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Abstract

This study considered how the presence of current impacted wave dissipation within a meadow of
flexible marsh plants. A wave damping model was developed from a prediction of current- and
wave-induced force on individual plants. The model was validated with laboratory experiments.
Wave decay was measured over a meadow of flexible model plants geometrically similar to
Spartina alterniflora with and without a following current. Consisted with previous observations,
the wave energy dissipation depended on the ratio of current velocity (U,.) to wave velocity (U,,).
Compared to the same pure wave condition, wave energy dissipation was enhanced by large
U./U,, but can be decreased for small U./U,,. Once validated, the wave damping model was used
to explore a wider range of wave, current, and meadow conditions in order to illustrate the
influence of reconfiguration on wave forces; the impact of current on wave group velocity; and the

modification of in-canopy time-mean and wave orbital velocity associated with canopy drag.
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1 Introduction

Salt marshes are efficient in dissipating wave energy [1-3], reducing current [4,5], and decreasing
flood magnitude [6]. For example, coastal marshes reduced flood damage associated with
Hurricane Sandy by 625 million [7]. The dissipation of hydrodynamic energy can reduce
erosion [8] and promote sedimentation inside marshes [9], which is a feedback needed to maintain
marshes through sea-level rise. The combined effects of vegetation-flow-sediment interaction
make salt marsh a natural defense against stronger and more frequent coastal storm events brought
by climate change [10-13]. Coastal managers are advocating for the restoration and management
of marshes as natural infrastructure [10-13]. However, accurate methods for estimating the value
of marsh coastal defense are needed to facilitate shifts in policy and management [14]. The goal
of this work was to improve the prediction of wave dissipation by coastal marsh, which is an
important element of the coastal defense function.

Many previous studies have quantified wave dissipation without current by representing
vegetation as rigid cylinders and fitting empirical drag coefficients [15-17]. However, these fitted
drag coefficients cannot be confidently applied to other sites because their dependence on real
plant morphology, mechanical properties, meadow density, and wave conditions is not clearly
understood. Marsh plants are flexible and thus can bend in response to current and move
continuously with waves, both of which are called reconfiguration, which reduces the frontal area
and decreases the relative velocity between the plant and the fluid, both of which reduce the force
on the flexible plant compared to a rigid plant of the same morphology [18,19]. The reduction in
drag on individual plants decreases the wave dissipation by a meadow of plants [20,21]. The wave-
induced force on a flexible plant element, F;, can be described by two dimensionless

parameters [19],

2 ~(CaL) " (2)
in which, E. is the force on a rigid plant with the same morphology. The Cauchy number Ca is the
ratio of hydrodynamic force to restoring force due to plant rigidity. L is the ratio of plant length, [,

to wave orbital excursion, 4,, (= U,,/w, with U,, the wave orbital velocity and w the wave

angular frequency).
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_ pAUmax2
Ca= i (2)

L=-— 3

Aw

Here, p is the water density, A is the frontal area. E is the elastic modulus. I is the second moment
of area. U4, 1S the maximum horizontal velocity. Note that [19] defined the Cauchy number
using the wave velocity, U,,, but in this study Eqg. 2 was adapted for conditions with combined
waves and current using U, = U,, + U., with current U.. The scaling Eqg. 1 is theoretically
valid for CaL > 1 and L >> 1 [19,22,23] and experimentally shown to work for Ca > 1 and L >
0.5 [21,24]. Based on this, Eqg. 1 was used for L > 1 and CaL > 1 in this study, but for CaL < 1 the
plant drag reduction is negligible, i.e., F; = F,.. For marsh plants, buoyancy does not significantly
impact plant posture [25] and will not be considered in this study.

Unlike most previous studies, we consider the real morphology of marsh plants, which are
composed of flexible leaves and a comparatively more rigid stem, both of which have been noted
to contribute to wave damping [26,27]. The geometry and flexibility of marsh plants vary between
species and can depend on the hydrodynamic environment [28]. The leaves often contribute most
of the wave drag due to their greater frontal area compared to the stem [25]. The impact of
reconfiguration on both the leaf and stem drag can be captured by the scale law shown in Eq. 1,
through which the impact of reconfiguration on the full plant drag has been predicted [25].

In many situations, waves are accompanied by current, but a handful of studies have
considered wave damping by plants under the influence of current (Table 1). Studies using rigid
cylinders [29-31] suggest that when current is present, wave dissipation can be increased or
decreased compared to pure waves, depending on the current direction and ratio of current to wave
velocity, U./U,,. Specifically, with following currents (propagating in the same direction as the
wave), wave dissipation increased when U, /U, was larger than a transition value, but decreased
when U, /U,, was smaller than the transition value [29,31]. Opposing currents was reported to
increase the wave damping [31]. An increase in wave damping under opposing currents was also
observed in experiments with live marsh plants [32—-34]. However, a following current decreased
wave damping by flexible mimics of seagrass for U./U,, < 0.5 [35] and by live marsh plants for

U./U, =05 to 1.5[32-34]. Based on field measurements, [36] showed that wave damping at
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comparable water depths during ebb tide (opposing current) was smaller than under flood tide

(following current), which contradicted the previous observations that an opposing current

enhanced wave dissipation [31,33]. While these studies bring attention to the effect of current on

wave damping, they did not consider in detail the role of plant flexibility or leaf structure. The goal

of this study was to consider all three factors: flexibility, leaves, and current; and to develop a

predictive model that reflects all three, which has not, to the authors knowledge, been done before.

Table 1. Previous studies of wave dissipation by vegetation under the influence of current. Subscripts | and
s denote leaf and stem, respectively. D is stem diameter, b is leaf width. E is elastic modulus. N and N,
are plants/m? and number of leaves per plant, respectively.

Publication

Vegetation properties U./U, Current

Wave Main results

Li and Yan [30]

Paul et al. [35]

Hu et al. [29]

Lara et al. [32]
Losada et

al. [33]

Maza et al. [34]

Garzon et
al. [36]

Yinetal. [31]

Zhao et al. [37]

Flume, semirigid rubber rods
Ng=1111, [;=15 cm, D=6, 8 mm
Flume, flexible and stiff mimics
N,=500 to 80007, [;=10, 15, 30
cm, b=1.8, 2.2 mm

Flume, rigid cylinders

1.5-3.5 following

<0.5 following

N,=62, 139, and 556, ;=36 cm, 0-5.4 following

D=1cm

Flume, live Puccinellia maritima

N,=2436, 1389, and 877, [;=47

cm, Es=13 MPa, [;=23 cm, b=0.3 followin

cm, N,=5.5, E,;=7.8 MPa g
: : . 0.5-14 and

Flume, live Spartina anglica .

