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Abstract14
Living shorelines are being widely implemented to mitigateshoreline erosion and provide15

ecosystem services, but how they interact with waves remains poorly understood. Wave trans-16
mission through living shoreline breakwalls is studied using field observations and theoretical17
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approaches. The following hypotheses are tested: (i) living shoreline breakwalls can act as18
buffers against waves; (ii) wave transmission through these nature-based solutions is modu-19
lated by tides; and (iii) wave transmission through living shoreline breakwalls is similar to the20
behavior observed in waves through porous breakwaters. Observations were collected in in-21
tertidal settings where boat wakes and tides are the major flow components. Nearly 1000 boat22
wakes were identified in the observations using advanced time-frequency data analysis meth-23
ods. Wave transmission through the breakwalls composed of tree branches was quantified and24
modulation of this process by tides was investigated. The two tested breakwall designspro-25
vided different behaviors of wave transmission. In the firstdesign with an estimated porosity26
of 0.7 where the tree branches were bundled, transmission rates were found to vary mostly27
between 9% and 70% and had an average of 53%. Transmission increased with increasing28
water depth especially at mid-tide and low-tide where the height of the breakwall relative to29
depth was between 0.5 and 1. In the second design with an estimated porosity of 0.9 where the30
tree branches were not bundled, transmission rates exceeded 70% in 84% of the cases, some-31
times reaching 100% transmission, and had an average of 83% with much less variability with32
depth compared to the first design. Wave transmission estimates based on theory of porous33
media were found to be most sensitive to breakwall porosity and the friction coefficient. Best34
agreement between the observed and theoretical estimates of wave transmission was found us-35
ing a turbulent friction coefficient of 2.7, the median valueof the most common range given36
in the literature on waves through porous media. The highestdiscrepancy between observed37
and theoretical estimates of wave transmission occurs at shallow depths when the breakwall38
emerged. In these conditions, the theory overestimates transmitted wave energy, most likely39
due to significant wave breaking and bottom friction in shallow water. The findings support our40
hypotheses that well-engineered semi-porous living shorelines act as buffers against human-41
mediated boat traffic and waves, and their related performance in dissipating wave energy and42
sustaining coastal ecosystems is modulated by depth. The results can be used as guidelines for43
design of living shorelines for given wave climate and breakwall properties.44
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1 Introduction47
Natural and anthropogenic stressors on coastal ecosystemsare projected to increase due to more ex-48
treme and frequent storms caused by climate change and increasing development along the coasts,49
where population density is already significantly greater than that of inland areas (UNEP , 2007).50
Excessive wave energy negatively impacts coastal ecosystems by reducing the diversity and mass51
of vegetation (Keddy, 1982) and obstructing larval recruitment and survival of oyster reefs (Wall52
et al., 2005). These, in turn, cause more energetic waves, and higher sediment loads at the coast.53
In estuaries with heavy recreational and commercial boat traffic and limited fetch distance for54
wind wave generation, boat wakes have the potential to dominate the wave climate instead of more55
widely acknowledged swell and wind waves. Together with wind-induced currents and tides, these56
wakes become the major physical control on the ecology, hydrodynamics, and sediment transport57
in such settings (e.g., Gabel et al., 2017). Boat traffic has awide variety of direct negative impacts58
on coastal ecosystems such as damage to larvae and aquatic animals due to ship collision and con-59
tact with propellers (including the North Atlantic right whale which is one of the most endangered60
whales in the world), disturbance to animal communication,movement, nutrition, survival, shel-61
tering and nesting sites (e.g., Walters et al., 2002; Wolterand Arlinghaus, 2003; Kraus et al., 2005;62
Wall et al., 2005; Kucera et al., 2009; Bulte et al., 2010; Gabel et al., 2017). Some indirect impacts63
include shoreline and marsh erosion due to their wakes, excessive turbidity, and decreased water64
quality due to fuel discharge (e.g., Jackivicz and Kuzminski, 1973; Bauer et al., 2002; Parnell et65
al., 2007).66
Due to environmental, economical, and aesthetic concerns,the sustainability of hard structural ar-67
moring using rocks or artificial materials to protect coastal communities and infrastructure from68
excessive wave energy is beginning to be questioned (e.g., Seitz et al., 2006; Dugan et al., 2008).69
As a result, natural and nature-based solutions are being widely implemented to mitigate shore-70
line erosion, provide and conserve habitat, and generate other ecosystem services such as carbon71
