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Abstract

Living shorelines are being widely implemented to mitigsiereline erosion and provide
ecosystem services, but how they interact with waves resr@oorly understood. Wave trans-

mission through living shoreline breakwalls is studiechgdield observations and theoretical
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approaches. The following hypotheses are tested: (i)diginoreline breakwalls can act as
buffers against waves; (ii) wave transmission throughehesture-based solutions is modu-
lated by tides; and (iii) wave transmission through livitmpeeline breakwalls is similar to the
behavior observed in waves through porous breakwaterser@digns were collected in in-
tertidal settings where boat wakes and tides are the majercthonponents. Nearly 1000 boat
wakes were identified in the observations using advanceg-tiaguency data analysis meth-
ods. Wave transmission through the breakwalls composed@branches was quantified and
modulation of this process by tides was investigated. Tleetésted breakwall designso-
vided different behaviors of wave transmission. In the filessign with an estimated porosity
of 0.7 where the tree branches were bundled, transmisstea veere found to vary mostly
between 9% and 70% and had an average of 53%. Transmissi@ased with increasing
water depth especially at mid-tide and low-tide where thigtiteof the breakwall relative to
depth was between 0.5 and 1. In the second design with anatstimorosity of 0.9 where the
tree branches were not bundled, transmission rates e>xt&@dé in 84% of the cases, some-
times reaching 100% transmission, and had an average of 88%nwch less variability with
depth compared to the first design. Wave transmission estintmsed on theory of porous
media were found to be most sensitive to breakwall porosity/the friction coefficient. Best
agreement between the observed and theoretical estinfates®transmission was found us-
ing a turbulent friction coefficient of 2.7, the median vahfethe most common range given
in the literature on waves through porous media. The higtlisstepancy between observed
and theoretical estimates of wave transmission occursadibshdepths when the breakwall
emerged. In these conditions, the theory overestimatasridted wave energy, most likely
due to significant wave breaking and bottom friction in shalvater. The findings support our
hypotheses that well-engineered semi-porous living sine® act as buffers against human-
mediated boat traffic and waves, and their related perfocenandissipating wave energy and
sustaining coastal ecosystems is modulated by depth. Sbkgean be used as guidelines for

design of living shorelines for given wave climate and brealk properties.



s Keywords: wave; boat wakes; porous breakwater; dissipation; livingraline; erosion; Intra-
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1 Introduction

Natural and anthropogenic stressors on coastal ecosyaterpsojected to increase due to more ex-
treme and frequent storms caused by climate change anésicgedevelopment along the coasts,
where population density is already significantly greatantthat of inland areas (UNEP , 2007).
Excessive wave energy negatively impacts coastal ecosgdig reducing the diversity and mass
of vegetation (Keddy, 1982) and obstructing larval reongiht and survival of oyster reefs (Wall
et al., 2005). These, in turn, cause more energetic wavesyigher sediment loads at the coast.
In estuaries with heavy recreational and commercial badticrand limited fetch distance for
wind wave generation, boat wakes have the potential to dat@the wave climate instead of more
widely acknowledged swell and wind waves. Together withdaiimduced currents and tides, these
wakes become the major physical control on the ecology,ddydramics, and sediment transport
in such settings (e.g., Gabel et al., 2017). Boat traffic hagla variety of direct negative impacts
on coastal ecosystems such as damage to larvae and aqumatsasiue to ship collision and con-
tact with propellers (including the North Atlantic right ale which is one of the most endangered
whales in the world), disturbance to animal communicatrooyement, nutrition, survival, shel-
tering and nesting sites (e.g., Walters et al., 2002; Walter Arlinghaus, 2003; Kraus et al., 2005;
Wall et al., 2005; Kucera et al., 2009; Bulte et al., 2010; &a&pal., 2017). Some indirect impacts
include shoreline and marsh erosion due to their wakes sskaeturbidity, and decreased water
quality due to fuel discharge (e.g., Jackivicz and Kuzmiins873; Bauer et al., 2002; Parnell et
al., 2007).

Due to environmental, economical, and aesthetic conctrasustainability of hard structural ar-
moring using rocks or artificial materials to protect cohstanmunities and infrastructure from
excessive wave energy is beginning to be questioned (eijz, & al., 2006; Dugan et al., 2008).
As a result, natural and nature-based solutions are beidglyvimplemented to mitigate shore-