N,=729 and 430, [,=28 cm, pRosing

E,=164 MPa, [;=18 cm, b=0.6

cm, Nl:5! El=78 MPa

Field, Spartina 0.4-3.3 alongshore

N=344, ;=71 cm, D=5 mm T and tidal
- . following

Flume, rigid cylinders 0-2.7 and

Ng=399, [,=70 cm, D=2 cm. ' .

opposing

- . following

Flume, rigid cylinders 02-12  and

Ng=278, ;=60 cm, D=5 mm opposing

following current increased wave

regular dissipation

following current reduced wave

regular dissipation

following current increased wave
regular dissipation for U./U,, > 0.65 to
1.25, otherwise decreased

regular opposing current increased and
and following current decreased
irregular wave dissipation

following current, associated
with higher incoming wave
height, exhibited greater wave
dissipation than opposing current

irregular

following current decreased
wave dissipation for U./U,, <
regular 0.37 to 1.54, otherwise increased,
opposing current increased wave
dissipation to greater extent

following current increased wave
dissipation, opposing current

solitary increased (decreased) wave
dissipation for large (small)
Uc/Uy
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2  Prediction of wave dissipation in presence on current
2.1 Force on a marsh plant

Marsh plants consist of N; flexible leaves distributed around and along a flexible stem. For
pure wave conditions, wave-induced force on a marsh plant, F;, can be represented by the sum of
forces on leaves and stem, each of which obey Eq. 1 [25].

Fa(t) = F ) (O{CsN, K, (Ca L) Y4} + F s (O{K;(CagLs) /%)

F(t) leaf force Fs(t) stem force

(4)

in which F,.; and E, ; are the time-varying forces on a rigid leaf and stem, respectively. Subscript |
and s denote variables for leaf and stem, respectively. The Cauchy number and length ratio are
defined for a flat leaf (Ca;, L;) and cylindrical stem (Cag, Lg) as in Egs. 2 and 3, using their
respective dimensions. The sheltering coefficient C,; quantifies the reduction in leaf force due to
sheltering from other leaves and the stem. C; = 0.6 was determined experimentally [25]. K; =
1[21] and K, = 1.2 [38] are constants related to structure geometry. The force on a rigid vertical

circular stem F, ¢ and a rigid vertical flat leaf F,; are, respectively.

1 D% AU(t
Fos(t) =3PCosDIIUDIU(E) + pCus 1 52 (52)
(7]
Fra(t) =35 pCoibL|UOIU(E) + pCubdly 5> (5b)

in which Cp and C,, are the drag and inertial coefficients, respectively. D is stem diameter, b is
leaf width, and d is leaf thickness. U is the depth-averaged, time-varying horizontal fluid velocity
within the canopy. The force predicted by Eqgs. 4 and 5 was validated with measured force in pure
waves [25].
An adaptation of Egs. 4 and 5 was considered here for marsh plants exposed to combined
waves and current such that velocity defining the plant force is
u) =ealU; + a,U,cos(wt) (6)
in which «, and «,,, are coefficients represent the impact of meadow on the in-canopy time-mean
current (a.U,.) and the in-canopy wave orbital velocity («,, U, ), in comparison to the depth average
current U, (defined over h) and wave velocity U, (defined over h,, = min(h, [; + [;)) unaffected

by the plants, respectively (Fig. 1). Based on linear-wave theory

_ i hp coshkz
Uw = hy fo Ay @ sinh kh dz (7)
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in which k is the wave number.

hy=llgel,  TTFTTTT e

Erect|plant height

hq
Deflected i
plant height £~
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Fig. 1. Light and dark green plants represent positions at trough and crest, respectively. Due to canopy
resistance, in-canopy time-mean current («.U.) and wave orbital velocity («,,U,,) are reduced compared
to imposed current (U,, defined over h) and wave orbital velocity (U,,, defined over the erect plant height
h,, Eg. 7). The reduction in canopy height (h,) due to reconfiguration feeds back to a.U, and a,, U,, by
changing the in-canopy solid volume fraction and plant force per unit volume of in-canopy fluid.

Within a submerged canopy, the time-mean current [39,40] and wave orbital velocity [41,42]
can be reduced by canopy drag, i.e., . < 1 and a,, < 1, respectively (Fig. 1). Experimental
measurements suggest that a, and «,, are not co-dependent [41], so that «. and «,, can be
predicted separately. Specifically, a,. can be predicted by solving Egs. 18 to 20 in [39] with the
plant force predicted by Eq. 4. a,, can be predicted by solving the 2-box momentum model (Eg.
1.3in [42]). Due to reconfiguration, the canopy height represented by the time-mean plant height,
hg, 1s a function of in-canopy current a.U., which in turn modifies a, and «,, (Fig. 1).
Consequently, h; and a, must be predicted iteratively with h; estimated using Eq. 4 in [43],
which was used to predict «,,. The details of in-canopy velocity prediction are described in the
Supplemental Material [44].

Finally, the maximum fluid velocity in the canopy,

Umax = c|Uc| + ay Uy (8)
was used to define Ca; and Ca, in Eq. 4, and to define the drag and inertial coefficients in Eq. 5

from their measured dependence on Keulegan and Carpenter number (KC) [45], following Fig. 1
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in [46], but with KC defined using U,,,qx (KC; = Uyqx T /b Tor a flat leaf and KCg = U,,q5 Ty /D
for a circular stem, with T,, the wave period). Supporting this, a previous study showed that drag
coefficients for combined waves and current followed the same dependence as pure waves, with
KC defined by the maximum horizontal velocity [47]. The modified version of Eqgs. 4 and 5 for
combined waves and current was validated using force measurements on a single plant [48]. An

example is included in the Supplemental Material [44].

