooding tides are
against wave-induced alongshore currents (toward
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positive y direction). When a 200-m wide bed is
added, current magnitude inside the bed is reduced
and becomes smaller than either offshore or
onshore. Tidal signals are very weak in the other
variables, especially for shallower locations, indicating that the sediment dynamics in the system are
dominated by waves. Most importantly, averaged
suspended sediment concentration, skin friction
shear stress, erosion rate, and deposition rate are
lower and there is more bottom sediment at both
the seagrass bed and onshore positions when the
seagrass bed is present. This result confirms the
anticipation of lower suspended sediment concentration from Fig. 4 and suggests that seagrass beds
can protect bottom sediments from being eroded
not only inside the bed itself but also the area
behind it.
The spatial distributions of predicted suspended
and bottom sediments indicate that the mechanism
of sediment trapping by seagrass beds requires not
only reduced erosion but also a suspended sediment
source outside the bed and horizontal transport
into the bed. Figure 6 shows a snapshot of distributions of suspended (lower panels) and bottom
sediments (upper panels) with and without the
seagrass bed at maximum flood. For the no seagrass
case, suspended sediment concentration increases
shoreward with little alongshore variation, causing
bottom sediments to decrease. This pattern again
indicates the dominance of wave-induced erosion.
Adding a 200-m wide seagrass bed induces both
alongshore and crossshore variations of suspended
and bottom sediment distributions, as can be seen
in Fig. 6. Due to higher drag of the bed, tidal
currents are forced to flow around it, resulting in
a bulge of suspended sediments at the upstream
offshore corner of the bed. A similar pattern is
observed at the downstream offshore corner when
tides change direction. In general, suspended
sediment concentration within the bed is lower
than that either onshore or offshore, but advection
of suspended sediments by tidal currents can locally
increase the concentration within the bed. As for
bottom sediments, local scouring is evident at the
corners of the bed on the nearshore side. The
scouring could be due to enhanced tidal flow speed
between the shoreline and the bed. We found no
published field observations to support such scouring and suspect that this effect may be exaggerated
by the wall boundary condition in the model. There
are generally more bottom sediments within the bed
than on either side, mostly near the upper and
lower edges. The sediment trapping is due to
import of higher suspended sediment concentration by tidal currents from outside, deposition
of these sediments, and lower wave-induced erosion rates inside. Animating the model results

confirms that sediment trapping appears to occur
at the upstream edge on each half tidal cycle, when
tidal currents are advecting higher suspended
sediment concentrations from outside into the
seagrass bed.
Discussion
WAVE ATTENUATION BY SEAGRASS BEDS
Several general statements can be made from the
results of the model scenarios with a flat bottom
(Figs. 2–3). Larger seagrass bed width in the direction of wave propagation results in higher wave
attenuation (indicated by percentage of energy flux
reduction) and less energy on the shoreline. The
total force acting on the bottom (indicated by
percentage of bottom stress reduction) in the whole
domain decreases as the seagrass bed is moved
offshore. Relative wave attenuation and bottom
stress reduction increase with incoming wave
height.
These statements are generally valid as long as
there is a significant interaction between wave
orbital velocity and the seagrass canopy. This
qualification may be interpreted as a generalization
of suggestions by Ward et al. (1984), Fonseca and
Cahalan (1992), and Koch (2001). They pointed
out that wave attenuation should be higher when
seagrass occupies a large portion of the water
column. For the flat bottom cases, seagrass canopy
occupied the entire water column ( June case), and
the decay of orbital velocity is negligible (at 1 m
depth, 4 s waves are close to shallow water waves). In
the sloping bottom case 1-m seagrass canopy only
occupied part of the water column in the deepest
region (2.5 m), and orbital velocity decayed at least
25%. This is why the differences in wave height
(Fig. 4) between no seagrass and full crossshore
width cases are relatively small at the deepest region
but increasing toward shallower regions. Although
a flume study (Fonseca and Cahalan 1992) and field
observation (Koch 1996) indirectly support this
hypothesis, wave attenuation has also been observed
when seagrass only occupies a small portion of the
water column (Granata et al. 2001 observations at
a depth of 15 m). Systematic observations on the
effects of seagrass bed geometry on waves with
different wave heights and periods are needed to
verify the model predictions and to better understand the processes.
Wave attenuation by seagrass may have implications for shoreline protection. A few authors have
postulated that seagrass beds could reduce the
energy that reaches shorelines, and potentially
protect shorelines from being eroded (van Katwijk
and Hermus 2000). Using the observed seagrass
parameters of June, our model results show signif-
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Fig. 6. Snapshot (top-view of model domain) of the distribution of bottom sediments (upper panels) and suspended sediment
concentrations (bottom panels) comparing a 200 m wide bed with a no seagrass case. The M2 tide is forced in the along-shore direction,
while 0.1 m, 4 s waves propagate from offshore boundary with 10 degree incident angle (counter-clockwise from shore-normal direction).