line erosion, provide and conserve habitat, and generbtr etosystem services such as carbon
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sequestration and support of fish and invertebrate bicgliyefe.g., Davis et al., 2015; Bilkovic
et al., 2016; Sharma et al., 2016; Davenport et al., 2018rislet al., 2018; O’'Donnell, 2018;
Polk and Eulie, 2018; Smith et al., 2018). However, the silitg of living shorelines needs to be
quantitatively assessed in terms of the interaction ofithreg shorelines with hydrodynamics. Hy-
drodynamics is the major physical process that controlfidleenergy that is transmitted through
the living shorelines and reaches the coast, and, therdfore efficiently these methods support
the aforementioned ecosystem services. Evaluating tHerpeance of living shorelines and pre-
senting design guidelines first require collection andysialof comprehensive data sets on waves,
hydrodynamics, and sediment processes. As importanéyfjidings need to be evaluated within
a theoretical framework for applicability to future stusliend widespread implementation. Previ-
ous studies on wave transmission through living shorelstismated transmission qualitatively by
comparing wave heights measured onshore and offshore diréfa&walls where the cross-shore
variation of depth was significant (Boumans et al., 1997skel al., 2002). However, transmission
needs to be estimated by taking depth variations and reguitave shoaling into account and by
using proper data analysis methods. To the authors’ kn@elethis is the first study on wave
transmission through living shoreline breakwalls usin@gdf@bservations, proper time-frequency

analysis methods, and theoretical approaches.

In this study, the performances of two living shorelinesatirag as buffers against waves in inter-
tidal settings are investigated. These living shorelireakwalls are composed of wooden fence
posts and tree branches and varied in their porosity. Cdmepsave field observations on genera-
tion and propagation of boat wakes are collected and ardlyizansmission of boat wake energy
through breakwalls is quantified. The physical processddagakwall properties controlling the
transmission rates are studied. It is hypothesized in tinidysthat living shoreline breakwalls
could act as buffers against waves; their performance woelthodulated byides and what is
known about wave transmission through porous media carahslaited to living shoreline break-

walls interacting with boat wakes. Accordingly, resulte arvaluated with theoretical approaches
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and findings in the literature on hard engineering strusturEhe results are presented and dis-
cussed in relation to major design aspects such as livingebhe breakwall height and porosity,
and water depth variations. These can also be used as firgticelines on the design and perfor-
mance of these nature-based structures in dissipating eveergy and supporting adjacent coastal

ecosystems.
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2 Material and Methods

2.1 Field experiments

For this study, a series of field sites were monitored withiea Guana Tolomato Matanzas Na-
tional Estuarine Research Reserve (GTM) and North PeranStdte Park (NP). Both of these
sites are located within the Atlantic Intracoastal Watenl&W) in Northeast Florida, USA (Fig-
ure 1). Florida is the state with the highest number of rdmeal boat registrations (about one
million) in the USA (FLHSMV, 2013). A recent report by the Fida Department of Environ-
mental Protection (FDEP, 2018) showed that out of 825 milédarida coastline studied, 52% is
critically eroding due to natural and anthropogenic efe@oat wakes are also specifically iden-
tified among the major causes of erosion along the ICW, basesnal photographs taken since
the 1970s (Price , 200%8)nd field observations of boat wakes, sediment transpaitshareline

change (Safak et al., 2020 and Safak et al., under review).

The field sites in this study are along the ICW close to thréssrihat experience very high traffic
of recreational boats and vessels year-round (Montes,e2@16). The GTM field site is in St.
Johns County and located west of the Pine Island along thamib River at 30.083Latitude
North, 81.368 Longitude West, that is 17 km north of the St. Augustine laled 37 km south of
the St. Johns Inlet (Figure 1). The NP field site is located im@nhd Beach in Volusia County,
along the Halifax River at 29.399 atitude North, 81.095 Longitude West (Figure 1), and is
58 km south of the St. Augustine Inlet and 41 km north of Pomtetl The shoreline at each
site was dominated by smooth cordgraSpdrtina alterniflorg, with individual black mangrove
(Avicennia germinandrees scattered throughout. Typically, expansive refgtseoEastern oysters
(Crassostrea virginicaline the lower intertidal margin of salt marshes in the oegihowever,
intensive boat wakes have extirpated these natural reefsrituch of the length of the ICW in this