2.2 Wave Dissipation
Assuming no interaction between plants, the force on an individual plant (Egs. 4 to 8) can be used
to estimate the energy dissipation within a meadow of N, plants per bed area. If energy dissipation

is due only to the work done by the force on the plant, F;, the rate of energy dissipation is [49],
Ep = Eptant = 5 Jyoy NoFaUdt ©)
The total dissipation rate Ej, can be divided into wave energy dissipation, Ej ,,,, and current
dissipation, Ej, .. Following [29] and [30], the current energy dissipation can be estimated from
the in-canopy, time-mean velocity U,, (= a.U,.) and current-induced force,
Ep,c = NsFUp, (10)
The current-induced force within the canopy, F., was estimated assuming that the time-average
drag coefficient for a flexible meadow could be inferred from the predicted maximum force and
maximum veloCity, |Fy|max/Umax>»
IFy| = Bimery,,? (11)
The wave energy dissipation is then,

dGpgaw?)
ED,W =Ep — ED,C = _Cg 2 ax (12)

in which C, is the wave group velocity, which can be modified by the current due to the Doppler

effect [33],

2kh
(Zkh))(% tanh(kh))*/2 (13)

1
Cy = Coew = Ue + Copuy = Uc + > (1 +

sinh
The subscripts cw and pw indicate combined current-wave conditions and pure wave conditions,

respectively. Note that Egs. 10 to 12 assume that nonlinear terms arising between the wave and
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current contribute to wave dissipation. Using Eq. 12, the decay of wave amplitude along the

meadow can be estimated progressively using step length dx,

Awndx = J asv,(n_l)dx - % (14)
in which a,, .4, 1S the wave amplitude at x = ndx from the meadow edge in the direction of wave
propagation. Starting from the wave amplitude a,, o at the marsh edge (x = 0), the wave amplitude
(aw,) at each location x = ndx, n = 1: N, was estimated by marching through the following
steps. Eq. 4 predicted F,(t), which was used in Egs. 9 to 12 to obtain the wave energy dissipation
rate, Ep ,,, Which was used in Eq. 14 to predict the wave amplitude at the next position in the
meadow, a,, 4. The step size dx was decreased until its value had no impact on the solution,
which was satisfied by dx = 0.1 m (<< 1/5 wavelength).

To facilitate comparison amongst many cases, the amplitude decay was converted to a

coefficient of spatial wave decay, K, as defined in [50],

Awx __ 1
aw_o 1+KDaW_0x

(15)
Specifically,

Kp = ——(1/@ynax — 1/@w,0) (16)
with a,, o and a,, , the wave amplitude measured at the leading edge of the meadow and at
distance x from the leading edge, respectively.

The predicted wave dissipation was validated against measurements in a meadow of model
plants, see section 4.2. After validation, the model was used to explore a wider range of conditions,
including both following and opposing current with U./U,, = -5 to 5 and for varying plant
flexibility and plant morphology, see section 5. Predicted K, shown in section 5 were evaluated
over a distance of one wave length for meadow density N, = 280 plants/m?, with an erect height
of 0.6 m in water depth h = 1 m. The wave amplitude a,,, = 0.1 m, and wave period T,, = 2's,

which correspond to U,, = 22.5 cm/s and wavelength = 5.2 m were kept constants.

3 Experimental Measurements
Model plants were constructed with 10 leaves (10 cm long, 3 mm wide, and 0.12 mm thick) and a

central stem (20 cm long and 2 mm diameter, Fig. 2a). The model plants are geometrically (1:5)
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and dynamically similar to Spartina alterniflora [17]. The material density and the elastic modulus
were 1.35 g/cm® and 4.8 GPa for the leaf, and 1.06 g/cm® and 1.72 GPa for the stem,
respectively [25]. The plants were arranged in a staggered pattern (Fig. 2b) to construct a 3.8 m

long meadow with shoot density of N, = 280 plants/m? and a fully-erect height of 30 cm.
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Fig. 2. a) Model Spartina alterniflora. b) Arrangement of plants (filled circles) within the staggered
baseboard holes (open circles). Red plus signs are the locations of velocity profiles inside the meadow.

The meadow was installed in a recirculating flume that is 24-m long and 38-cm wide (Fig. 3).
A beach with 1:5 slope and covered with 10-cm thick coconut fiber mats reduced wave reflection
to 7% * 3%. To allow the current to pass, two wooden bricks elevated the toe of the beach 9 cm
above the bed. Three water depths (18, 27, and 40 cm) produced emergent and submerged
conditions. Four wave amplitudes and two current velocities were tested (Table 2). The current
and wave conditions were chosen to cover a range of Cauchy number Ca and Length ratio L
observed in the field. Dynamic similarity was achieved by matching Ca (ratio of hydrodynamic
force to plant restoring force due to rigidity). Similarly, the kinematic similarity was achieved by
matching L (ratio of plant element length to wave orbital excursion). The wave decay over the
meadow was measured for both pure waves (8 cases) and waves with current (16 cases).

Parameters for each case are summarized in Table S1 in the Supplemental Material [44].
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Fig. 3. Schematic of experiment setup, not to scale. The wave paddle and current inlet are located at the left
and the beach to the right. Free surface displacement was simultaneously measured at a fixed position (wave
gage 1) and multiple positions along the meadow (wave gage 2). A Nortek Vectrino+ measured velocity
profiles 2-m upstream of the meadow (P1) and one wave length into meadow (P2).

Table 2. Experimental conditions: current (U.), wave amplitude (a,,), water depth (h), and wave orbital
velocity, U,,. The wave frequency was 0.7 Hz. Pure wave and pure current cases given with notation Wi
(i wave condition) and Cj (j" current condition), respectively. Combined cases given with notation WiCj
through the paper.

