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ABSTRACT

Coastal regions are susceptible to increasing flood risks amid climate change. Coastal wetlands play an
important role in mitigating coastal hazards. Vegetation exerts a drag force to the flow and dampens storm
surges and wind waves. The prediction of wave attenuation by vegetation typically relies on a pre-determined
drag coefficient C,. Existing C, formulas are subject to vegetation biomechanical properties, especially
the flexibility. Accounting for vegetation flexibility through the effective plant height (EPH), we propose
and validate a species-independent relationship between C; and the Reynolds number Re based on three
independent datasets that cover a wide range of hydrodynamic conditions and vegetation traits. The proposed
Cp — Re relationship, used together with EPH, allows for predicting wave attenuation in salt marshes with high
accuracy. Furthermore, a total of 308,000 numerical experiments with diverse wave conditions are conducted
using the proposed Cj, — Re relationship and EPH to quantify the wave attenuation capacity of two typical salt
mash species: Elymus athericus (highly flexible) and Spartina alterniflora (relatively rigid). It is found that wave
attenuation is controlled by wave height to water depth ratio and EPH to water depth ratio. When swaying
in large waves in shallow to intermediate water depth, a 50-m-long Elymus athericus field may lose up to
30% capacity for wave attenuation. As wave height increases, highly flexible vegetation causes reduced wave
attenuation, whereas relatively rigid vegetation induces increased wave attenuation. The leaf contribution to
wave attenuation is highly dependent on the leaf rigidity. It is recommended that leaf properties, especially
its Young’s modulus be collected in future field experiments.

1. Introduction

Fagherazzi, 2014; Ganju et al., 2017; Editorial, 2021; Sheng et al.,
2021) and reduce the likelihood and impact of overtopping and breach-

Climate change and sea level rise impose monumental challenges
to urban coastal communities for developing resilient social and civil
infrastructure. Coastal protection has historically relied on hard infras-
tructure (Stark and Jafari, 2015), such as levees, floodwalls, and surge
barriers, but more attention has been drawn to natural and nature-
based features (NNBFs) since Hurricane Katrina struck New Orleans
in 2005 and Hurricane Sandy flooded New York City in 2012. NNBFs
include marshes, mangroves, dunes, oyster reefs, among others, and
they act as a natural buffer against wind, storm surges, and wind
waves (Hu et al., 2015; Leonardi et al., 2016; Narayan et al., 2017;
Jongman, 2018; Zhu and Chen, 2019b; Hochard et al., 2019; del Valle
et al., 2020; Sun and Carson, 2020). Hard infrastructure supplemented
with coastal wetlands has proved to be more sustainable and resilient
in extreme events (Duarte et al.,, 2013; Nardin and Edmonds, 2014;
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ing of hard defenses (Zhu et al., 2020a). Quantifying the capacity of
coastal wetlands, especially broadly distributed salt marshes, for wave
attenuation is becoming pivotal for implementing NNBFs because it
provides confidence in establishing a quantitative level of coastal flood
protection (Schoutens et al., 2019).

The vegetation-induced drag (f,) and energy dissipation rate (e,)
are theoretically expressed as below (e.g., Dalrymple et al., 1984;
Mendez and Losada, 2004):
min(—h+h;,n)

fotwavedz

1
fo= EPCDbUNUM,WA and ¢, =/ 1)

~h
in which p is the water density, b, is the frontal width or diameter, N,
is the population density, 4 is the height of water column occupied
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by vegetation, h is the water depth, # is the surface elevation, Cj, is
the drag coefficient and u, is the relative velocity between vegetation
motions (uyeg) and surrounding water particle movements (uwave),
defined as u, = uyyave —Uyeg- The drag coefficient C}, is a key calibration
parameter. Here, we list three major approaches to determine Cp:

1. measuring or modeling uyeg, computing u, in Eq. (1) and back-
calculating Cj from the wave height reduction (e.g., Maza
et al.,, 2013; Zhu and Chen, 2015; Zhu et al., 2020b; van
Veelen et al., 2020). Empirical C;, formulas that best-fit the
calibrated Cp, through this approach (e.g., Maza et al., 2013;
Mattis et al., 2019; van Veelen et al., 2020) are theoretically
species-independent. However, van Veelen et al. (2020)’s Cp,
formula, determined with regular waves, has not been tested
against random waves. The best-fit Cp, formula in Maza et al.
(2013) did not show a high correlation coefficient.

2. simplifying u, = uyave in Eq. (1) and back-calculating Cj,
directly from the measured (e.g., Hu et al., 2014) or numerically
simulated (e.g., Chakrabarti et al., 2016) vegetal drag.

3. simplifying u, = uyaye in Eq. (1) and back-calculating C;, from
the wave height reduction modeled by a theoretical energy dissi-
pation model (e.g., Dalrymple et al., 1984; Mendez and Losada,
2004; Chen and Zhao, 2012; Losada et al., 2016). This approach
is widely adopted in field and laboratory studies (e.g., Augustin
et al., 2009; Wu et al., 2011; Paul and Amos, 2011; Jadhav et al.,
2013; Anderson and Smith, 2014; Moller et al., 2014; Garzon
et al., 2019). Most of the existing empirical C;, formulas were
determined through this approach. However, the calibrated Cj,
integrates vegetation flexibility because of the omittance of uyeg.
Thus, these empirical Cp, formulas are species-specific and lack
generality (Houser et al., 2015).

In a separate effort from using the theoretical expressions in Eq. (1),
a homogenization theory, firstly proposed by Mei et al. (2011, 2014)
and later extended by Liu et al. (2015) and Hu et al. (2021), was applied
to study the effects of vegetation on waves.

Efforts have been made to predict the wave attenuation by different
vegetation species without conducting a species-specific calibration of
Cp. There are two aspects in this problem. One is to handle the vegeta-
tion flexibility effects and the other is to find a species-independent Cj,
relationship. Losada et al. (2016) followed Approach 3, but replaced A4
in Eq. (1) with the deflected plant length (/;), which is defined as the
actual length that is affecting the flow due to plant bending. /,, accounts
for the flexibility effects, and is calculated as I, = I, fol’ cos(f)dz
in which [, is the physical plant height and ¢ is the bending angle
relative to the vertical axis z. With /,/l, = 0.8 and 0.6 for P. mar-
itima in pure waves and wave-current scenarios, respectively, they
determined empirical Cj, formulas for pure regular/random waves and
regular/random waves propagating with currents based on laboratory
experiments involving real vegetation (Maza et al., 2015). Their work
marks a progress in achieving a universal, species-independent C;, for-
mula. However, the constant /, /], ratio in different waves introduces
potential issues. Also, the determination of [, requires the a priori
measurements of vegetation postures, i.e., # which is difficult to obtain
in field experiments.