region.
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Within the scope of this project, a series of porous brealkwaére constructed along the sites
at GTM and NP in order to test their performance in dissigaboat wake energy and, there-
fore, acting as buffers against boat wake induced erosigheoghoreline. The porous nature of
the breakwalls is preferred in order to provide the cirgalabf the river channel water into the
ecosystem onshore of the breakwalls and to reduce thehdadi of scour in the vicinity of the
breakwalls. The breakwalls built at GTM and NP were appr@tety 4.3 m long, 0.6 m wide, 0.55
m high and were located approximately 6 m offshore of the taggm at the shoreline (Figure 2).
Each breakwall was built by driving into the ground a set gf24n-long pressure-treated wooden
fence posts. These fence posts were positioned into a ggetayarranging in two parallel rows of
seven posts, with each post spaced 0.6 m in the horizontaliteoneighbor. Each fence post was
driven into the ground to a depth of at least 0.6 m using aweysidarge wooden mallets. At GTM,
crepe myrtle treel(agerstroemia specio¥aranches of 5 cm in diameted£0.05 m) were bundled
into tight packets using 1.6 cm wide embossed polypropyj#astic strapping (McMaster-Carr,
Elmhurst, IL, USA) before being placed between the two rofWence posts and secured in place
using plastic-coated multipurpose wire and galvanizeplstaails. At NP, eastern cedar branches
(Juniperus virginig of 5 cm in diameter were immediately placed between thedgsts, i.e.,
they were not pre-bundled using pallet straPsir maintenance efforts indicated that the branches
and straps required maintenance about once every four tmanths at the GTM where crepe
myrtle branches were used due to both shipworm infestaBenspza Hernandez and Angelini,
2019) and dislodgement from vessel wakes. Through our fledéwations, the functional life ex-
pectancy of the GTM breakwalls was estimated to be 12 - 18 Insdot the branch bundles, while
the life expectancy of those at NP was observed to be lessatlyear due to easier dislodgement
of the branch fill in absence of bundling. Our observatioss aidicate that the fence posts were

still stable after three years at both sites.

The carbon footprint of the initial construction of the nimeeakwall sections at the GTM is esti-

mated to be 2.03 metric tons of GOT his estimate is based solely on the gasoline requiredrto ha
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vest the crepe myrtle branches, transport branches and parsts to the field sites, and construct
the breakwalls (~228 gallons of unleaded gasoline; httpaw.epa.gov/energy/greenhouse-gases-
equivalencies-calculator-calculations-and-referehc@&his estimate does not include the carbon
cost of manufacturing and delivering the fence materiathéolaboratory in Gainesville, FL, nor
does it include the cost of maintaining the breakwalls or it@oimg the progress of the experiment.
We are not able to estimate the carbon footprint of the caostm of the breakwalls at NP because
information regarding the required amount of vehicle tpamsation of personnel and materials is
unavailable. However, we estimate that the carbon foatpfithe NP breakwall construction to
be less than that of the GTM breakwalls because materials@uodteers were drawn from local
sources, whereas all materials and labor for the GTM brebid&had to commute from Gainesville,

FL to the field sites, a round-trip distance of 251 km.

The porosities of the breakwalls from both sites were esgthhy measuring the volume displaced
when breakwall sections were sunk in water containers alalileing void spaces within the
breakwalls. The porosity of the breakwall at GTM was obtdiaen =0.7 (Sections 2.3 and 4).
This porosity is consistent with the results of the imagecpssing done on these breakwalls at
GTM (Herbert et al., 2018). The breakwalls built at NP, gitlkeeir major differences from GTM

in application(e.g., no bundling or strapping; Figure 2bxhibited a greater porosity af=0.9.

The hydrodynamic data sets for GTM were collected during ld #xperiment conducted be-
tween March 29th and April 10th in 2018. Four acoustic Dopptdocimeters (Nortek Vector,
with 6 MHz acoustic frequency) were located on a cross-cebamay that spanned about 12.7
m (Figure 3a) west of Pine Island across the Tolomato Ri&W() at GTM (Figure 1). The ve-
locimeters sampled pressure, three-dimensional flow itgl@E€ast-North-Up coordinates), acous-
tic backscatter, and temperature at 8 Hz frequency contslydor the 13-day duration of the
experiment. Using this sampling rate, the most common wakése data sets here (Section 3)
were resolved with about 15 data points in time. A schemdttb® cross-channel array, and the

locations of the four velocimeters (these four locatioresraamed G1, G2, G3, and G4 from off-

9
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shore to onshore) are shown in Figure 3a. A breakwall waddddaetween the two onshore sites
G4 and G3. The mean water depths at the sites G1, G2, G3, andriad the experiment were
1.31 m, 1.34 m, 0.81 m, and 0.55 m, respectively (Table 1). sEmsor at G4 became emerged
at low tide (Figure 3a). At the location of the deployment tlver channel is about 150 m wide
(Figure 1). Meteorological data collected by the GTM (NERR819) showed that winds had
speeds less than 8 m/s throughout this experiment, withsafiimadn the west (cross-channel direc-
tion with the largest fetch of 150 m for the site) being weakan 4 m/s. These wind conditions,
the limited fetch, and the analysis of the field observat@atesgether showed that the wind wave

energy contribution to the observed waves was negligible.