Currentcase U, +0.4cm/s | Wavecase h(cm) a, x0.1cm/s U, x1cm/s
C1 4.7 W1 18 1.0 6
C2 7.8 W2 18 2.2 15
W3 27 1.0 55
w4 27 2.2 11
W5 27 3.2 15
W6 40 2.2 9
W7 40 3.2 13
W8 40 4.0 16

Two wave gages were synchronized to measure the free surface displacement at a reference
position 4-m upstream of the meadow (wave gage 1) and at a mobile position along the meadow
(wave gage 2). During each experiment (about 90 min), the wave amplitude at wave gage 1 varied
by less than 3%, confirming stationary wave conditions. The wave amplitude measured by wave
gage 1 is listed in Table 2. Wave gage 2 collected data at 10 cm intervals along the meadow. At

each position, free surface displacement, n(t), was recorded at 2000 Hz for 1 min. Additional

10
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measurements of wave amplitude were made without plants to assess wave decay associated with
the channel wall and baseboard alone. The phase-averaged surface displacement, 7, was
determined following the method in [25]. The wave amplitude a,, was calculated from the root-
mean-square of phase-averaged surface displacement, a,, = V2 s

The spatial evolution of wave amplitude reflected the sum of the incoming wave and the
beach-reflected wave, resulting in an amplitude modulation at an interval of A/2 (with wavelength
A, e.g., Fig. 4). Solving Eq. 15 for a,, , and accounting for the wave modulation, the wave decay

coefficient K, was estimated by fitting the measured amplitude to the following [21],

1

= Kpx + C; cos(2kx + €) + C, 17)

Aw,x
in which k = 2m/A is the wavenumber, and €, C;, and C, are fitting parameters. Examples are
shown in Fig. 4. Wave amplitude along the meadow were summarized in Table S3 in Supplemental
Material [44]. Wave decay attributed to plants (Kp, Table S1 in Supplemental Material [44]) was

obtained by subtracting the decay coefficient obtained in the flume without plants.

1.8

x (cm)

Fig. 4. Measured wave amplitude (symbols) starting from meadow leading edge (x = 0) and Eq. 17 (curves)
for W6 (pure wave), W6C1 (wave 6 + current 1), and W6C2 (wave 6 + current 2). Based on fitted Eq. 17,
Kp = 1.24 + 0.05, 1.51 + 0.08, and 1.52 + 0.11 m with 95% CI, respectively.

Nortek Vectrino+ were used to measure vertical profiles of velocity with 1 to 2 cm vertical
resolution at 2-m in front of and one wave length inside the meadow (Fig. 3). In front of the
meadow velocity was measured at the flume centerline. Inside the meadow velocity was measured
at five lateral locations to capture plant-scale heterogeneity (red pluses in Fig. 2b). At each

measurement point, the Vectrino+ recorded a 1-min record at 200 Hz. Each velocity record was

11
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separated into phase bins, de-spiked within each phase bin using the methods described in [51,52],
and quality checked by the signal to noise ratio. The velocity within each phase-bin was averaged
to produce the phase-averaged velocity 2 (¢), which contained both wave and current components.

The time mean velocity u,, was defined as the average of & (¢),

U = — [ 1U(p)dgp (18)
The phase averaged wave velocity ,,(¢) = ti(¢) — u,,, from which the magnitude of wave

orbital velocity was estimated as

we = (22 [ (91248 (19)

The vertical average within the canopy of the time-mean and wave orbital velocity were
denoted by U,,, and U, respectively. For submerged conditions, velocity was measured over the
entire plant height, and U,, was the depth-averaged time-mean velocity over h, at P2. For
emergent conditions, the Vectrino could not measure the uppermost 5-cm of canopy. Since the
canopy solid volume fraction was small, U,,, at P1 and P2 were essentially the same for emergent
cases, such that U,, was estimated at P1, which had a more uniform velocity profile (compared to
P2). Finally, for comparison, the velocity was also measured under pure current, for which u,,, was
defined with time average only. For pure current, the time-mean, depth-averaged velocity over the
water depth at P1 (2-m upstream of the canopy) defined the imposed current, U.. When waves

were present, U,, was smaller than U, (Table 2) by an amount that equals the Stokes drift [53].

4  Experimental Results and Model Validation

4.1 Flow structure

Because wave dissipation will depend on the velocity within the canopy, we must first understand
how the canopy drag influences the current and wave velocity structure. Comparing to the profiles
measured in the bare channel upstream of the meadow (black symbols in Fig. 5), the meadow
modified the time-mean velocity, but had little influence on the wave orbital velocity (red symbols
Fig. 5). First, under pure current (top row in Fig. 5), the velocity in the meadow was increased near
the bed z < 12 cm, where the frontal area was smaller. An inverse relation between velocity and
frontal area has also been reported in previous studies [54-56]. When the plants were submerged,
the in-canopy velocity (red circles) was reduced, compared to the bare channel (black circles),

12
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because flow was diverted above the meadow (Fig. 5a3). This shape of velocity profile has also
been observed in many previous papers, including submerged live Eurasian watermilfoil by
Lopez [57] (see Fig. 1.1 in their paper).
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Fig. 5. The measured velocity for a) pure current (C2, U, = 7.8 cm/s), b) pure wave (a,, = 2.2 ¢cm), and c)
combined current and waves (U, = 7.8 cm/s, a,, = 2.2 cm), with each column a different water depth, h =
18, 27, and 40 cm from left to right. The corresponding case names were shown on the top right of each
subplot. Black symbols denote profile P1 (2-m in front of the meadow) and red symbols denote the average
of five measurements at P2 (Fig. 2b), with horizontal bar indicating standard deviation of the five values.
Circles are time-mean velocity. Squares and diamonds denote maximum and minimum velocity over the
wave period, when waves were present. The horizontal solid and dashed lines indicate erect stem height
and full plant height, h,,. For the cases considered, the deflected canopy height hy ~ h,,.
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Second, for pure waves the in-canopy velocity (red symbols) was similar to that measured in
front of the meadow (black symbols), and both were consistent with linear wave theory (Fig. 5b).
Wave dissipation by the meadow resulted in slightly smaller wave velocity at P2 compared to P1.

Third, for combined waves and current, the shape of the time-mean profile was similar to that
observed for pure current (circles in Fig. 5a and c¢). Specifically, the near bed velocity was higher
than the mean in-canopy velocity, and, for the submerged canopy, a shear-layer was formed
starting at the top of the stem height (solid horizontal line). When the time-mean velocity was
subtracted, the remaining velocity was consistent with the pure wave profile (linear wave profile),
illustrating that the canopy modified the vertical distribution of time-mean current velocity, but
had little impact on the wave orbital velocity. This was consistent with Lowe et al. [41], who
described how plants are more efficient at attenuating current than waves with short wave orbital
excursion. This observation also supports the assumption that waves did not significantly alter the
momentum balance of the time-mean current, consistent with Egs. 11 and 12. A summary of
velocity measurements at P1 and P2 for all cases are listed in Table S2 in the Supplemental
Material [44].