Recently, van Veelen et al. (2021) developed a mathematical model
based on the Euler—Bernoulli beam theory for simulating the reconfig-
uration of stem posture and vegetation motions. With the vegetation
flexibility effects handled by the mathematical model, van Veelen
et al. (2021) predicted the damping of regular waves by rigid and
flexible artificial vegetation along with real plants using the C, formula
from Hu et al. (2014). Lei and Nepf (2019) followed Approach 3, but
replaced k% in Eq. (1) with effective height, calculated from a scaling
law. Later, Zhang et al. (2021) proposed a theoretical wave damping
model for flexible vegetation, in which the drag induced by flexible
vegetation was estimated with the scaling law. Both Lei and Nepf
(2019) and Zhang et al. (2021) computed Cj, from empirical formulas,
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Cp = max(1.95, 10KC~'/3) or Cp = max(1.0,2.9KC~°2), from Keulegan
and Carpenter (1958) (KC is the Keulegan-Carpenter number), which
were proposed for C, of flat rigid plates or cylinders, respectively,
in linear waves. The two Cj formulas in Keulegan and Carpenter
(1958) may not be accurate for Cj, of salt marshes under random wave
conditions. In summary, a species-independent C;, formula for coastal
wetlands in random wave environments is still missing.

This study aims to incorporate the influence of vegetation flexi-
bility through effective plant height (EPH) and determine a species-
independent C;, formula for salt marshes in random waves. The ef-
fective height, proposed and parameterized in Luhar and Nepf (2016),
Luhar et al. (2017), Lei and Nepf (2019), Zhang et al. (2021), Zhang
and Nepf (2021), is based on the assumption that flexible vegetation
with physical height of /, generates the same drag as rigid vegetation
with height of /,. The I, is considered as the effective height of flexible
vegetation, which accounts for the effects of vegetation motion and
deformation on reducing the vegetal drag. The scaling law is /,/I, =
K (CaL)’l/ 4, in which K is a scale coefficient, C, is the Cauchy number,
and L is the ratio between plant height and maximum water particle
displacement A,,. The term C,L describes the drag-to-stiffness ratio.
The scaling of /,/l, ~ (C,L)~'/* is proven valid for L ~ O(1) (Luhar
and Nepf, 2016; Lei and Nepf, 2019; Zhang et al., 2021). Luhar et al.
(2017) firstly proposed K = 2.25 for seagrass blades in waves with
10® < C,L < 10*. Later, Lei and Nepf (2019) extended the scaling law to
a wider C, L range from 0.3 to 2x 10* and determined K = 0.94. Zhang
et al. (2021) proposed K = 1.2 for cylindrical vegetation stems.

The present study is built upon the recent advance of the scaling
law for flexible vegetation and high-quality measurements from field
experiments and large-scale laboratory experiments that involve live
vegetation. First, we calibrate C;, and best-fit a relationship between
Cp and the Reynolds number (Re) based on a field dataset collected
in Louisiana, USA during a tropical storm. The obtained Cj, — Re
relationship is independent of vegetation flexibility because vegetation
flexibility is separately accounted through the effective plant height.
Then, we validate the universality of the proposed C, — Re relationship
by applying it, along with the effective plant height, to two indepen-
dent datasets that comprise different vegetation properties, especially
rigidity and wave conditions. The validation results demonstrate that
our proposed Cp — Re formula avoids species dependence and can
be applied across a wide range of wave conditions and vegetation
properties whilst the flexibility effects are incorporated through the
effective plant height. Finally, using the proposed C; formula and
effective plant height, we conservatively quantify the capacity of two
typical salt marsh species: Spartina alterniflora and Elymus athericus
for wave attenuation and shed light on the controlling factors of
vegetation-induced wave attenuation.

2. Methods and data
2.1. Effective vegetation height and vegetation flexibility

For salt marsh vegetation that comprises a cylindrical stem and flat
leaves, we measure the stem height (SH, denoted as /, ;) as the length of
the rigid stem portion from the plant base to the topmost node along the
stem, and the total plant height (TPH, denoted as /) as the distance
from the plant base to the tip of the plant with all leaves aligned along
the stem (Zhu and Chen, 2019a). The leaf height (LH, denoted as /)
is the subtraction of SH from TPH for simplicity. Fig. 1a sketches SH,
TPH and LH of a plant.

To implement the scaling law for the stem and leaves, we make
the following assumptions: (1) each stem has n; leaves; (2) leaves
and stems are non-tapered; (3) leaves have uniform rectangular cross-
section (width b,; and thickness ¢, ;) and Young’s modulus Y;; (4) stems
have constant diameter b, ; and Young’s modulus Y;. The effective stem
height (ESH, denoted as /, ;) and effective leaf height (ELH, denoted as
l,,) are determined through the scaling law (Lei and Nepf, 2019) based
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Fig. 1. (a) Sketch of physical vegetation heights, including stem height (SH), leaf height
(LH) and total plant height (TPH). (b) Sketch of effective vegetation heights, including
effective stem height (ESH), effective leaf height (ELH) and effective plant height (EPH).
The stem diameter is b,,.

on their corresponding properties and physical heights (I, and /),
respectively:

;—; = min(K(C,L)""/4,1.0), 03 <C,L<2x10* ()
and K = 0.94. For vegetation with C,L < 0.8, the vegetation behaves
like rigid vegetation and thus /, = [, (Lei and Nepf, 2019; Zhang et al.,
2021). The Cauchy number C, is defined as below:
pbvuzlg
C,=
YI
in which, Y is the Young’s modulus, I is the second moment of inertia,
and u is the magnitude of characteristic horizontal velocity. Here, we
determine u as the magnitude of the depth-averaged horizontal velocity
over the submerged height of vegetation from linear wave theory:
Ho  sinhmin(kh, klg o) . . . . .

= ZemhFh G, klo,m;) , in which H is the wave height, k is the
wavenumber from the dispersion relationship based on linear wave the-
ory, and ¢ is the wave angular frequency. The root-mean-square wave
height H,, and k, and o, associated with mean wave period T, are
used for random waves. For emergent vegetation, min(kh, kly,,) = kh.
For the vegetation stem with a cylindrical cross section, I = nbﬁyy /64.
For flat leaves, I = bv,lti’j /12. The C, and L for the stem and leaves are
calculated separately using their respective properties. The subscripts
‘s’ (for stem) and ‘I’ (for leaves) are omitted from Egs. (2) and (3) for
brevity. Fig. 1b sketches ESH and EBH of a plant.

Mullarney and Henderson (2010) proposed that the vegetation
motions in waves are influenced by a combination of its Young’s
modulus, dimensions, and wave characteristics. They proposed a non-
dimensional stiffness parameter S as below based on the Euler-
Bernoulli equation (Karnovsky and Lebed, 2004) that balances the
elastic restoring force and drag force,

oo Y(b,/2°T
pCDlgu

3

C)

In fact, § = ?—”(CQL)‘I. The present study uses S to quantify the

flexibility of Veglétation.
2.2. Energy dissipation model

The spatial wave height distribution along a cross-shore transect is
governed by the 1D energy balance equation:
IE,C,
ox

=—€,—€,— € 5)
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in which E, (= éngrzmS) is the wave energy density, C, is the
group velocity, the positive x-axis points in the onshore direction, and
€y, €, and e, are the time-averaged energy dissipation rate per unit
horizontal area induced by vegetation, wave breaking, and bottom
friction, respectively. In this study, ¢, is modeled as below (e.g., Gon

et al., 2020)
1
€ = Epfoug (6)

in which f| is the bottom friction factor and u, is the maximum wave
orbital velocity at bed. ¢, is modeled using empirical formulas proposed
by Battjes and Stive (1985):

2
apgQH; | H,,s 0.88 Ekh
=— 2 = =L H = —Ztanh| >—
€ 7 T » , H, tan 7)

in which « is an empirical coefficient (¢ = 1 in this study), g is the
gravitational acceleration, 0 < Q <1 is the fraction of breaking waves,
H,, is the height of the breaking wave, H,, is the local depth-limited
wave height (H, = H,,), ¢ is the breaker ratio parameter with H,, = £h
in shallow water.