At NP, the cross-channel array of the instruments spannedt&®.8 m across the Halifax River
(ICW) channel (Figures 1 and 3b). At the location of the dgplent, the river channel is about 140
m wide. The hydrodynamic data sets were collected on th&yarsing three velocimeters (these
three locations are named N1, N2, and N3 from offshore to ameslirigure 3b) which sampled at
8 Hz frequency continuously between April 23rd and May 9tl2@19. The mean water depths
at the sites N1, N2, and N3 during the experiment were 1.32.60, &, and 0.50 m, respectively
(Table 2). Like GTM, a breakwall was located between the twshore sites N3 and N2. Winds
were weaker than 5 m/s throughout the experiment, with wigstends having speeds of 3 m/s

maximum.

10



197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

2.2 Data analysis

Boat wakes are transient and associated with relativelyt silmescales (minutes) compared to
wind waves that can be treated as stationary over much Idingescales (hours). In the field
observations, these wakes are identified ashap’ signal where the peak frequency increases
in time. Therefore, advanced time-frequency analysis odslare necessary to obtain the wake
parameters (energy, height, period) and statistics. B ghidy, the effects of tides in the data
sets were filtered out by first applying a direct Fourier tfamaation on the entire pressure signal
measured near the sea bed, then applying an inverse Faansfdrmation only for frequencies
that included the boat wakes and lower frequency infragyavaves. To identify the boat wakes, a
windowed Fourier transform and wavelet transform wereiaddb the de-tided data. These steps
produced spectrograms for GTM and NP data sets (Sectionl2Bdrequencies with a frequency
resolution of 0.03125 Hz. Boat wakes were identified in thgsectrograms due to their chirp
structure and monotonically increasing frequency (e.gthiyagoda et al., 2017). For each wake,
the de-tided data measured near the bed were correctedséppation with depth (detailed below
in Equations2 and 3 Dean and Dalrymple , 1991) and the sea surface elevatiorobt@sned.
For further details on the data analysis methods, the raadeferred to Sheremet et al. (2013),

Didenkulova et al. (2013), and Torsvik et al. (2015).

Wave energy fluxK) is commonly used for quantifying the eroding effects of esmwon shallow
systems and salt marshes like the study sites herein (edpulghlin et al., 2015; Wiberg et al.,
2015). Wave energy flux also takes depth variations and wawalieg into account. Therefore,
performances of the breakwalls in dissipating and trarisigitvave energy were examined in this
study by analyzing the time-frequency distribution of thave energy flux onshore and offshore
of the breakwalls. Wave energy flux in the direction of wavepgagation per unit width inte-
grated throughout the water column within a time segmentigirest is obtained as in Dean and

Dalrymple (1991):

11
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t n
F = [ [ poudzat (1)
0 —h

223

22 Wherex is the coordinate of horizontal direction of wave propagatt is time, n is sea surface

s elevation,h is the water depthpp is dynamic pressuray is horizontal velocityz is the vertical

2

N

226 coordinate which is equal to zero at the surface drat the bed, and:

H coshKh+2)

2 coshkh cog{at +9), 2)

Pbo = P9

U gkH coshKh+2)

w2 coshkh cogat+9), 3)

230

231 Wherep is the density of waterg is the gravitational acceleratioh, is the wave heightg is the
232 wavenumber is the angular frequency of the wave (equal tof 2vheref is the frequency), and
233 @ IS the phase. Equations 1-3 show that wave energy flux is piiopal to the square of wave

2 height, i.e.FaH?. The cross-shore variation of wave energy flux is estimased a

235

= _KF(X) ) (4)

236

.37 Wherek is the rate of net change in wave energy flux in the cross-shioréghe convention of
233 Equation 4k > 0 represents net dissipation, aneé< O represents net growthn the discussions
230 below, the coefficient of wave transmissid&r() through the breakwall is used, which is obtained

240 AS.
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KT,data: E ) (5)
i

whereF; is the incident wave energy flux estimated at the sensor fis$iare of the breakwall and

R is the transmitted wave energy flux estimated at the sensbofshore of the breakwall.
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2.3 Theory on wave transmission through breakwaters

Some studies on wave transmission through breakwaters ttak® into account the effect of
breakwater porosity and relate wave transmission proeesster depth, breakwater geometry
(such as height and width of the breakwater crest) and wagatend period (e.g., Seelig , 1980;
van der Meer and Daemen, 1994; d’Angremond et al., 1996;r8ektand Hall, 1998; van der
Meer et al., 2005). These earlier studies provided empirgtations for wave transmission rates

that include coefficients calibrated using laboratory data

In studies that take the porosity of the breakwater into astahe resistance on unsteady flow
through porous media is most commonly assumed to be govbeynib@ following equation which
extended Darcy'’s law (Darcy, 1856) by including a quadratio(e.g., Forchheimer, 1901; Ergun
and Orning, 1949; Irmay, 1958; Sollitt and Cross, 1972; Barth and Andersen, 1995):

op
—3x = Pla+Buu, (6)

where the term on the left-hand side is horizontal gradiéptressurep, u is horizontal velocity,

anda and are obtained as (e.g., Engelund, 1953; Bear et al., 196&hauth and Andersen,