4.2 Wave decay by marsh plants and model validation

As a general trend, and specifically for U./U,, > 0.6, the measured wave decay increased as
U./U,, increased. However, for some small currents, the wave decay coefficient for combined
current and waves, Kp, was decreased compared to that for pure waves K, ,,,, (Fig. 6a). One
example was shown in Fig. 5c, in which U./U,, increased from 0.6 to 0.9, and the associated wave
decay increased from K, /K, ,,,, = 0.9 to 1.7. The decrease in wave dissipation was most apparent
for the weaker current (squares in Fig. 6). A similar transition was observed for rigid canopies [29—
31]. Specifically, Kp /Kp v < 1 for U./U,, smaller than a transition value of 0.65 to 1.25 [29] and
0.37 to 1.54[31], but increased above pure wave ( Kp/Kpp, > 1) for higher following
currents [29-31].

The decay coefficient was predicted using Eqgs. 10 to16, as described in Section 2 and using
the measured U,,, and linear wave orbital velocity within the canopy, i.e., a,, = 1. The predicted

wave decay coefficients agreed with the measured values to within 17% + 12% (+ SD), with
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K, (predicted) = (1.06 + 0.08)K, (measured) (Fig. 6b). The measured wave decay
coefficients are summarized in Table S1 in the Supplemental Material [44]. The model worked
well for the emergent and near emergent cases, but underpredicted the submerged cases (to the left
of the vertical line in Fig. 6b). This can be explained by a difference in the degree of vertical flow
adjustment due to the canopy. For emergent cases there is little vertical flow adjustment (Fig 5al
and Fig 5c1), so that the in-canopy velocity profile can be established close to the leading edge
and the vertically-averaged U,, is representative of the current over the entire canopy height and
length. However, for submerged cases, there is significant flow adjustment (Fig. 5a3 and Fig 5c3)
as the in-canopy velocity decreases and above-canopy velocity increases over an adjustment
length-scale proportional to the canopy height [39]. Consequently, for the submerged meadow, the
measured U,,, at x = 2.4 m (one wave length) underestimates the velocity near the leading edge. In
addition, because of the shear-layer at the top of the submerged meadow (Fig 5a3 and 5c¢3), U,,
underestimates the velocity in the upper canopy. The underestimation of in-canopy velocity could

explain the underprediction of K.
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Fig. 6. a) The ratio of wave decay coefficient in combined currents and waves, Kp, to that in pure waves,
Kp pw plotted against U /U,,. b) The predicted versus the measured wave decay coefficient K. Measured
error indicates 95% CI for fitting method (Eqg. 17). Predictions were estimated to have 20% uncertainty.
The vertical line separates the submerged (left) to near emergent and emergent conditions (right).
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5 Model exploration to illustrate mechanisms impacting wave dissipation by vegetation
5.1 Impact of current

To illustrate the different mechanisms impacting wave dissipation by vegetation, we first consider
a meadow of rigid cylindrical stems with diameter D =5 mm. For pure waves, the predicted K, =
0.13 m, which is included as a grey horizontal reference line in Fig. 7. First, consider the impact
of a vertically-uniform current of magnitude U, (denoted “Uniform current”, dashed curve in Fig.
7). For this case C; = Cypw, ay, = 1, and a, = 1. With the uniform current, the wave dissipation
increased symmetrically with increasing current magnitude |U,| for both opposing and following
current. This makes sense, because adding current increased the total fluid velocity and thus plant
force, resulting in a greater wave energy dissipation. Specifically, the wave dissipation with
current, Ep \, = Ep — Epc ~ |Umax’| = |U2| = |UW>| + 3U,,°|U.| + 3U,,U.? (Egs. 9 to 12), was
always greater than energy dissipation for the same pure wave Ej, ,, ~|UW3 |

Second, additionally consider the impact of current on the group velocity (denoted “Group
velocity”, solid curve in Fig. 7). For this case, the group velocity C, = C, . + U, (EQ. 13), a,, =
1, and a. = 1, in comparison to uniform current case (C; = Cyp,w, ay, = 1, and a, = 1). The
increase in K, is now greater for an opposing current of the same magnitude. As illustrated in Eq.
12, the group velocity, C,, connects the time-rate of wave energy dissipation (Ep, ,,) to the spatial
rate of wave energy dissipation (represented by Kj,, Eq. 15). For the same |U,| (associated with
the same Ej, ), an opposing (following) current decreases (increases) C, (Eq. 13) and generates
larger (smaller) K}, (spatial rate of amplitude decay), which is shown by the asymmetric black
curve in Fig. 7. A larger K for an opposing current, compared to a following current, has been
measured in meadows of rigid cylinders [31] and live Puccinellia maritima and Spartina
anglica [32-34], however the role of group velocity was not previously identified.

Finally, additionally consider the impact of the meadow-drag in reducing the in-canopy
velocity magnitude (denoted “Meadow impact”, circles in Fig. 7). The reduction of in-canopy
time-mean and wave velocity due to plant drag (Fig. 1), can both reduce the wave decay. For the
conditions considered, a,, = 0.96 and a, = 0.57, which reduced K (circles) compared to the
prediction made without considering the reduction of current within the meadow (a. = 1, solid

curve), which highlighted the importance of considering the in-canopy velocity. Note that the
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meadow is more efficient in dissipating current than waves [41], with a, «< 1 but , = 1.
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Fig. 7. Wave decay coefficient K, versus velocity ratio for a meadow of rigid stems (Il; =0.6m,D =5
mm, and N = 280 stems/m?, h=1m, a,, = 0.1 m, and T,, = 2 s). The different curves (see legend)
consider different mechanism that influence wave dissipation.