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sequestration and support of fish and invertebrate biodiversity (e.g., Davis et al., 2015; Bilkovic72
et al., 2016; Sharma et al., 2016; Davenport et al., 2018; Morris et al., 2018; O’Donnell, 2018;73
Polk and Eulie, 2018; Smith et al., 2018). However, the suitability of living shorelines needs to be74
quantitatively assessed in terms of the interaction of the living shorelines with hydrodynamics. Hy-75
drodynamics is the major physical process that controls theflow energy that is transmitted through76
the living shorelines and reaches the coast, and, therefore, how efficiently these methods support77
the aforementioned ecosystem services. Evaluating the performance of living shorelines and pre-78
senting design guidelines first require collection and analysis of comprehensive data sets on waves,79
hydrodynamics, and sediment processes. As importantly, the findings need to be evaluated within80
a theoretical framework for applicability to future studies and widespread implementation. Previ-81
ous studies on wave transmission through living shorelinesestimated transmission qualitatively by82
comparing wave heights measured onshore and offshore of thebreakwalls where the cross-shore83
variation of depth was significant (Boumans et al., 1997; Ellis et al., 2002). However, transmission84
needs to be estimated by taking depth variations and resulting wave shoaling into account and by85
using proper data analysis methods. To the authors’ knowledge, this is the first study on wave86
transmission through living shoreline breakwalls using field observations, proper time-frequency87
analysis methods, and theoretical approaches.88
In this study, the performances of two living shorelines in acting as buffers against waves in inter-89
tidal settings are investigated. These living shoreline breakwalls are composed of wooden fence90
posts and tree branches and varied in their porosity. Comprehensive field observations on genera-91
tion and propagation of boat wakes are collected and analyzed. Transmission of boat wake energy92
through breakwalls is quantified. The physical processes and breakwall properties controlling the93
transmission rates are studied. It is hypothesized in this study that living shoreline breakwalls94
could act as buffers against waves; their performance wouldbe modulated bytides; and what is95
known about wave transmission through porous media can be translated to living shoreline break-96
walls interacting with boat wakes. Accordingly, results are evaluated with theoretical approaches97
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and findings in the literature on hard engineering structures. The results are presented and dis-98
cussed in relation to major design aspects such as living shoreline breakwall height and porosity,99
and water depth variations. These can also be used as first-cut guidelines on the design and perfor-100
mance of these nature-based structures in dissipating waveenergy and supporting adjacent coastal101
ecosystems.102
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2 Material and Methods103
2.1 Field experiments104
For this study, a series of field sites were monitored within the Guana Tolomato Matanzas Na-105
tional Estuarine Research Reserve (GTM) and North Peninsula State Park (NP). Both of these106
sites are located within the Atlantic Intracoastal Waterway (ICW) in Northeast Florida, USA (Fig-107
ure 1). Florida is the state with the highest number of recreational boat registrations (about one108
million) in the USA (FLHSMV, 2013). A recent report by the Florida Department of Environ-109
mental Protection (FDEP, 2018) showed that out of 825 miles of Florida coastline studied, 52% is110
critically eroding due to natural and anthropogenic effects. Boat wakes are also specifically iden-111
tified among the major causes of erosion along the ICW, based on aerial photographs taken since112
the 1970s (Price , 2005)and field observations of boat wakes, sediment transport, and shoreline113
change (Safak et al., 2020 and Safak et al., under review).114
The field sites in this study are along the ICW close to three inlets that experience very high traffic115
of recreational boats and vessels year-round (Montes et al., 2016). The GTM field site is in St.116
Johns County and located west of the Pine Island along the Tolomato River at 30.053o Latitude117
North, 81.368o Longitude West, that is 17 km north of the St. Augustine Inletand 37 km south of118
the St. Johns Inlet (Figure 1). The NP field site is located in Ormond Beach in Volusia County,119
along the Halifax River at 29.399o Latitude North, 81.095o Longitude West (Figure 1), and is120
58 km south of the St. Augustine Inlet and 41 km north of Ponce Inlet. The shoreline at each121
site was dominated by smooth cordgrass (Spartina alterniflora), with individual black mangrove122
(Avicennia germinans) trees scattered throughout. Typically, expansive reefs of the Eastern oysters123
(Crassostrea virginica) line the lower intertidal margin of salt marshes in the region; however,124
intensive boat wakes have extirpated these natural reefs from much of the length of the ICW in this125
region.126