1995):
)3
a= ao(l nzn) é , (7)
1-nl
B = BO n3 aa (8)
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where a, and 3, are non-dimensional drag coefficients for linear and nealirfriction terms,
respectively;n is the porosity of the medium which is the ratio of the voluneeupied by the
fluid phase to the total volume (Section 2.1)js the kinematic viscosity of the fluid ardlis a
representative diameter of the material in the porous nmedithe first term on the right-hand side
of Equation 6, the linear term, denotes the laminar friciad the second term, which is nonlinear,

denotes the turbulent friction. Linearizing the right-daande of Equation 6 as:

(a+Buju= fw%)u, 9)

allows derivation of a friction factof,, as:

n Klar Kla\? 168 |
fw =14 ‘(“%)ﬂ/(”%) MErRNE (10)

wherel is the width of the porous medium aadis the amplitude of the incident wave, half of the
height of the incident wavel;. Then, the rate of wave transmission, in terms of wave height

obtained as:

KT,theory: q = 1+ A s (11)

whereH; is the height of the transmitted wave and:

Ckify 1 kla kla\* 168 |
A= o0 T2 —(1—%)+\/(1+%) HETR R (12)
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For further details of the governing equations and the déon, see Madsen (1974). This theo-
retical expression for wave transmission rate depends ¢erwapth, wave characteristics (height
and frequency), geometry and material characteristies{evidth, porosity) of the porous media
(a breakwall in this study) and empirical drag coefficiemgsand 3,. These two coefficients vary
with the flow conditions and properties of the porous media;dverage values are on the order
of 0p,=1140 andB,=2.7. For compilations of ranges of these coefficients ifedght studies in
literature, the reader is referred to van Gent (1995), Lid Karunarathna (2007), Losada et al.
(2016) and Vilchez et al. (2016). Reviews on the interactibwaves with porous media listed the
limited range of field observations on this interaction aslilggest knowledge gap and displayed
the need for further research on transmission of waves gftrporous structures made of different
material properties in different flow conditions (Chwangl&han, 1998; Losada, 2001; Losada et

al., 2016).
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3 Results

Nearly 1000 boat wakes and their wake propagation were tet@c the two two-week-long ex-
periments at GTM and NP. A three-hour-long time series o$guee measurements at the GTM
site G4 is shown in Figure 4a. Tides at the GTM were dominasgipi-diurnal with a range of 1

- 1.5 m; tides at NP were also semi-diurnal but with a smahlege of 0.2 - 0.3 m. The effects
of tides (thick red line in Figure 4a) were filtered out to obtdne de-tided data shown in Figure
4b. As an example, the spectrogram obtained from the winddveairier transform (Figure 4c)
for the wake identified at the GTM site G4 on March 30th at 0900rk is shown in Figure 5a.
The chirp structure and monotonically increasing freqyexiche wake are prominent. Correction
on the pressure measurements for dissipation with dep#s gine sea surface elevation (Equation
2; Figure 5b). Using sea surface elevation, vertical stmestwf wake-induced pressure fluctua-
tions and orbital velocities throughout the entire watdugm were reconstructed based on linear
wave theory (Equation® and3; Figure 6). The orbital velocities and the dynamic compamén

pressure were used in estimating wave energy flux (Sectiyreguation 1).

The wakes were classified in the database together with tighthaf the highest wave in each
wake and the corresponding frequency of that wave. The éatt she GTM captured 290 wakes
(Figure 7). The number of wake events at the NP data set, vilnaHonger duration compared to
GTM data set (17 days vs. 13 days) and was collected closentmer (early May vs. early April)

is much higher than the number of wake events at the GTM (6 K& weaents; Figure 8). At GTM,
the wake heights reached 1 m at the offshore sites and 0.6 honef the breakwall with wave
periods sometimes exceeding 5 s (Figure 7). The distribstixd wake heights and periods onshore
of the breakwall at NP are similar to those at GTM in the sehaé the wakes most commonly
had periods of 1.5-2 s and heights less than or equal to 0.15f% (& wake events) while the
heights sometimes exceeded 0.5 m (Figure 8). Boat wakespeiibds of ~2 s most frequently

but reaching 5 s occasionally represent the common conditbserved in intracoastal waterways
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like the study site here (Sheremet et al., 2013; Didenkuéinad., 2013). The distributions of the
wakes captured at the GTM experiment show a noticeable agerna wave height just onshore
of the breakwall compared to those just offshore of the bsadlk(Figure 7). In contrast, the

frequency distributions of the wake heights and period$ioresand offshore of the breakwall at

NP are relatively similar (Figure 8).