Regarding ¢,, Dalrymple et al. (1984) and Mendez and Losada
(2004) proposed theoretical energy dissipation models as below for
rigid vegetation:

3 sinh® kh,, + 3 sinh kh,
3k cosh® kh

kg

€y = apCD,sbv,st,s < %) (8)

3
rms

h, is vegetation height. Losada et al. (2016) adapted Eq. (8) for flexible
vegetation applications by replacing h, with the measured deflected
vegetation height /,. Luhar et al. (2017) substituted h, with effective
plant height. Lei and Nepf (2019) used the effective meadow height
(see Eq. 19 in Lei and Nepf, 2019) in place of 4,.

Following Lei and Nepf’s (2019) approach, we adjust 4, in Eq. (8)
as follows:

Cp,b, N,
hy=min( —L2 L sy 1,k ©)]
CD,sbu,SNu,s

in which « = 31 H? for regular waves and 2; H> for random waves,
or n

For emergent vegetation, h, = h. The first term in “min(-, -)”” represents
the effective plant height (EPH), denoted as /,,,,. e ot
expression is provided in Appendix A. The stem- and leaves-induced
energy dissipation rates are modeled separately and combined into
Eq. (8) through /,,,,. The first term in /,, is related to leaves and the
second term is related to the stem. Zhang et al. (2021) showed that
Cp,/Cp, ~ 2 for KC > 4. For a plant that comprises a single stem and
n; leaves, Eq. (9) reduces to:

The derivation of /

. bv,l
h, = min 2n,le,1b— +l,5 h (10)

v.s

and thus /,,, = 2n,le’,% + I, ;- The number of leaves per stem ()
plays a role in /,,,, and affects ¢,. In the rest of the paper, we omit the
subscript ‘s’ from Cj, ; for brevity. This study uses T, instead of the peak
wave period (T,) as the representative wave period. ¢ and k in Egs. (7)
and (8) are computed with T;.

This study adopts the improved Euler finite difference method
(Chaudhry, 1993) with second-order accuracy to solve Eq. (5) for
spatial variations of wave heights. The incident wave conditions at the
offshore boundary serve as boundary conditions. The grid spacing Ax
is set as 0.05 m to balance the model accuracy and computational
efficiency. The numerical solutions to Eq. (5) give the wave height
attenuation induced by a combined effect of vegetation, wave breaking
and bottom friction.
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Fig. 2. (a) Aerial view of the study site and wave gage locations. Yellow dashed line shows the transect alignment. Blue dotted line shows the shore normal. (b) Water depth

from WO to W4.
2.3. Determination of Cp, — Re relationship

A field dataset, collected in upper Terrebonne Bay on the Louisiana
coast of the Gulf of Mexico during Tropical Storm Lee (September 3—
4, 2011), is used for determining the Cj, — Re relationship. This field
dataset is denoted as the Gulf of Mexico (GoM) dataset. Five wave gages
(W0-W4) were sampled continuously at 10 Hz over the 2-day duration
of the storm. Gage WO was located 45 m offshore, at a depth of 1.4 m
below the mean sea level. Gage W1 was placed 16.2 m landward of
the marsh edge. Different from Jadhav et al. (2013), the present study
includes offshore WO data and excludes W4 data because it recorded
only a few bursts. The measured pressure data are re-analyzed with
the Ocean Wave Analyzing Toolbox, OCEANLYZ (Karimpour and Chen,
2017). The GoM dataset contains a total of 276 wave measurements.
The section between neighboring wave gages (i.e., WO-W1, W1-W2,
W2-W3) is treated as one transect. Fig. 2a illustrates the layout of wave
gages and orientations of transects. The transects have a bearing of
20° to the shore-normal. The wave travel distances between gages is
overestimated by about 6% (= 1 — co0s(20°)), introducing small errors
to the estimated energy dissipation rate. Therefore, the wave obliquity
and alongshore nonuniformity are negligible in the GoM dataset.

Because of the mild slope from W1 to W3, we linearly interpolate
the water depth along onshore transects. The water depth profile be-
tween WO-W1 is determined by following the equilibrium profile (Wil-
son and Allison, 2008),

z = —1.53 4 14005647 11)

in which x is the distance from WO and z is the water depth. Both x
and z are in meters. The WO-W1 data exhibits 4000 < Re < 5500. The
C), in this Re range approaches the steady current limit Cj, = 1 (Zhang
et al., 2021; Keulegan and Carpenter, 1958). The coefficients in Eq. (11)
are tuned to facilitate Cj, ~ 1.0. Fig. 2b demonstrates the water depth
profile.

This site is dominated by a common salt marsh species, Spartina
alterniflora. Each plant consists of a relatively rigid stem and several
flexible long leaves. The vegetation properties are averaged from 14

Table 1
Wave characteristics (water depth 4, incident root-mean-square wave heights H,,, , and
mean wave period T.) in three datasets.

h (m) H,, (m) T, (s)
W0-W1 1.75-2.25 0.31-0.58 2.5-4.0
GoM WI1-W2 0.41-0.87 0.09-0.31 2.4-35
W2-W3 0.44-1.01 0.02-0.21 2.4-4.8
USACE 0.30-0.53 0.03-0.14 1.0-1.9
Irregular waves 2.0 0.20-0.87 1.7-5.0
North Sea Regular waves 2.0 0.19-0.89 2.1-5.1

sample plants harvested at each transect. The field measurements (Jad-
hav, 2012; Jadhav et al., 2013) showed that [, ;/l,, ~ 35% and Y, =
80 MPa. The Y, was not measured. In the literature, Y, of seagrasses,
salt marshes, and artificial vegetation varies from 0.5 MPa to 4.8
GPa (Luhar and Nepf, 2016; Houser et al., 2015; Zhang et al., 2021).
During the field visit, the S. alterniflora leaves were found easily bent
to horizontal under moderate waves (Jadhav, 2012) while the stems
stood upright. Therefore, we set Y, = 0.5 MPa in the GoM dataset so
that leaves have almost zero ELH during the storm. The effects of ¥; on
€, will be discussed in Section 4.4. Tables 1 and 2 summarize the wave
characteristics and vegetation properties of the GoM dataset.

The steps below are followed to calibrate Cj, for each wave condi-
tion:

1. Compute /,; and /,, from Eq. (2) using the wave characteristics
at the leading edge of the vegetation field, and stem and leaf
properties.

2. Compute A, from Eq. (10).

3. Start with an initial C;, = 1.0. At each x grid, compute ¢,, ¢,
and €r from Egs. (8), (7), and (6), respectively (¢ = 0.8 and
fo = 0.015 (Gon et al., 2020), see B for fractions of energy
dissipation rate at all transects), solve Eq. (5) for H,, using
the improved Euler method, and iteratively calibrate Cj, using
the bisection method until the relative difference between the

observed and modeled H,,, is less than 2%.