7



Within the scope of this project, a series of porous breakwalls were constructed along the sites127
at GTM and NP in order to test their performance in dissipating boat wake energy and, there-128
fore, acting as buffers against boat wake induced erosion ofthe shoreline. The porous nature of129
the breakwalls is preferred in order to provide the circulation of the river channel water into the130
ecosystem onshore of the breakwalls and to reduce the likelihood of scour in the vicinity of the131
breakwalls. The breakwalls built at GTM and NP were approximately 4.3 m long, 0.6 m wide, 0.55132
m high and were located approximately 6 m offshore of the vegetation at the shoreline (Figure 2).133
Each breakwall was built by driving into the ground a set of 14, 2-m-long pressure-treated wooden134
fence posts. These fence posts were positioned into a rectangle by arranging in two parallel rows of135
seven posts, with each post spaced 0.6 m in the horizontal from its neighbor. Each fence post was136
driven into the ground to a depth of at least 0.6 m using augersand large wooden mallets. At GTM,137
crepe myrtle tree (Lagerstroemia speciosa) branches of 5 cm in diameter (d=0.05 m) were bundled138
into tight packets using 1.6 cm wide embossed polypropyleneplastic strapping (McMaster-Carr,139
Elmhurst, IL, USA) before being placed between the two rows of fence posts and secured in place140
using plastic-coated multipurpose wire and galvanized staple nails. At NP, eastern cedar branches141
(Juniperus virginia) of 5 cm in diameter were immediately placed between the fence posts, i.e.,142
they were not pre-bundled using pallet straps.Our maintenance efforts indicated that the branches143
and straps required maintenance about once every four to sixmonths at the GTM where crepe144
myrtle branches were used due to both shipworm infestation (Bersoza Hernandez and Angelini,145
2019) and dislodgement from vessel wakes. Through our field observations, the functional life ex-146
pectancy of the GTM breakwalls was estimated to be 12 - 18 months for the branch bundles, while147
the life expectancy of those at NP was observed to be less thana year due to easier dislodgement148
of the branch fill in absence of bundling. Our observations also indicate that the fence posts were149
still stable after three years at both sites.150
The carbon footprint of the initial construction of the ninebreakwall sections at the GTM is esti-151
mated to be 2.03 metric tons of CO2. This estimate is based solely on the gasoline required to har-152
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vest the crepe myrtle branches, transport branches and fence posts to the field sites, and construct153
the breakwalls (~228 gallons of unleaded gasoline; https://www.epa.gov/energy/greenhouse-gases-154
equivalencies-calculator-calculations-and-references). This estimate does not include the carbon155
cost of manufacturing and delivering the fence materials tothe laboratory in Gainesville, FL, nor156
does it include the cost of maintaining the breakwalls or monitoring the progress of the experiment.157
We are not able to estimate the carbon footprint of the construction of the breakwalls at NP because158
information regarding the required amount of vehicle transportation of personnel and materials is159
unavailable. However, we estimate that the carbon footprint of the NP breakwall construction to160
be less than that of the GTM breakwalls because materials andvolunteers were drawn from local161
sources, whereas all materials and labor for the GTM breakwalls had to commute from Gainesville,162
FL to the field sites, a round-trip distance of 251 km.163
The porosities of the breakwalls from both sites were estimated by measuring the volume displaced164
when breakwall sections were sunk in water containers and calculating void spaces within the165
breakwalls. The porosity of the breakwall at GTM was obtained asn =0.7 (Sections 2.3 and 4).166
This porosity is consistent with the results of the image processing done on these breakwalls at167
GTM (Herbert et al., 2018). The breakwalls built at NP, giventheir major differences from GTM168
in application(e.g., no bundling or strapping; Figure 2b), exhibited a greater porosity ofn=0.9.169
The hydrodynamic data sets for GTM were collected during a field experiment conducted be-170
tween March 29th and April 10th in 2018. Four acoustic Doppler velocimeters (Nortek Vector,171
with 6 MHz acoustic frequency) were located on a cross-channel array that spanned about 12.7172
m (Figure 3a) west of Pine Island across the Tolomato River (ICW) at GTM (Figure 1). The ve-173
locimeters sampled pressure, three-dimensional flow velocity (East-North-Up coordinates), acous-174
tic backscatter, and temperature at 8 Hz frequency continuously for the 13-day duration of the175
experiment. Using this sampling rate, the most common wakesin the data sets here (Section 3)176
were resolved with about 15 data points in time. A schematic of the cross-channel array, and the177
locations of the four velocimeters (these four locations are named G1, G2, G3, and G4 from off-178
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shore to onshore) are shown in Figure 3a. A breakwall was located between the two onshore sites179
G4 and G3. The mean water depths at the sites G1, G2, G3, and G4 during the experiment were180
1.31 m, 1.34 m, 0.81 m, and 0.55 m, respectively (Table 1). Thesensor at G4 became emerged181
at low tide (Figure 3a). At the location of the deployment, the river channel is about 150 m wide182
(Figure 1). Meteorological data collected by the GTM (NERRS, 2019) showed that winds had183
speeds less than 8 m/s throughout this experiment, with winds from the west (cross-channel direc-184
tion with the largest fetch of 150 m for the site) being weakerthan 4 m/s. These wind conditions,185
the limited fetch, and the analysis of the field observationsaltogether showed that the wind wave186
energy contribution to the observed waves was negligible.187
At NP, the cross-channel array of the instruments spanned about 26.8 m across the Halifax River188
(ICW) channel (Figures 1 and 3b). At the location of the deployment, the river channel is about 140189
m wide. The hydrodynamic data sets were collected on this array using three velocimeters (these190
three locations are named N1, N2, and N3 from offshore to onshore; Figure 3b) which sampled at191
8 Hz frequency continuously between April 23rd and May 9th in2019. The mean water depths192
at the sites N1, N2, and N3 during the experiment were 1.32 m, 0.60 m, and 0.50 m, respectively193
(Table 2). Like GTM, a breakwall was located between the two onshore sites N3 and N2. Winds194
were weaker than 5 m/s throughout the experiment, with westerly winds having speeds of 3 m/s195
maximum.196