The performance of the breakwalls in dissipating and traitisig wave energy was examined by
analyzing the time-frequency distribution of the wave ggeitux (Section 2.2; Equations 1-5).
Overall, transmission shows an increasing trend with mgireg water levels at both sites; how-
ever, the rates of transmission are quite different at tleedites (Figures 9 and 10). The results
of the analysis on the GTM data set show that the breakwalleaG{TM transmitted between 9%
and 85% (less than 70% transmission in 87% of the events)eoindoming wave energy flux
(Figure 9). The rate of transmission averaged over all walkats is 53%. Transmission rates
have an increasing trend with increasing water levels (@efhs of ~1.1 m; Figure 9Yhis field
observation of such dependency of transmission rates ahvadiations agrees with the findings
from experiments of waves being dissipated by oyster reesballow bays (Wiberg et al., 2019),
results at a comprehensive database of laboratory exp&sma wave transmission through sub-
merged structures (van der Meer et al., 2005), and resutslated numerical simulations (Ting
et al., 2004). The height of the breakwall structung) @nd water depthh are critical for engi-
neering and related guidelines, therefore, the variatiomave transmission in relation to these
two parameters is also evaluated. The influence of the hefght breakwall structure relative to
water depthlifs/h) on wave transmission is evident at shallower depths, élpefor hs/h varying
betweerhs/h~0.5 andchs/h~1 which correspond to mid-tide and low-tide conditionsheespec-
tively (Figure 9). However, the variations in transmissrates are much smaller at higher depths
(hs/h<0.5) at high-tide. Both of these observations are consistéh the findings of Losada et al.
(1996) and Lin and Karunarathna (2007).

The results of the analysis on the NP data show also an owecedlasing trend of wave transmis-
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sion with increasing water levels (Figure 10). Comparirggrésults from the analysis on the wakes
measured at the NP to those at the GTM indicates a strikingreint pattern of wave transmis-
sion, with much greater wave transmission rates througidjteer porosity breakwall design at
NP (Figure 10): almost all wake events at NP had transmissitas between 70% and 100%; the
rate of transmission averaged over all wake events is 83%e to the smaller tidal range at NP
compared to GTM, the breakwall at NP emerged during alm@setitire experiment at that site
(Figure 2b), and much more often than the one at GTM which whsgubmerged more than half
of the experiment at that site (Figure 2a). Therefore, iftthe breakwalls had been built the same
way (e.g., bundling, porosity), the NP breakwall would h&aeen more likely to dissipate more
wave energy and transmit less (Wiberg et al., 2019). Howéeraverage rate of transmission at
NP (83%) is much greater than the one at GTM (53%). This caritbbwged to the difference in
design at NP, i.e., individual tree branches were not predlad before being secured within the
fence post wall frame, contributing to the greater porosityre breakwall at this site (Section 2.1).
The other difference evident from the results for NP compp&ne5TM is the much less variability
of wave transmission rates with tides (Figure 10), whichidde due to the smaller tidal range at
NP, and withhs/h. The binned-averages over depth ranges all give trangmissies that are very

close to the overall average of ~83% for the NP breakwally(f&dL0).
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4 Discussion

Observations and analyses of the interaction of hydrodyeswith two types of living shoreline
breakwalls (Section 3) show different wave transmissidtepas and rates that are modulated by
tides and breakwall porosity. Overall, these results sttghe hypotheses of this study that semi-
porous living shoreline breakwalls help reduce wave eneagg their performance is dependent
on depth variations. For the GTM experiment, where wavestrassion through the breakwall was
observed to be strongly modulated by tides (Figure 9), theates based on the field observations
(Section 2.2; Equation 5) and theoretical estimates of wavesmission (Section 2.3; Equation 11)

are evaluated using the relative discrepancy between them:

£ — KT,theory_ KT,data

13
KT,data ( )

Considering the uncertainties in both the estimates basethe field data and the theoretical
estimatesg is treated here as a discrepancy, rather than error. Thaiggnsanalysis showed
that the theoretical estimates are not sensitive to thenlanfiiiction coefficient (i.e.¢ro; Equations
6-12). As a resultp,=1140, the median value of the most common range given intdrature for
this coefficient (780 - 1500) is used here. The optimum vaduéurbulent friction coefficient (i.e.,
Bo; Equations 6-12) is obtained by minimizing the absolutatre¢ discrepancy averaged over all
290 wake eventg{|). This is satisfied with an optimum turbulent friction coeiifint of 3,=2.7

(Figure 11)which is consistent with the literature on waves throughopemedigSection 2.3).