L. Zhu et al.

Table 2

Vegetation properties (stem height /, ,, leaf height /, total plant height /,,, stem diameter b
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,.s» leaf width b, leaf thickness ,,, stem population

density N, ,, numbers of leaves per stem n;, Young’s modulus of stem Y;, Young’s modulus of leaf ¥;) in the three independent datasets and

from Chatagnier (2012).

los Lo, Lot by by Toi Nys n Y, Y,

(m) (m) (m) (mm) (mm) (mm) (stems/m?) (leaves) (MPa) (MPa)
o 08w em 5w s
USACE 0.41 / 0.41 6.4 / / 200, 400 / 172.4 /
North Sea 0.7 / 0.7 1.3 / / 1225 / 2696 /
Chatagnier (2012) 0.28 / 0.28 8.0 / / 247 / 160 /

*Estimated values.

The calibrated Cj, are best fit to a formula in the format of Cp, = a +
c
(%) , Where a, b, ¢ are parameters of the best fit curve. Re is defined

as Re = 2% with u is the dynamic viscosity of water, and u, is the
maximum near-bed orbital velocity at the leading edge of vegetation
in which H is H,,, at the leading edge.

_ Hrms,edge oz 1

= 2 sinhk h’ rms,edge rms

2.4. Validating the universality of Cp, — Re relationship

After obtaining the Cj, — Re relationship from Section 2.3, we
apply it to two independent datasets to prove its universality. These
datasets are: (i) the USACE (United States Army Corps of Engineers)
dataset, laboratory experiments carried out at the U.S. Army Engineer
Research and Development Center with vegetation mimics made of
polyolefin tubing (Anderson and Smith, 2014); and (ii) the North Sea
dataset, laboratory experiments conducted in the Large Wave Flume in
Germany using transplanted natural Elymus athericus from North Sea
coasts (Moller et al., 2014). The wave height distributions are modeled
by following the steps as below:

1. Obtain incident wave conditions including H,,,, T,, and A.

2. Obtain stem and leaves morphology and biomechanical proper-
ties including /g, Iy, by, b n;, Y, and ;.

. Compute /,; and /,, from Eq. (2) using wave conditions at
the leading edge of the vegetation field, and stem and leaf
properties.

. Compute &, from Eq. (10), Re from its definition, and C}, from
the proposed Cp, — Re relationship.

. At each x grid, compute ¢,, ¢, and €r from Egs. (8), (7), and
(6), respectively, and solve Eq. (5) for wave heights using the
improved Euler method.

vl tu,l’

For Step 1, we re-analyze the raw wave measurements of the
USACE datasets with MACE (a MATLAB toolbox for Coastal Engi-
neer, MACE, 2009). According to data availability, T, is calculated
through wave-by-wave analysis or approximated from 7, as below:

T{

in which T; is the zero-upcrossing period, ‘= denotes averaging pro-
cess. T, = T,/1.25 holds for the JONSWAP-type spectra with a peak
enhancement factor of 3.3 (Goda, 2000). Table 1 lists the wave char-
acteristics in these datasets.

For Step 2, Table 2 lists the vegetation properties in these datasets.

For Step 5, when resolving e/, f; is set as 0.15 for the USACE dataset
to reach good agreement with measured H,,, in their control tests that
involve no vegetation. The TRANSPOR program (van Rijn, 1993) also
confirms that f, in the USACE dataset is as high as 0.15. For the North
Sea dataset, f| is set as 0.015 to reach good agreement with measured
H,, in their ‘mowed’ tests where vegetation is cut. We enforce ¢, = 0
in the North Sea and USACE datasets because they both experimented
on non-breaking waves.

Jadhav et al. (2013), Anderson and Smith (2014), and Moller et al.
(2014) also proposed empirical Cj, formulas based on the GoM, USACE,

T, USACE a2)
T, /1.25 North Sea (irregular waves)

and North Sea datasets, respectively. Their C, formulas and treatments
of h, are considered as baseline models:

Baseline model 1: (Jadhav et al., 2013)

hu = IO,S

2600

Cp =036+ Re’ 600 < Re < 3200 13)
e

by

where Re =

" and u, is the maximum near-bed orbital
velocity from linear wave theory using H,

and T,.

ms

Baseline model 2: (Anderson and Smith, 2014)

hv = l(),ror
0.64
CD=0.11+<2267'7) ,533 < Re < 2296 14)
Re
where Qg, = (IR#, Re = ”[’LT'"” and u,, is the maximum
0,tot

horizontal velocity at the top of stems from linear wave theory
using H,,, and T,

Baseline model 3: (Moller et al., 2014)

hy =lo o

1615
CD=0.159+(%) ,17 < Re < 1170 (15)
where Re = 224 and u, is the maximum near-bed orbital

M
velocity in front of vegetation from linear wave theory using
H,,, and T,.

rms

In these baseline models, Re is defined differently and hence applicable
at varying ranges. The performance of baseline models is evaluated
based on their capability in predicting the wave attenuation of indepen-
dent datasets. The model performance is quantified with the normalized
root-mean-square difference (NRMSE), defined as below:

1 yvM pre. _ yrobs.\2
\/ 2 it (X X%
1 My, obs.
M Zi:l X;
in which, M is the number of observations in a dataset, and the
superscripts ‘pre.” and ‘obs.” denote predictions and observations, re-

spectively. Variable X represents either the wave height or the wave
height reduction rate.

NRMSE =

(16

2.5. Numerical experiments for quantifying wetland capacity in wave at-
tenuation

After validating the universality of the proposed C, — Re rela-
tionship, we conduct numerical experiments to quantify the capacity
of two representative salt marshes, S. alterniflora and E. athericus, for
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Fig. 3. Calibrated drag coefficient C;, of Gulf of Mexico dataset collected during Tropical Storm Lee (green symbols), the fitted C;, — Re curve (black line), and 95% confidence
interval for C;, — Re relationship (red shade). Inset: variations of the effective plant height to total plant height ratio with CaL, together with the stem height to total plant height

ratio.

wave attenuation under varying wave conditions. In the numerical
experiments, the steps in Section 2.4 are followed to compute the wave
attenuation. Approximately 308,000 non-breaking wave conditions are
tested: (i) 0.01 < H /h < 0.6; (ii) —3.8 < log)o(h/gT?) < —0.7; and
(iii) T, = 3—12 s. Wave breaking criteria (Kamphuis, 1991) are applied
to filter out breaking incident wave conditions. A 50-m long vegetation
field with fixed biomechanical properties is placed on a flat bottom with
constant water depth. The numerical experiments can provide insight
into intertwined factors that control the wave attenuation.

S. alterniflora is commonly observed in intertidal wetlands in At-
lantic and Gulf coasts of the United States. In the numerical experi-
ments, the biomechanical properties of S. alterniflora, listed in Table 2,
come from a field survey conducted in Louisiana by Chatagnier (2012).
E. athericus is typical in intertidal wetlands in southern North Sea
coasts of Europe and has spread to European salt marshes in the last
decade. The biomechanical properties of E. athericus in the numerical
experiments are the same as in the North Sea dataset. Considering
that leaf properties, especially Y;, are uncertain and the stem-induced
energy dissipation rate is dominant, we omit leaves in the numerical
experiments by setting n; = 0 and present a conservative evaluation of
wetland capacity in wave attenuation.