10



2.2 Data analysis197
Boat wakes are transient and associated with relatively short timescales (minutes) compared to198
wind waves that can be treated as stationary over much longertimescales (hours). In the field199
observations, these wakes are identified as a‘chirp’ signal where the peak frequency increases200
in time. Therefore, advanced time-frequency analysis methods are necessary to obtain the wake201
parameters (energy, height, period) and statistics. In this study, the effects of tides in the data202
sets were filtered out by first applying a direct Fourier transformation on the entire pressure signal203
measured near the sea bed, then applying an inverse Fourier transformation only for frequencies204
that included the boat wakes and lower frequency infragravity waves. To identify the boat wakes, a205
windowed Fourier transform and wavelet transform were applied to the de-tided data. These steps206
produced spectrograms for GTM and NP data sets (Section 3) at128 frequencies with a frequency207
resolution of 0.03125 Hz. Boat wakes were identified in thesespectrograms due to their chirp208
structure and monotonically increasing frequency (e.g., Pethiyagoda et al., 2017). For each wake,209
the de-tided data measured near the bed were corrected for dissipation with depth (detailed below210
in Equations2 and 3; Dean and Dalrymple , 1991) and the sea surface elevation wasobtained.211
For further details on the data analysis methods, the readeris referred to Sheremet et al. (2013),212
Didenkulova et al. (2013), and Torsvik et al. (2015).213
Wave energy flux (F) is commonly used for quantifying the eroding effects of waves on shallow214
systems and salt marshes like the study sites herein (e.g., Mcloughlin et al., 2015; Wiberg et al.,215
2015). Wave energy flux also takes depth variations and wave shoaling into account. Therefore,216
performances of the breakwalls in dissipating and transmitting wave energy were examined in this217
study by analyzing the time-frequency distribution of the wave energy flux onshore and offshore218
of the breakwalls. Wave energy flux in the direction of wave propagation per unit width inte-219
grated throughout the water column within a time segment of interest is obtained as in Dean and220
Dalrymple (1991):221
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222
F(x) =