Theoretical transmission rat&nheory) €stimated using the optimu,=2.7 captures the mea-
sured transmission withe|=16% on average for all 290 wake events at the GTM (Figure 11).
Using 3,=2.7 also maximizes the number of wake events with absodliégive discrepancy|£|)

less than 10% and 20% (Figure 11| is less than 10% in half of the wake events, less than 20%
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in 70% of the wake events, and less than 30% in 90% of the waket®vEstimated transmission
in 10% of the wake events has| greater than 30%. These wake events with relatively high dis
crepancy correspond to shallow depth conditionslayiti~1 such that the breakwall was getting
close to be emerged (Figure 12). The discrepancy in thoss cadue to the overestimation of the
transmitted wave energy by the theory (Figure 12). Thistrsbated to the dissipative processes
that are not accounted for in the theoretical analysis babime relatively important in shallow
water, such as breaking and bottom friction. The fact that discrepancy is due to an overes-
timation by theory is comforting in terms of the use of thiedhetical approach towards desired

dissipation of waves by sufficiently engineered living sHimes.

At NP where variability in transmission was relatively sinalverage observed transmission rate
is ~0.83 (Section 3yvhich is equivalent tKt 4aa~0.911(Equation § in terms of wave height
transmissiorthrough the breakwallThe theoretical estimaiaf wave height transmission for the
breakwall at NP is obtainddom Equations 7-12Using the breakwall properties (geometry, poros-
ity) and the common wave conditions observed at NP, and itigofn coefficients obtained from
the theoretical analysis above £114Q [(,=2.7) that are also consistent with the literature on
waves through porous media, the theoretical estimate &t aKt theory=0.906 which is very

close to the observed transmissi®® (ata)-
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5 Conclusions

The performance of living shorelines in dissipating wavergg was studied here in intertidal set-
tings. To the best of the authors’ knowledge, this studyedfitist evaluation of wave transmission
through living shoreline breakwalls using field observasiosuitable data analysis methods, and
theoretical approaches. The settings of interest were cwestal and estuarine areas along nav-
igation channels that are common around the world, inclydilong US East and Gulf coasts.
Fetch distances in these areas are commonly small and wenetelis dominated by boat wakes
due to high recreational and navigational traffic. Accoglimtransmission of boat wakes through
porous breakwalls composed of tree branches and fencewessnvestigated by collecting field
measurements of wake propagation, analyzing these datasag time-frequency methods, and
comparing the findings to available theory on hard engingestructures. The observations high-
lighted the intensity of boat traffic on the ICW and the dynesmof boat wake climate in this

system.

The results of the analyses on the two breakwall configuratiested revealed different behaviors
of wave transmission. In the first breakwall design with aosdy of 0.7, where tree branches were
bundled to the fence posts, transmission rates were fouwatyanostly between 9% and 70% and
be directly proportional to water depth, especially at rni# and low-tide conditions where the
height of the breakwall relative to water depth was betwe&na@d 1. In the second breakwall
design with a higher porosity of 0.9 where the branches wetéundled, wave transmission rates
exceeded 70% in 84% of the cases, sometimes reaching 100%hawed much less variability
with tides. These results support our hypotheses thatemgjineered living shoreline breakwalls
can be used as buffers against human-mediated boat traffizvaves, and their related perfor-
mance in dissipating wave energy and sustaining coastalystms is modulated by depth and

porosity.
Theoretical estimates of wave transmission through thakivalls were found to be most sensi-
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tive to breakwall porosity and turbulent friction coeffiote A turbulent friction coefficient of 2.7,

a value which is the median of the most common range givenatitigrature on wave transmis-
sion through rubble mound breakwaters, gave the best agredmtween the observation-based
estimates and theoretical estimates of wave transmisdibis study also showed that the the-
ory on wave transmission through porous media can be apgidtke interaction of waves with
porous living shorelines. The highest discrepancy betvadeserved and theoretical estimates of
wave transmission was found at relatively shallow depthddamns when the breakwall began to
emerge. In these cases, the theory was found to overestiraasenitted wave energy. This over-
estimation is possibly due to breaking and bottom fricticocesses which become more important
in shallow waters, but are not accounted for in the theaxk#inalysis of wave transmission. Such
living shorelines can be essential for protecting and susig coastal wetlands and reefs and
supporting shoreline integrity along locations where wawmergy is high. The major factors to
consider regarding the applicability of this living shanel concept at other sites are proximity and
abundance of locally available material and labor, easeadss for maintenance and monitoring,
sediment features (Safak et al., under review), and loaah@nce of bioeroding organisms. In
terms of waves and hydrodynamics, the observational areheal results in this study could be
used as first-cut guidelines toward exporting this livingrgine design to other sites with different
meteorological and hydrodynamic conditions and estingatie wave transmission through these

nature-based structures with a given wave climate, wai@hdange, and breakwall properties.
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Table 1: Names and depths of the measurement sites at GTM richMgoril 2018. The depth
values are averages over the experiment duration.
| Name| Mean depth (m)