The current direction and magnitude are indicated by vectors, and bottom sediment and suspended sediment concentrations are shown in
the contours. Seagrass parameters in June were used.
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icant reductions of wave energy flux at the shoreline
in both the flat and sloping bottom scenarios
(Figs. 2 and 4). Seagrass presence varies spatially,
seasonally, and interannually in temperate environments, whereas shoreline erosion is usually associated with wave events that occur episodically (Wilcock et al. 1998) over annual or decadal time scales
(Kamphuis 1987). Timing between wave events and
seagrass growth probably influences the potential
for seagrass beds to protect shorelines. Without
knowing this timing, it is difficult to evaluate the net
influence of seagrass on shoreline protection based
on the results presented here. Other factors such as
spectral or directional distributions of wave energy
may need to be considered in order to better
address this question. REF/DIF is capable of
modeling spectral wave forcing as well as multiple
wave incident angles (Kirby and Tuba Ozkan 1994)
and will be addressed in the future.
SEDIMENT DYNAMICS
Model results presented in this paper have two
main implications for sediment dynamics. Sedimentary processes are altered within the seagrass bed
and probably behind it. Results from scenario 3
(Fig. 3) show that, in wave-dominated environments, the total force acting on bottom sediments
decreases as the seagrass bed is moved offshore due
to increases in the affected area behind the bed.
This suggests that seagrass beds may stabilize
bottom sediments in the zone between the bed
and shoreline, which is consistent with Hine et al.
(1987)’s observation that disappearance of a seagrass
community allowed rapid onshore and alongshore
sand transport in the nearshore zone. Comparison
between cases without and with a 200-m wide bed
(Fig. 5) shows lower skin friction shear stress, lower
erosion rate, and higher level of bottom sediments
at locations within and behind the bed. Within the
bed, our result is consistent with Lopez and Garcia
(1998)’s findings of reduced shear stress and
consequently lower suspended sediment transport
(partly due to lower suspended sediment concentration) in the vegetated area. Reduced erosion rate
as well as bottom sediment retention are also
supported by field observations (Gacia and Duarte
2001). Gacia and Duarte found that the presence of
Posidonia oceanica enhances sediment stability by
preventing resuspension. Quantitative evidence
does not exist to support the model-predicted
reduction in skin friction shear stress and erosion
and sediment retention between the bed and
shoreline. Further studies are required for verification.
The second implication of our results for sediment dynamics stems from the 3-dimensional
nature of our modeling approach: sediment trap-

ping in the seagrass bed requires horizontal transport of suspended sediment from outside of the bed
into the bed. The concept of the seagrass bed as
a depositional environment has been suggested by
several authors (e.g., Grady 1981; Ward et al. 1984;
Almasi et al. 1987), and the proposed mechanism
for this accumulation may be summarized as
reduced shear stress due to loss of momentum in
a seagrass bed leading to reduction in resuspension
and increased sediment accumulation (Koch et al.
2006). This connection between lower momentum
and reduced resuspension (lower erosion rate) is
supported by our results. Our results also suggest
that linkages from reduced resuspension to increased accumulation are not trivial and may not
occur everywhere within the bed. Sediment accumulation at one location could occur when the
suspended sediment concentration is high enough
that the deposition rate exceeds the erosion rate.
Sediment accumulation at the upper and lower
edges of the bed in Fig. 6 illustrates this point. At
these two edges, accumulation occurs when high
concentrations of suspended sediments from outside are transported into the bed where reduced
shear stresses allow deposition. The amount of
accumulated sediments then gradually decreases
with distance into the bed until the sediment source
from outside is used up. Further into the bed,
original sediments remain but there is no new
accumulation. In short, the model results clearly
demonstrate that sediment accumulation requires
both sediment sources (outside the bed here) and
a transport mechanism (tidal current here), both of
which may vary spatially within the bed. The
reduction in suspended sediment transport capacity
(concentration multiplied by streamwise velocity) in
a vegetated area reported by Lopez and Garcia
(1998) indirectly supports accumulation at the bed
edge. Direct observations on spatial patterns of
accumulation within seagrass beds are few, and most
of them focus on sediment grain size distributions
(e.g., Scoffin 1970; Wanless 1981; Granata et al.
2001). It should be noted that the spatial distribution of bottom sediment presented here may not
match field observations precisely because the
model does not account for limited supplies of
surficial sediments and mixed sediment grain sizes.
More observations that resolve spatial patterns of
erosion and deposition are needed to enhance our
understanding of the interactions between seagrass,
sediment, and the physics of nearshore environments.
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