t
ˆ

0

η̂

−h

pDu dzdt, (1)223
wherex is the coordinate of horizontal direction of wave propagation, t is time,η is sea surface224
elevation,h is the water depth,pD is dynamic pressure,u is horizontal velocity,z is the vertical225
coordinate which is equal to zero at the surface and -h at the bed, and:226227

pD = ρg
H
2

cosh k(h+z)
cosh kh

cos(ωt +ϕ) , (2)228229
u=

gk
ω

H
2

cosh k(h+z)
cosh kh

cos(ωt +ϕ) , (3)230
whereρ is the density of water,g is the gravitational acceleration,H is the wave height,k is the231
wavenumber,ω is the angular frequency of the wave (equal to 2π f where f is the frequency), and232
ϕ is the phase. Equations 1-3 show that wave energy flux is proportional to the square of wave233
height, i.e.,FαH2. The cross-shore variation of wave energy flux is estimated as:234235

dF(x)
dx

=−κF(x) , (4)236
whereκ is the rate of net change in wave energy flux in the cross-shore. In the convention of237
Equation 4,κ > 0 represents net dissipation, andκ < 0 represents net growth.In the discussions238
below, the coefficient of wave transmission (KT ) through the breakwall is used, which is obtained239
as:240
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241
KT,data=

√

Ft

Fi
, (5)242

whereFi is the incident wave energy flux estimated at the sensor just offshore of the breakwall and243
Ft is the transmitted wave energy flux estimated at the sensor just onshore of the breakwall.244
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2.3 Theory on wave transmission through breakwaters245
Some studies on wave transmission through breakwaters do not take into account the effect of246
breakwater porosity and relate wave transmission process to water depth, breakwater geometry247
(such as height and width of the breakwater crest) and wave height and period (e.g., Seelig , 1980;248
van der Meer and Daemen, 1994; d’Angremond et al., 1996; Seabrook and Hall, 1998; van der249
Meer et al., 2005). These earlier studies provided empirical relations for wave transmission rates250
that include coefficients calibrated using laboratory data.251
In studies that take the porosity of the breakwater into account, the resistance on unsteady flow252
through porous media is most commonly assumed to be governedby the following equation which253
extended Darcy’s law (Darcy, 1856) by including a quadraticterm(e.g., Forchheimer, 1901; Ergun254
and Orning, 1949; Irmay, 1958; Sollitt and Cross, 1972; Burcharth and Andersen, 1995):255256

−
∂ p
∂x

= ρ (α +βu)u , (6)257
where the term on the left-hand side is horizontal gradient of pressurep, u is horizontal velocity,258
andα andβ are obtained as (e.g., Engelund, 1953; Bear et al., 1968; Burcharth and Andersen,259
1995):260261

α = αo
(1−n)3

n2

ν
d2 , (7)262263

β = βo
1−n

n3

1
d
, (8)264
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whereαo and βo are non-dimensional drag coefficients for linear and nonlinear friction terms,265
respectively;n is the porosity of the medium which is the ratio of the volume occupied by the266
fluid phase to the total volume (Section 2.1);ν is the kinematic viscosity of the fluid andd is a267
representative diameter of the material in the porous medium. The first term on the right-hand side268
of Equation 6, the linear term, denotes the laminar frictionand the second term, which is nonlinear,269
denotes the turbulent friction. Linearizing the right-hand side of Equation 6 as:270

(α +βu)u= fw
ω
n

u , (9)271
allows derivation of a friction factorfw as:272

fw =
n
kl



−

(

1−
klα
2ω

)

+

√

(

1+
klα
2ω

)2

+
16β
3π

ai
l
h



 , (10)273
wherel is the width of the porous medium andai is the amplitude of the incident wave, half of the274
height of the incident waveHi. Then, the rate of wave transmission, in terms of wave height, is275
obtained as:276277