Gl 1.31
G2 1.34
G3 0.81
G4 0.55

Table 2: Names and depths of the measurement sites at NP ilniMgyr 2019. The depth values
are averages over the experiment duration.
| Name| Mean depth (m)

N1 1.32
N2 0.60
N3 0.50
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Figure 1. The locations of the cross-channel transectskigdawith red asterisks) of the instru-
mented platforms at the Atlantic Intracoastal Waterwayft lead right panels show the aerial
views of the locations of the GTM site west of the Pine Islalmhg the Tolomato River and the
NP site along the Halifax River, respectively. The aerialng are obtained from the United States
Geological Survey EarthExplorer database. Inset map stubhege the two sites are located in the
State of Florida in the United States.
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Figure 2: Photographs of the breakwalls at the (a) GTM and (b) NP silé& two photographs
were taken at different phases of the tide.
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W Mean High Water Level

Figure 3: Cross-channel transects of the instruments geg@lduring the field experiments at (a)
GTM between March 29th and April 10th in 2018 and (b) NP betw&pril 23rd and May 9th
in 2019. Mean tidal variations averaged over the experirdardtions are also indicated. Filled
circles show the locations of the pressure sensors. Vestiedes are exaggerated for clarity.
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Figure 4: Three-hour-long time-series of (a) pressure oreasents near bed; (b) de-tided pressure data; (c) nomadizectro-
gram of pressure (warm colors indicate high energy) at GTtMG# on March 30th, 2018. The red curve in panel (a) shows th
tidal signal; the magenta boxes in panels (b) and (c) markda¢ wake analyzed in detail in Figures 5 and 6.
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Figure 5: An example boat wake measured at the GTM site G4 axlvE0th at 0900 hours. (a)
Normalized spectrogram of pressure (warm colors indicagie &énergy), (b) sea surface elevation.
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Figure 6: Flow of the boat wake at the GTM site G4 on March 300880 hours. (a) Sea surface
elevation, (b) vertical structure of dynamic pressure (dguation 2), and (c) vertical structure
of orbital velocity (m/s; Equation 3).
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Figure 7: Histograms of (a) maximum wave height, and (b)esponding period in each wake recorded between March 2€éth al

April 10th, 2018 at the GTM sites G4 that was just onshore efiteakwall (grey) and G3 that was just offshore of the bredlkw
(red). The thick curves show the Weibull distribution fitdhe histograms.
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Figure 8: Histograms of (a) maximum wave height, and (b)esponding period in each wake recorded between April 23dd an
May 9th, 2019 at the NP sites N3 that was just onshore of theklarall (grey) and N2 that was just offshore of the breakwall
(red). The thick curves show the Weibull distribution fitdhe histograms.
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Figure 9: Rates of wave energy flux transmission from GTMGRdjust offshore of the breakwall)
to G4 (just onshore of the breakwall) as a function of deptlueRlots are the estimates from the
wake events; the big red dots are averages over 10-cm-wth Oens; vertical red bars show
standard deviation; the black curve is a least squares @itghr the estimates. Dashed straight
lines indicate the conditions the relative height of theakweall, which is the ratio of the breakwall
to water depth, is equal to 1, 0.5, and 0.33; he/h~1, hs/h~0.5, andchs/h~0.33.
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Figure 10: Rates of wave energy flux transmission from NPNst@ust offshore of the breakwall)
to N3 (just onshore of the breakwall) as a function of deptlueRlots are the estimates from the
wake events; the big red dots are averages over 5-cm-widé ders; vertical red bars show
standard deviation; the black curve is a least squares Gugr the estimates. Note the higher
number of wake events at NP (673) compared to GTM (290) ancbitsribution to the greater
visual spread of data points here compared to Figure 9.
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Figure 11: Variations of absolute relative discrepancyveen wave transmission estimates based
on observations and theoretical estimates$) @veraged over all 290 wake events at GTM (left
panel; blue curve) and percentage of wake events \jtless than 20% (right panel; red curve)

as a function of turbulent friction coefficien). Black dashed line indicates the optimygg=2.7
that was found to minimize thig|.
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Figure 12: Relative discrepancy (%) between wave transomsstimates based on the observa-
tions at GTM and theoretical estimates as a function of waéggth. The color coding indicates
the sign of discrepancy such that warm colors (positiveeglcorrespond to overestimation by
theory and cool colors (negative values) correspond to nestienation by theory (Equation 13).
The big black dots are averages over 10-cm-wide depth barscal black bars show standard
deviation. Dashed straight lines indicate the conditibbedteight of the breakwall relative to water
depth is equal to 1, 0.5, and 0.33; i.es/h~1, hs/h~0.5, andhs/h~0.33. The sketches at the top
panels correspond to these three different conditionslative breakwall height.
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