3. Results
3.1. A unified drag coefficient relationship

The inset in Fig. 3 presents the ratios of /,,,/ly,, and Iy /1y -
At the most seawards transect WO-W1, under large incident waves,
we have [,;/ly; = 2%, l,/lps = 86% — 93%, and 1, /1y 10 = 31% —
33%. These ratios describe that vegetation leaves are bent to almost
horizontal to the ground and the stems are slightly deformed. When
waves propagate to the most shorewards transect W2-W3, the incident
wave heights become significantly smaller. At W2-W3, stems stay
almost upright (/, /I, > 91%) and leaves are still largely deflected
(U,;/10; = 2% — 4%). This small I, is consistent with field observations
that the leaves were easily bent to horizontal under even moderate
waves (Jadhav, 2012).

The difference between EPH and TPH (/,,,,, /o ,,, = 35%) is attributed
to vegetation flexibility, mostly the leaf flexibility. C, determined
based on EPH becomes independent of flexibility. Moreover, because

los ® Lo (R 35%lg 44, it is pragmatic to use SH as a substitute of EPH
for S. alterniflora in Louisiana coast.

Fig. 3 also shows the calibrated Cj), varying with Re, along the three
transects. The scatter in Cj, is mostly attributed to the spatial variability
in plant biomechanical properties and uncertainties in natural environ-
ments (e.g., existence of weak currents). The best-fit Cj, curve as below
has the coefficient of determination R? = 0.96.

L1
cD:o.57+(%) . 312 < Re <5164 a”
e
3.2. Universality of the proposed Cj, — Re relationship

Eq. (17) is validated against two independent datasets, whose vege-
tation sampling locations, types and stem rigidity are shown in Fig. 4a.
Among the two datasets and the GoM dataset, E. athericus in the North
Sea dataset is the most flexible (0.06 < .S < 0.10), whereas S. alterniflora
in the GoM dataset is the most rigid (63 < S < 157).

Fig. 4b shows that vegetation stems in the three datasets exhibits
different extents of deformation (I, ; = 1/7l  for E. athericus, [, ; = I,
for S. alterniflora) because of different flexibility, which is indicated by
(C,L)~! (small C,L means rigid and large C,L means flexible). Lei and
Nepf (2019) exhibited that the scaling law falls within 95% confidence
interval of their experiment measurements for vegetation with moder-
ate and low stiffness (1 < C,L < 10,000). Therefore, our estimated /,
has a high level of accuracy.

The predicted wave heights, obtained by following steps in Sec-
tion 2.4, achieve good agreement with observations (Figs. 4c and 4d)
for the two independent datasets with R? > 0.93 and NRMSE <13%.
Define the wave height reduction rate as:

rms 18
I (18)

rms,0

The predicted y also exhibits good agreement with observations in all
datasets with R*> = 0.97, NRMSE = 13% (Fig. 4f). Excellent agree-
ment for the GoM dataset is expected because it is used to determine
proposed Cp, — Re formula.

Some North Sea cases have Re as small as 54, which exceeds the
lower bound of Re (i.e., Re > 312) of Eq. (17). However, the model-
data comparisons for those cases with 54 < Re < 312 have R? = 0.91
and 0.92 for regular and irregular waves, respectively. It indicates that
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Fig. 4. (a) Locations, vegetation types and dimensionless stiffness parameters in the three independent datasets. (b) Effective stem height /, in the three independent datasets.
Comparisons of observed and predicted root-mean-square wave heights for (c) the USACE dataset; (d) the North Sea dataset; and (e) the Gulf of Mexico dataset. The ‘irreg.” and
‘reg.” in (d) represent irregular and regular wave cases, respectively. (f) Comparisons of observed and predicted wave height reduction rate, y.

the applicable Re range of Eq. (17) can be extended to 54 < Re < 5164
and the Cj range to 0.8 < C;, < 45. The broad Re range covers a
large variety of field-scale waves. The upper bound of Re has practical
meanings because during extreme events such as Hurricane Katrina, Re
can be as large as 7100 (Chen et al., 2008).

We now summarize the treatment of A,, definition of Re, and the
Cp formula for wave height prediction in the present study as follows:

. bl/[
h, = min 2n,le,1b +l,5 h
1546

v,s
1.11
Cp =057+ (R—) , 54 < Re <5164
e

19
where Re = 22 and u;, is the maximum near-bed orbital velocity in
front of Vegeta’tlion from linear wave theory using H,,,, and T.

The three baseline models are applied to all datasets and their
model-data comparisons are shown in Fig. 5. To make fair comparisons,
we calculate 4, Re and C, in the same way as the baseline models do.
The scatter plots of y in Fig. 4f and Fig. 5 demonstrate that the proposed
Cp — Re formula, used together with EPH, outperforms all baseline
models in terms of wave height prediction. The model performance,
quantified with NRMSE of y, is summarized in Table 3. The gray table
cells highlight the datasets that were used to obtain the Cj, formulas in
baseline models. The excellent agreement in model-data comparisons
from the present study relies on a key factor: vegetation flexibility
effects are taken into accounted through EPH, so Cp, is independent of
vegetation flexibility. By contrast, the existing C;, formulas in baseline
models were determined based on the physical height of vegetation,
either SH or TPH. Vegetation flexibility effects are aggregated into their
Cp formulas, which tend to be species-specific. For instance, Baseline
Model 2 overpredicts y in the GoM and North Sea datasets, in which
vegetation has different orders of magnitude of stiffness (Fig. 5b). Our
proposed Cp, — Re formula unifies these empirical C;, formulas for salt
marshes, and is applicable to C,L ranging from 0.1 to 1000.

3.3. Capacity of wetlands for wave attenuation

The validated Cj, — Re formula allows us to evaluate the capacity
of salt marshes in wave attenuation with high confidence. Numerical

Table 3
Performance (NRMSE) of the present study and baseline
different datasets.

models in predicting y for

‘ Present ‘ Baseline ‘ Baseline ‘ Baseline
study model 1 model 2 model 3
GoM | 6% | 8% | 31% | 38%
USACE | 30% | 113% | 30% | 84%
North Sea (irreg.) | 56% | 344% | 99% | 25%

experiments, as introduced in Section 2.5, are conducted. The results
reveal that the wave height reduction rate y is primarily determined
by two dimensionless parameters: relative wave height (H,,, (/h) and
effective submergence (/, ,,,/h). The latter incorporates vegetation flex-
ibility effects. Numerical results regarding /,,,, y and Cp, are synthe-
sized and presented through different layers in Fig. 6.