5.2 Impact of flexibility

Continuing with the meadow of cylindrical stems, we next considered the impact of flexibility by
varying the modulus E; = 0.01 GPa to 1 GPa (Fig. 8a), with the lowest value based on live
Puccinellia maritime (E; =0.013 GPa from [33]) and the upper value chosen to approach rigid
behavior. Wave dissipation decreased with decreasing stem rigidity (decreasing E;), and this was
explained primarily by the reduction in plant force due to reconfiguration. Specifically, for each
ten-fold decrease in E, Ca, increased ten-fold, which decreased the force by the reconfiguration
factor (CagL)~1/* (see Eq. 4), i.e., by 10"¥ = 0.56. Consistent with this, the curves of K, for E =
1, 0.1, and 0.01 GPa sequentially decreased in magnitude by factors of 0.45 to 0.58. Small
deviations from the reconfiguration scaling (0.56) were due to coincident changes in the in-canopy
velocity. Specifically, . =0.53t0 0.73 and «,, = 0.86 to 0.99 across the different current and stem
rigidity (see Fig. A.1 in the Supplemental Material [44]).
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Fig. 8. Wave decay coefficient versus velocity ratio for a) meadow of stems with different stem rigidity,
and b) plants with and without leaves. Ny = 280 stems/m?, [, = 0.6 m, and D = 5 mm with elastic
modulus given in legend. Wave conditions were constant (h = 1 m, a,, = 0.1 m,and T,,, = 2 s). Full plants
have N;=10 leaves each [; = 0.3 m long, b =10 mm width and, d = 0.3 mm thick.

5.3 Impact of leaves

A full plant morphology was constructed by adding N; = 10 leaves to each stem, each with length
[; =0.3 m, width b = 10 mm, and thickness d = 0.3 mm. With the addition of leaves (red symbols
in Fig. 8b) K}, increased by a factor of 2.4 to 4.2 compared to stems alone (black symbols) with
the same elastic modulus. This highlighted the important role of leaves in wave dissipation,
although they are typically neglected in coastal models [49,50]. The leaves increased the plant
force by 3.8 to 4.3 times the force on the stem alone for the same in-canopy velocity, which
increased wave dissipation (Eqg. 12). However, the changes in K}, (2.4 to 4.2) were smaller than
the changes in force ratio (3.8 to 4.3), because the increased force also lowered the in-canopy
velocity ratio (a, = 0.36 to 0.59 and «,, = 0.75 to 0.98, Fig. A.1 in Supplemental Material [44]),
which mitigated the increase in wave dissipation. For the most flexible plant considered (E =0.01,
red squares), K was relatively insensitive to the addition of a following current, a result that was
quite different from the original rigid model (circle in Fig. 8a). This arose from the competing
effects of the current influencing the group velocity (Eq. 13) and in-canopy velocity reduction,
which was impacted by the deflected canopy height. The interplay of these effects is discussed in

the next section.
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5.4 Reduction in K for small current

In some cases, the addition of a weak current reduced Kj,. For the most flexible plant (red squares
inFig. 80b) Kp /Kp pw < 1 for —0.5 < U./U,, < 1.4. Areduction in wave dissipation due to small
following currents has also been observed for flexible model plants [35] and live plants [32-34].
Previous studies attributed the reduction to plant deflection [35]. Here, a more comprehensive
explanation can be provided, based on changes in group velocity and in-canopy time-mean and
wave orbital velocity. First, as noted in the previous sections, a following current increased the
group velocity, which decreased K. Second, due to the plant reconfiguration, a following current
decreased the deflected canopy height, hy, such that plant force was distributed over a smaller
canopy volume, which reduced in-canopy velocity (reduced a. and «,,, see Fig. A.l in the
Supplemental Material [44]). Because U,, was constant across cases, the in-canopy orbital velocity
(a,, U,,) decreased with increasing |U.|, which tended to decrease K. Finally, even though a,
decreased, the in-canopy time-mean |U,,| (= a.|U.|) increased with |U.|, which increased wave
dissipation Ep,, (Egs. 11 to 13). For a following current, the decreasing trend in K due to
decreasing in-canopy wave velocity and increasing wave group velocity counteracted the
increasing trend due to increasing |U,,|. For the full plant (red squares in Fig. 8b), this interplay
resulted in a K, that, for small |U,,,|, was reduced relative to pure wave. This also explained the
observations in previous studies of flexible live and model plants [29,31,33,35]. Further, due to
reconfiguration and leaves, K;, was less sensitive to the addition of large current, compared to the

rigid model (circles in Fig. 8a) considered by previous studies.

6 Conclusion

A model was developed to capture the influence of plant flexibility, leaves, and current on wave
dissipation by a meadow of marsh plants. The model was validated by wave decay measured over
a meadow of flexible model plants geometrically similar to Spartina alterniflora. Importantly, the
canopy drag changed the time-mean velocity profile for both pure current and combined current
and wave conditions, and the adjusted in-canopy velocity was needed to achieve correct prediction
of wave dissipation. Current was shown to impact wave dissipation through two mechanisms.

First, the addition of a time-mean velocity within the canopy enhanced the force exerted on the
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plants, which results in an increase in the wave energy dissipation. Second, the addition of current
modified the wave group velocity, which tended to increase spatial wave decay in opposing
current, but to decrease it in following current. Importantly, for real plant morphology and
flexibility K, was significantly less sensitive to the addition of current, compared to the rigid
plants, because the reconfiguration of the meadow and the drag associated with the leaves tended
to reduce the wave and current velocity within the meadow, which mitigated the impact of current

on wave dissipation.

Acknowledgment

Xiaoxia Zhang was supported by the China Scholarship Council. The project also received support
from the US National Science Foundation under EAR 1659923. Any opinions, findings, and
conclusions in this paper are those of author(s) and do not necessarily reflect the views of the China

Scholarship Council or the US National Science Foundation.

References

[1] 1. Moeller, T. Spencert, and J. R. French, Wind Wave Attenuation over Saltmarsh Surfaces:
Preliminary Results from Norfolk, England, Journal of Coastal Research 12, 1009 (1996).

[2] F.Rupprecht, I. Méller, M. Paul, M. Kudella, T. Spencer, B. K. van Wesenbeeck, G.
Wolters, K. Jensen, T. J. Bouma, M. Miranda-Lange, and S. Schimmels, Vegetation-Wave
Interactions in Salt Marshes under Storm Surge Conditions, Ecological Engineering 100,
301 (2017).

[3] T. Ysebaert, S. Yang, L. Zhang, Q. He, T. J. Bouma, and P. M. J. Herman, Wave
Attenuation by Two Contrasting Ecosystem Engineering Salt Marsh Macrophytes in the
Intertidal Pioneer Zone, Wetlands 31, 1043 (2011).

[4] J. Carus, M. Paul, and B. Schrdder, Vegetation as Self- adaptive Coastal Protection:
Reduction of Current Velocity and Morphologic Plasticity of a Brackish Marsh Pioneer,
Ecol Evol 6, 1579 (2016).