The solid lines in Fig. 6 show the variations between /, ,,, and H,,,; o
with fixed 4 (= 3, 2, 1 and 0.5 m) and 7, ( = 5 s). Attributed to its
large stem stiffness, S. alterniflora stems stay upright in a shallow water
depth (2 = 0.5 m), while slightly deform in an intermediate water depth
(h =3 m) under large H,, . By contrast, E. athericus experiences large
deformations in shallow and intermediate water depths under moderate
H,

rms,0*

The red dotted lines in Fig. 6 illustrate the variations of Cp. E.
athericus induces larger Cj, than S. alterniflora, because E. athericus stem
is four times thinner, which results in much smaller Re under the same
wave conditions. Cp in an E. athericus field is more sensitive to the
wave environment because Cj, increases exponentially as Re decreases,
especially when Re is smaller than 1000.

By omitting ¢, and ¢, in Eq. (5), the wave height at x m away from
leading edge of vegetation field can be theoretically expressed as below
by following (Mendez and Losada, 2004),

H(x) = ——0 @0)
Y =TT KpHy 2x
. inh® kh,, + 3 sinh kh
Kp = a*Cpb, N,k o p TS Xy (21

" (sinh 2kh + 2kh) sinh kh
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Fig. 6. Contour lines of drag coefficient C;, (red dashed lines), and variations of wave height reduction rate with relative wave height (H,
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(background contour plot) for waves with varying water depth and wave height, and a fixed mean wave period of 5 s . Variations of /,,,/h with H,, ,/h for waves with fixed
mean wave period of 5 s in water with depth of 0.5 m, 1 m, 2 m and 3 m (blue, black, white and yellow lines, respectively). Results in presence of two typical salt marshes: (a)

Spartina alterniflora, and (b) Elymus athericus are shown.

in which, o* = % for regular waves and % for random waves (Egs.
3
8 and 30 in Mendez and Losada (2004)). With the approximation of

sinh® kh, +3sinhkh, = kh,, sinh2kh + 2kh ~ kh, sinhkh =~ kh (22)
we obtain

kH, kh Hyh
¥« KpHy x Cp—2 =2 0 23)

kh kh T PTh
Fig. 7 shows the contour lines of y for T, = 3 — 12 s. These overlapping
contour lines suggest that y is not sensitive to T, within the range of 3 ~
12 s. For S. alterniflora, Cp, mildly varies from 0.8 to 5 (red dotted lines
in Fig. 6a), so y mainly depends on H,/h and h,/h. For deep water
waves, the approximations in Eq. (22) do not hold. This explains the
non-converging contour lines of y = 20% in Fig. 7a. For E. athericus,
Cp rapidly changes from 1 to 45 (red dotted lines in Fig. 6b), and thus
y is essentially a function of Cj,, Hy/h, and h,/h. Cp, is a function of
Re, which depends on u,,. With the fixed T, and H,, Re decreases as kh
decreases. The response of Cj, to Re is more dramatic in shallow water.
This explains the non-converging contour lines of y > 80% in Fig. 7b.
Because y is insensitive to 7, within the range of 3 ~ 12 s, we
draw the contour plot of y for waves with fixed T, = 5 s as the
background layers of Fig. 6. For waves with 7, from 3 s to 12 s, y
can be determined from H,,,/h and I,,,/h from background layers
in Fig. 6. For instance, in shallow water (2 = 0.5 m, T, = 5 s, solid
blue lines), S. alterniflora (y = 60% — 80%) attenuates less incoming

waves than E. athericus (y > 80%). In an intermediate water depth
(h=3m, T, =5 s, solid yellow lines), S. alterniflora and E. athericus
induce y ~ 10% for large waves. If stem deformation is not considered
for E. athericus (i.e., ,,,/h remains unchanged as H,,;, increases), y
would be overestimated by 10% and 30% in shallow and intermediate
water depths, respectively. In other words, E. athericus field may lose up
to 30% wave attenuation capacity once bent. To avoid unrealistically
large C}, values corresponding to small Re, C}, is capped by 45, which is
the upper bound of Cj, (see Section 3.2). This upper limit of Cj, causes
the sharp bend in the contour plot for small waves with H,,, (/A < 0.05
in Fig. 6b.

In presence of S. alterniflora, wave attenuation is enhanced as
H,,o/h increases from 0.05 to 0.4, although C,, and EPH slightly
drop (Fig. 6a). This correlation between y and H,,;,/h aligns with
laboratory observations (Anderson and Smith, 2014). However, large
incident waves may not always experience greater y, especially in
highly flexible vegetation. In E. athericus, wave attenuation drops as
H,,o/h increases from 0.05 to 0.4. The considerable reduction in EPH
and Cp counteracts the effect of an increase in incident wave height.
In Fig. 10, we only plot /,,/h from O to 1 because when /,,,,/h > 1.0,
the emergent part does not contribute to the wave attenuation. In other
words, y induced by vegetation with /,,,/h > 1.0 is equivalent to y
induced by vegetation with /,,,, /A = 1.0.

Fig. 8 demonstrates the variations of y with 4 and significant wave
height (H,) for T, = 5 s. For instance, for S. alterniflora in a 3 m deep
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water, y increases from 10% to 20% as H, increases from 0.05 m to
1.2 m. The orientation of the contour lines of y illustrates that wave
attenuation increases as wave height increases. However, for E. atheri-
cus, the contour lines of y has an opposite orientation, suggesting that
wave attenuation decreases as wave height increases. For E. athericus in
a 3 m deep water, y decreases from 30% to 20% as H, increases from
0.05m to 1.2 m.

4. Discussion
4.1. The scaling law

The scaling law in Eq. (2) was proposed based on the assumptions:
(1) moderate wave excursions (L ~ (1)) (Luhar and Nepf, 2016; Lei

and Nepf, 2019); and (2) a balance between the vegetal drag and the
restoring force due to elasticity. The latter assumption constrains the
application of the scaling law. Once the buoyancy (measured by a
dimensionless buoyancy parameter § in Henderson (2019)) dominates
the restoring force, the stem configurations and the scaling law would
be altered. Our results show that Eq. (2) is applicable to the GoM
and USACE datasets because L ~ O(1) — O(10), and their buoyancy is
negligible (|3/.S| < 1 and S > 1). In the North Sea dataset (/.S = 0.32
and g/ \/E ~ 0.1), the vegetal drag is balanced out by elasticity and
a small but non-negligible buoyancy. Nevertheless, the contribution
of buoyancy to EPH, governed by 2/ (Henderson, 2019), is limited
because %/ = 0.01.
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proposed by Keulegan and Carpenter (1958) for cylinders in linear waves and (b) C,, = max(1.95, 10KC~'/3) proposed by Keulegan and Carpenter (1958) for flat plates in linear

waves.

Cp was omitted in the scaling law assuming that C, remains nearly
constant (Luhar and Nepf, 2016; Lei and Nepf, 2019; Zhang et al.,
2021). However, C|, can span across orders of magnitude (e.g., Cp
varies from 2 to 42 in the North Sea dataset), it is necessary to involve
Cp in the scaling law. Balancing the vegetal drag and elasticity yields
EIA,/l,> ~ Cppb,lu?, we get a modified scaling law as /,/l, ~ (Cp -
C,L)"/*. Nevertheless, including Cj, in the scaling law only slightly
improves the wave height comparisons in Fig. 4d.

4.2. Spatial variations of C,

When modeling the wave decay by vegetation, most models use a
bulk Cp), calculated based on Re in the front of the vegetation field, for
the whole transect. The H,,,, Re and Cj, vary with distance into the
wetlands. The use of Re at the leading edge of the vegetation field for
Cp calculation may lead to an underestimation of wave attenuation.
Considering that our Cp formula is determined based on averagely
15-m long transects of the GoM dataset, we suggest dividing the long
stretch of wetland in practical applications into segments with length
of O(10 m), and use a bulk Cj, and h, for each segment.

4.3. Comparison of the present study, Lei and Nepf (2019) and Zhang et al.
(2021)

Lei and Nepf (2019) (denoted as “LN2019”) and Zhang et al. (2021)
(denoted as “ZLN2021”) also implemented the scaling law to model
wave damping by flexible vegetation. The present study is aimed
at finding a general C;, — Re formula that can be applied in wave
damping models that use an effective plant height, whereas LN2019
and ZLN2021 were focused on demonstrating the effectiveness of the
scaling law and the concept of effect height in predicting wave decay
over a meadow of flexible vegetation, including leaves, using the exist-
ing Cp, formulas. Because of different objectives, LN2019 and ZLN2021
used existing empirical Cp, formulas: C;, = max(1.95, 10KC~'/3) or
Cp = max(1.0, 2.9KC9?) from Keulegan and Carpenter (1958), which
were proposed for Cj, of flat rigid plates or cylinders, respectively, in
linear waves. Fig. 9 shows that neither C; formulas from Keulegan
and Carpenter (1958), used together with EPH, can accurately predict
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Fig. 10. Comparisons of wave damping coefficient K, using Eqs. (21) and (24). The
effect of the horizontal velocity decay within the vegetation canopy on wave damping
is illustrated by the blue and green symbols.

the damping of random waves in salt marshes under the field and lab
conditions considered in this study.

Based on the definition (Luhar and Nepf, 2016) that effective height
1, is the height of a rigid, upright vegetation that generates the same
horizontal drag as the flexible vegetation of height /,, LN2019 and the
present study replace the drag by flexible vegetation with the drag by
rigid vegetation with the height of /,, and derive a theoretical wave
height in vegetation as in Eq. (20) with », = ,,, in Eq. (21). The
derivation exactly follows (Mendez and Losada, 2004) with ¢, and €r
omitted. The vegetation motions and reconfiguration are accounted by
letting h, =1 ZLN2021 applied the scaling law to F,/F, throughout

e,tot*
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the wave cycle (i.e., F;/F, = K(CaL)~'/*) in which, F, and F, are the
drag on the flexible vegetation and on an equivalent rigid vegetation,
respectively, and got a different expression of K,

.8 sinh® ki + 3 sinh ki
D™ 97" (sinh2kh + 2kh)sinh kh ~ **

X <:—’in,CDy,bvy,K,(Ca,L,)_l/“ + CDYSbUYSKS(CaAYLS)‘l/“) 24
ZLN2021 pragmatically used /; ; in the numerator in Eq. (24) to repre-
sent the stem and leaves of the equivalent rigid vegetation. In ZLN2021,
LN2019 and the present study, the leaf- and stem-induced energy
dissipation rate are estimated separately. Both Eq. (21) with h, =1,
and Eq. (24) contain the leaf and stem effects. Owing to the Taylor
expansion of sinh y = y+(9(§—3!) and sinh® y = sinh 3y—3sinhy K in Egs. (21)
and (24) converge as ki, approaches zero. Egs. (21) and (24) can be
used interchangeably for shallow water waves (kh < 0.1x), although the
K, expression in ZLN2021 (Egs. 14-16 in Zhang et al. (2021)) needs
to be modified as below for random wave applications,

2, sinh® ki, + 3 sinh kl
B 3y/x (sinh2kh+2kh)sinhkh """

Kp

X <f(‘:—’in,cb,,bv,, K,(Ca;L) /% + CD,SbUAVSKs(CaSLS)‘l“) (25)

The present study does not involve the damping of horizontal
velocity within the vegetation canopy and the drag reduction due to
the sheltering effect in a meadow. The omittance of these two processes
leads to small differences in wave damping predictions for vegetation
with N, ; =400 stems/m? as shown in Fig. 10.

4.4. Leaf contribution to wave attenuation

The contribution of leaves to wave damping is controlled by the
leaf-related term 2n, Z%’le,, in h, (Eq. (10)), which is largely dependent
on the leaf rigidity. bzhang et al. (2021) used ¥, = 0.37 GPa in a
field application and demonstrated that the leaves of S. alterniflora
play an important role in wave attenuation. The present study assumes
Y, = 0.5 MPa and find that /,, is almost zero and leaves do not induce
comparable wave attenuation as stems. To investigate the effects of Y,
on wave attenuation, we compute /,;, ¢, and H,,  of the GoM W1-
W2 dataset with ¥, = 0.5 MPa and 0.37 GPa, respectively. Considering
that our C;, formula is determined with ¥, = 0.5 MPa, we use C, =
max(1.0,2.9KC~%2) as in Zhang et al. (2021) rather than our Cj, — Re
relationship. Although C;, = max(1.0,2.9KC~%?) is not appropriate for
random waves, it still helps predict y reasonably well for the GoM
W1-W2 dataset (Fig. 9 Left).

Fig. 11 shows that /,,/!,,, is almost zero when Y, = 0.5 MPa and
increases to around 11% when ¥; = 0.37 GPa. The larger [ ¢,dx and
wave damping when ¥, = 0.37 GPa are attributed to the greater /.
The differences between H,,, modeled with the two Y, values reveal
the wave damping caused by rigid leaves with Y, = 0.37 GPa. Fig. 11
further proves that Y, in the GoM dataset must be orders of magnitude
smaller than Y, used in Zhang et al. (2021). Y, = 0.5 MPa is a reasonable
assumption for the GoM dataset because it leads to better agreement
with observed H,,  than Y, = 0.37 GPa. With ¥; = 0.5 MPa, we find
that leaves do not play an important role in wave attenuation in the
GoM dataset. For better quantification of leaf contribution to wave
attenuation, we suggest collecting Y}, b, t,;, #, in field experiments.

4.5. Predicting wave attenuation with limited vegetation measurements

Vegetation properties are essential for predicting the wave attenua-
tion. However, these data, especially of leaves, are usually not collected
in field experiments. Here, we provide an example case for predicting
wave attenuation with limited vegetation measurements. Garzon et al.
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(2019) collected wave attenuation data in S. alterniflora in Eastern
Shore of Chesapeake Bay, United States. They measured N, = 319
stems/m?, b, = 55 mm and ly,,, = 0.68 m. For the remaining
vegetation properties, reasonable assumptions and approximations are
desired. For /; ;, Chatagnier (2012) reported that /I, ~ 0.4 based
on field surveys in Louisiana. The GoM dataset shows /, ;//( ,, = 0.34 —
0.36. Therefore, we take the average of the reported /, /I, ratios
and assume I, /Iy, = 0.37. The Y| is estimated as 200 MPa based
on an empirical relationship of Y, = 473253(/y,/b, )% (Y, in MPa,
and /), and b, in m) by Chatagnier (2012). The leaf properties are
assumed the same as in the GoM dataset (Table 2). Fig. 12 shows
that the modeled H,,, (following steps in Section 2.4) achieves good
agreement with measurements. For improved quantification of stem
and leaf contribution to wave attenuation, we suggest collecting both
stem and leaf properties in field experiments.