[5] H. M. Nepf, Drag, Turbulence, and Diffusion in Flow through Emergent Vegetation, Water
Resour. Res. 35, 479 (1999).

[6] Z.Zhu, V. Vuik, P.J. Visser, T. Soens, B. van Wesenbeeck, J. van de Koppel, S. N.
Jonkman, S. Temmerman, and T. J. Bouma, Historic Storms and the Hidden Value of
Coastal Wetlands for Nature-Based Flood Defence, Nat Sustain 3, 853 (2020).

[7] S. Narayan, M. W. Beck, P. Wilson, C. J. Thomas, A. Guerrero, C. C. Shepard, B. G.
Reguero, G. Franco, J. C. Ingram, and D. Trespalacios, The Value of Coastal Wetlands for
Flood Damage Reduction in the Northeastern USA, Sci Rep 7, 9463 (2017).

20



456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499

[8] K. Schoutens, M. Heuner, V. Minden, T. Schulte Ostermann, A. Silinski, J.-P. Belliard, and
S. Temmerman, How Effective Are Tidal Marshes as Nature-Based Shoreline Protection
throughout Seasons, Limnol. Oceanogr. 64, 1750 (2019).

[9] K. Elschot, T.J. Bouma, S. Temmerman, and J. P. Bakker, Effects of Long-Term Grazing
on Sediment Deposition and Salt-Marsh Accretion Rates, Estuarine, Coastal and Shelf
Science 133, 109 (2013).

[10] A. E. Sutton-Grier, K. Wowk, and H. Bamford, Future of Our Coasts: The Potential for
Natural and Hybrid Infrastructure to Enhance the Resilience of Our Coastal Communities,
Economies and Ecosystems, Environmental Science & Policy 51, 137 (2015).

[11] C. M. Duarte, I. J. Losada, I. E. Hendriks, I. Mazarrasa, and N. Marba, The Role of Coastal
Plant Communities for Climate Change Mitigation and Adaptation, Nature Clim Change 3,
961 (2013).

[12] K. B. Gedan, M. L. Kirwan, E. Wolanski, E. B. Barbier, and B. R. Silliman, The Present
and Future Role of Coastal Wetland Vegetation in Protecting Shorelines: Answering Recent
Challenges to the Paradigm, Climatic Change 106, 7 (2011).

[13] K. Schoutens, M. Heuner, E. Fuchs, V. Minden, T. Schulte-Ostermann, J.-P. Belliard, T. J.
Bouma, and S. Temmerman, Nature-Based Shoreline Protection by Tidal Marsh Plants
Depends on Trade-Offs between Avoidance and Attenuation of Hydrodynamic Forces,
Estuarine, Coastal and Shelf Science 236, 106645 (2020).

[14] K. K. Arkema, R. Griffin, S. Maldonado, J. Silver, J. Suckale, and A. D. Guerry, Linking
Social, Ecological, and Physical Science to Advance Natural and Nature-Based Protection
for Coastal Communities, Ann. N.Y. Acad. Sci. 1399, 5 (2017).

[15] M. E. Anderson and J. M. Smith, Wave Attenuation by Flexible, Idealized Salt Marsh
Vegetation, Coastal Engineering 83, 82 (2014).

[16] R. Jadhav and Q. Chen, Field Investigation of Wave Dissipation over Salt Marsh
Vegetation During Tropical Cyclone, Coastal Engineering (2012).

[17] X. Zhang, P. Lin, Z. Gong, B. Li, and X. Chen, Wave Attenuation by Spartina Alterniflora
under Macro-Tidal and Storm Surge Conditions, Wetlands 40, 2151 (2020).

[18] F. P. Gosselin, Mechanics of a Plant in Fluid Flow, Journal of Experimental Botany 70,
3533 (2019).

[19] M. Luhar and H. M. Nepf, Wave Induced Dynamics of Flexible Blades, Journal of Fluids
and Structures 61, 20 (2016).

[20] T.J. van Veelen, T. P. Fairchild, D. E. Reeve, and H. Karunarathna, Experimental Study on
Vegetation Flexibility as Control Parameter for Wave Damping and Velocity Structure,
Coastal Engineering 157, 103648 (2020).

[21] J. Lei and H. Nepf, Wave Damping by Flexible Vegetation: Connecting Individual Blade
Dynamics to the Meadow Scale, Coastal Engineering 147, 138 (2019).

[22] J. C. Mullarney and S. M. Henderson, Wave-Forced Motion of Submerged Single-Stem
Vegetation, J. Geophys. Res. 115, C12061 (2010).

[23] S. M. Henderson, Motion of Buoyant, Flexible Aquatic Vegetation under Waves: Simple
Theoretical Models and Parameterization of Wave Dissipation, Coastal Engineering 152,
103497 (2019).

[24] M. Abdolahpour, M. Ghisalberti, K. McMahon, and P. S. Lavery, The Impact of Flexibility
on Flow, Turbulence, and Vertical Mixing in Coastal Canopies, Limnol. Oceanogr. 63,

21



500 2777 (2018).
501 [25] X. Zhang and H. Nepf, Wave-Induced Reconfiguration of and Drag on Marsh Plants,

502 Journal of Fluids and Structures 100, 103192 (2021).

503  [26] M. Heuner, A. Silinski, J. Schoelynck, T. J. Bouma, S. Puijalon, P. Troch, E. Fuchs, B.
504 Schroder, U. Schroder, P. Meire, and S. Temmerman, Ecosystem Engineering by Plants on
505 Wave-Exposed Intertidal Flats Is Governed by Relationships between Effect and Response
506 Traits, PLoS ONE 10, e0138086 (2015).

507  [27] R. O. Tinoco, J. E. San Juan, and J. C. Mullarney, Simplification Bias: Lessons from

508 Laboratory and Field Experiments on Flow through Aquatic VVegetation, Earth Surf.

509 Process. Landforms 45, 121 (2020).

510 [28] H. Cao, Z. Zhu, R. James, P. M. J. Herman, L. Zhang, L. Yuan, and T. J. Bouma, Wave
511 Effects on Seedling Establishment of Three Pioneer Marsh Species: Survival, Morphology
512 and Biomechanics, Annals of Botany 125, 345 (2020).