4.6. Limitations of the work

It is worth pointing out that some simplified, pragmatic treatments
of vegetation parameters have been used in order to obtain the Cj,— Re
relationship. In particular, n, is treated as a constant, and the geometry
and modulus of elasticity of the stem and leaves are assumed to be
uniform although these parameters vary spatially and temporally in
nature. The performance of the proposed C; — Re relationship is
bounded by these simplifications. For highly tapered stems and leaves,
or for a vegetation patch whose n; has significant deviation from the
mean value, or for vegetation with uncertain stem/leaf measurements,
the Cp, value determined from the proposed Cj, — Re relationship may
not lead to an accurate prediction of wave height decay in vegetation.

Additionally, the effects of leaves are neglected in the numerical ex-
periments. As shown in Zhang et al. (2021) and Section 4.4, stiff leaves
with large Y, can play an important role in wave dissipation. Section 3.3
only demonstrates a conservative evaluation of wetland capacity in
wave attenuation. Moreover, the proposed C, — Re relationship is
applicable to a range of wave/vegetation conditions with 0.1 < C,L <
1000. The proposed C, formula needs to be further validated once
field/laboratory data beyond this applicable range becomes available.

4.7. Future work

In practical applications, spatially and seasonally varying C, and
h, are desired to reflect the gradient of plant dimensions, flexibility,
and wave conditions from low marsh to high marsh and from growing
season to dormant season. The performance of our proposed C, —
Re relationship in quantifying the spatial and seasonal variations of
wave attenuation requires further evaluation. Field surveys need to be
conducted to collect: (1) wave attenuation from low marsh to high
marsh, and spatial distributions of vegetation properties across low
marsh species to high marsh species; (2) wave attenuation and plant
biomechanical properties at different stages of the life-cycle of salt
marshes.

It has been observed in multiple hurricanes that if the bottom shear
stress during a storm exceeds the soil strength, wetland root systems
will be uprooted or swept away, similar to what occurred in the upper
Breton Sound estuary in the Mississippi River Delta after Hurricane
Katrina (Howes et al., 2010; Vuik et al., 2018). Pre- and post-storm
wave and vegetation data are needed to evaluate the performance of
our proposed Cj — Re in quantifying the changes of wetlands’ wave
attenuation capacity after extreme events.

The breakage or damage of vegetation is not modeled in Fig. 6.
Continuous bending of stems could lead to toppling (90° bending
angle) and stem breakage (Silinski et al., 2015; Vuik et al., 2018),
and eventually lead to aboveground biomass removal and reduce the
wetland capacity in wave energy dissipation. Modeling the failing point
of wetland vegetation relies on accurate calculation of the drag force.
Field data are required to evaluate the performance of the proposed
Cp — Re formula in estimating the vegetal drag force for the modeling
of stem breakage.
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5. Conclusions

With the vegetation flexibility effects separately accounted for
through the effective plant height (EPH), a species-independent Cj, —
Re relationship is presented based on a field dataset collected from
a site dominated by Spartina alterniflora in Louisiana, USA during
a tropical storm. The proposed C, — Re relationship, used together
with the EPH from the scaling law, is proven to consistently and
accurately reproduce wave attenuation in two independent datasets
that involve vegetation with different flexibility and random waves
of diverse conditions. The proposed C;, — Re relationship provides an
important closure model for quantifying wave attenuation in response
to vegetation with species-specific biomechanical properties, as well
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as wave forcing. The proposed C;, — Re formula facilitates coastal
communities making informed decisions in implementing NNBFs and
optimizing hybrid approaches of hard and natural infrastructure to
increase coastal resilience. The key findings are as follows:

» The proposed Cj — Re relationship in Eq. (19), used together
with A, defined in Eq. (10), leads to good agreement between
modeled and measured wave height reduction rates (R* = 0.97,
NRMSE = 13%) for flexible vegetation with 0.1 < CaL < 10%. The
proposed Cp, — Re relationship has a wide applicable range of Re
from 54 to 5164.

The wave height reduction rate y is primarily determined by two
dimensionless parameters: relative wave height (H,,,/h) and
effective submergence (/,,,/h). With a fixed water depth, for
relatively stiff salt marsh species like S. alterniflora, y increases as
H,,;, increases. In contrast for highly flexible salt marsh species
like E. athericus, y decreases as H,, increases.

The contribution of leaves to wave attenuation is largely depen-
dent on Young’s modulus of the leaf Y;. For S. alterniflora, this
study shows that leaves with ¥, = 0.5 MPa do not induce large
wave attenuation in the GoM dataset. However, if ¥; increases to
0.37 GPa as suggested in Zhang et al. (2021) for saltmarshes in
New England, USA, the contribution of leaves are not negligible.
We recommend that leaf biophysical properties be collected in
future field experiments.

The proposed C;, formula can be leveraged to quantify the ca-
pacity of coastal wetlands in wave attenuation. Fig. 6 provides an
estimate of y by two typical salt marsh species in waves with T,
ranging from 3 s to 5 s. The wetland capacity in wave attenuation
shown in Fig. 6 is conservative because leaves are omitted due
to uncertainties in Y; and leaf dimensions. The performance of
the proposed Cj, formula needs to be further evaluated with field
data collected at different stages of vegetation life cycle and more
vegetation species.
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Appendix A. Derivation of Eq. (9)

Based on the definition of ¢, as in Eq. (1), we have,

—h+l, ¢
v - /
—h

—htl, s+

= Cp by Ny luldz (A1)

Cp by N, luldz + /
—h+leys

The two terms on the right hand side represent the stem- and leaf-
induced energy dissipation rate, respectively. Assuming small vertical
variations of u in the leaf-occupied water column (A +/[,; < z <
—h+1,5+1,,), we can simplify the above equation to,

—h+l,

€ = / CD,st,st
—h
/*h+[e,.v
—h
>/—h+l&J
—h
/—h+lm+l:1
—h

in which, u ~ u in the leaf-occupied water column, and I},
MZ - Inserting the theoretical expression of u from linear wave
theory into Eq. (A.2), we get the expression of ¢, in Eq. (8) and &, in

Eq. (9).

2 2
sWluldz+ Cp by, Ny juylugll,

2 2
CD,sbu,sNu,su |“|dZ + CD,:bu,sNu,sul |”[ ll:,l

—htl HE

CD,sbv,xNv,suzluldz+/ CDAbUANl/Au Iuldz

—htl, g

CD,sbu,sNu,su2 luldz (A.2)

Appendix B. Energy dissipation rates of the GoM dataset

In the GoM dataset, ¢,, €, and e, are modeled separately. Bar plots
in Fig. B.13 show the time series of ¢,, ¢, and ¢, along the three
transects. WO-W1 contains significant wave breaking, leading to ¢, =
30% of total energy dissipation rate (e,,). Gage W1 is intentionally
placed far away from the breaking zone at the marsh edge. Along
W1-W2, ¢, is at most 16%¢,,,. Along W2-W3, ¢, is negligible.
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