513  [29] Z. Hu, T. Suzuki, T. Zitman, W. Uittewaal, and M. Stive, Laboratory Study on Wave

514 Dissipation by Vegetation in Combined Current-Wave Flow, Coastal Engineering 88, 131
515 (2014).

516  [30] C.W. Liand K. Yan, Numerical Investigation of Wave—Current—\Vegetation Interaction,
517 Journal of Hydraulic Engineering 133, 794 (2007).

518 [31] Z.Yin, Y. Wang, Y. Liu, and W. Zou, Wave Attenuation by Rigid Emergent Vegetation
519 under Combined Wave and Current Flows, Ocean Engineering 213, 107632 (2020).

520 [32] J. L. Lara, M. Maza, B. Ondiviela, J. Trinogga, I. J. Losada, T. J. Bouma, and N.

521 Gordejuela, Large-Scale 3-D Experiments of Wave and Current Interaction with Real

522 Vegetation. Part 1: Guidelines for Physical Modeling, Coastal Engineering 107, 70 (2016).
523  [33] I.J. Losada, M. Maza, and J. L. Lara, A New Formulation for Vegetation-Induced Damping
524 under Combined Waves and Currents, Coastal Engineering 107, 1 (2016).

525  [34] M. Maza, J. L. Lara, I. J. Losada, B. Ondiviela, J. Trinogga, and T. J. Bouma, Large-Scale
526 3-D Experiments of Wave and Current Interaction with Real Vegetation. Part 2:

527 Experimental Analysis, Coastal Engineering 106, 73 (2015).

528  [35] M. Paul, T. Bouma, and C. Amos, Wave Attenuation by Submerged Vegetation:

529 Combining the Effect of Organism Traits and Tidal Current, Mar. Ecol. Prog. Ser. 444, 31
530 (2012).

531 [36] J. L. Garzon, M. Maza, C. M. Ferreira, J. L. Lara, and 1. J. Losada, Wave Attenuation by
532 Spartina Saltmarshes in the Chesapeake Bay Under Storm Surge Conditions, J. Geophys.
533 Res. Oceans 124, 5220 (2019).

534 [37] C. Zhao, J. Tang, and Y. Shen, Experimental Study on Solitary Wave Attenuation by

535 Emerged Vegetation in Currents, Ocean Engineering 108414 (2020).

536  [38] X. Zhang, P. Lin, and H. Nepf, A Simple Wave Damping Model for Flexible Marsh Plants,
537 Limnology and Oceanography (in revision).

538 [39] Z. Chen, C. Jiang, and H. Nepf, Flow Adjustment at the Leading Edge of a Submerged
539 Aquatic Canopy, Water Resour. Res. 49, 5537 (2013).

540  [40] J. Lei and H. Nepf, Evolution of Flow Velocity from the Leading Edge of 2-D and 3-D
541 Submerged Canopies, J. Fluid Mech. 916, A36 (2021).

542  [41] R.J. Lowe, J. R. Koseff, and S. G. Monismith, Oscillatory Flow through Submerged

543 Canopies: 1. Velocity Structure, Journal of Geophysical Research: Oceans 110, (2005).

22



544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579

[42] R. B. Zeller, F. J. Zarama, J. S. Weitzman, and J. R. Koseff, A Simple and Practical Model
for Combined Wave—Current Canopy Flows, J. Fluid Mech. 767, 842 (2015).

[43] M. Luhar and H. M. Nepf, From the Blade Scale to the Reach Scale: A Characterization of
Agquatic Vegetative Drag, Advances in Water Resources 51, 305 (2013).

[44] See Supplemental Material at [URL will be inserted by publisher] for the Experimental
Measurements, the in-Canopy Time-Mean and Wave Orbital VVelocity Predicting Method,
and the Force Model Validation, Which Includes Refs. [19, 39-43, 48].

[45] G. H. Keulegan and L. H. Carpenter, Forces on Cylinders and Plates in an Oscillating Fluid,
J. RES. NATL. BUR. STAN. 60, 423 (1958).

[46] X. Zhang and P. Lin, Wave-Induced Force on Flexible Marsh Plants, Chinese Journal of
Theoretical and Applied Mechanics 53, 1018 (2021).

[47] H. Chen, Y. Ni, Y. Li, F. Liu, S. Ou, M. Su, Y. Peng, Z. Hu, W. Uijttewaal, and T. Suzuki,
Deriving Vegetation Drag Coefficients in Combined Wave-Current Flows by Calibration
and Direct Measurement Methods, Advances in Water Resources 122, 217 (2018).

[48] X. Zhang and H. Nepf, Reconfiguration of and Drag on Marsh Plants in Combined Currents
and Waves, Journal of Fluids and Structures (under review).

[49] F. J. Mendez and I. J. Losada, An Empirical Model to Estimate the Propagation of Random
Breaking and Nonbreaking Waves over Vegetation Fields, Coastal Engineering 51, 103
(2004).

[50] R. A. Dalrymple, J. T. Kirby, and P. A. Hwang, Wave Diffraction Due to Areas of Energy
Dissipation, Journal of Waterway, Port, Coastal, and Ocean Engineering 110, 67 (1984).

[51] D. G. Goring and V. I. Nikora, Despiking Acoustic Doppler Velocimeter Data, J. Hydraul.
Eng. 128, 117 (2002).

[52] V. Nikora and D. Goring, Flow Turbulence over Fixed and Weakly Mobile Gravel Beds, J.
Hydraul. Eng. 126, 679 (2000).

[53] S. G. Monismith, E. A. Cowen, H. M. Nepf, J. Magnaudet, and L. Thais, Laboratory
Observations of Mean Flows under Surface Gravity Waves, J. Fluid Mech. 573, 131 (2007).

[54] L. A. Leonard and M. E. Luther, Flow Hydrodynamics in Tidal Marsh Canopies,
Limnology and Oceanography 40, 1474 (1995).

[55] A. F. Lightbody and H. M. Nepf, Prediction of Velocity Profiles and Longitudinal
Dispersion in Salt Marsh Vegetation, Limnol. Oceanogr. 51, 218 (2006).

[56] Y. Xu and H. Nepf, Measured and Predicted Turbulent Kinetic Energy in Flow Through
Emergent Vegetation with Real Plant Morphology, Water Resour. Res. 56, (2020).

[57] R. O. T. Lopez, An Experimental Investigation of Drag and the Turbulent Flow Structure in
Simulated and Real Aquatic Vegetation, Cornell University, 2011.

23