KT,theory=
Ht

Hi
=

1
1+λ

, (11)278
whereHt is the height of the transmitted wave and:279280

λ =
kl fw
2n

=
1
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 . (12)281
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For further details of the governing equations and the derivation, see Madsen (1974). This theo-282
retical expression for wave transmission rate depends on water depth, wave characteristics (height283
and frequency), geometry and material characteristics (crest width, porosity) of the porous media284
(a breakwall in this study) and empirical drag coefficientsαo andβo. These two coefficients vary285
with the flow conditions and properties of the porous media; the average values are on the order286
of αo=1140 andβo=2.7. For compilations of ranges of these coefficients in different studies in287
literature, the reader is referred to van Gent (1995), Lin and Karunarathna (2007), Losada et al.288
(2016) and Vilchez et al. (2016). Reviews on the interactionof waves with porous media listed the289
limited range of field observations on this interaction as the biggest knowledge gap and displayed290
the need for further research on transmission of waves through porous structures made of different291
material properties in different flow conditions (Chwang and Chan, 1998; Losada, 2001; Losada et292
al., 2016).293
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3 Results294
Nearly 1000 boat wakes and their wake propagation were detected in the two two-week-long ex-295
periments at GTM and NP. A three-hour-long time series of pressure measurements at the GTM296
site G4 is shown in Figure 4a. Tides at the GTM were dominantlysemi-diurnal with a range of 1297
- 1.5 m; tides at NP were also semi-diurnal but with a smaller range of 0.2 - 0.3 m. The effects298
of tides (thick red line in Figure 4a) were filtered out to obtain the de-tided data shown in Figure299
4b. As an example, the spectrogram obtained from the windowed Fourier transform (Figure 4c)300
for the wake identified at the GTM site G4 on March 30th at 0900 hours is shown in Figure 5a.301
The chirp structure and monotonically increasing frequency of the wake are prominent. Correction302
on the pressure measurements for dissipation with depth gives the sea surface elevation (Equation303
2; Figure 5b). Using sea surface elevation, vertical structures of wake-induced pressure fluctua-304
tions and orbital velocities throughout the entire water column were reconstructed based on linear305
wave theory (Equations2 and3; Figure 6). The orbital velocities and the dynamic component of306
pressure were used in estimating wave energy flux (Section 2.2; Equation 1).307
The wakes were classified in the database together with the height of the highest wave in each308
wake and the corresponding frequency of that wave. The data set at the GTM captured 290 wakes309
(Figure 7). The number of wake events at the NP data set, whichis of longer duration compared to310
GTM data set (17 days vs. 13 days) and was collected closer to summer (early May vs. early April)311
is much higher than the number of wake events at the GTM (673 wake events; Figure 8). At GTM,312
the wake heights reached 1 m at the offshore sites and 0.6 m onshore of the breakwall with wave313
periods sometimes exceeding 5 s (Figure 7). The distributions of wake heights and periods onshore314
of the breakwall at NP are similar to those at GTM in the sense that the wakes most commonly315
had periods of 1.5-2 s and heights less than or equal to 0.1 m (55% of wake events) while the316
heights sometimes exceeded 0.5 m (Figure 8). Boat wakes withperiods of ~2 s most frequently317
but reaching 5 s occasionally represent the common conditions observed in intracoastal waterways318
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like the study site here (Sheremet et al., 2013; Didenkulovaet al., 2013). The distributions of the319
wakes captured at the GTM experiment show a noticeable decrease in wave height just onshore320
of the breakwall compared to those just offshore of the breakwall (Figure 7). In contrast, the321
frequency distributions of the wake heights and periods onshore and offshore of the breakwall at322
NP are relatively similar (Figure 8).323
The performance of the breakwalls in dissipating and transmitting wave energy was examined by324
analyzing the time-frequency distribution of the wave energy flux (Section 2.2; Equations 1-5).325
Overall, transmission shows an increasing trend with increasing water levels at both sites; how-326
ever, the rates of transmission are quite different at the two sites (Figures 9 and 10). The results327
of the analysis on the GTM data set show that the breakwall at the GTM transmitted between 9%328
and 85% (less than 70% transmission in 87% of the events) of the incoming wave energy flux329
(Figure 9). The rate of transmission averaged over all wake events is 53%. Transmission rates330
have an increasing trend with increasing water levels (up todepths of ~1.1 m; Figure 9).This field331
observation of such dependency of transmission rates on tidal variations agrees with the findings332
from experiments of waves being dissipated by oyster reefs in shallow bays (Wiberg et al., 2019),333
results at a comprehensive database of laboratory experiments on wave transmission through sub-334
merged structures (van der Meer et al., 2005), and results ofrelated numerical simulations (Ting335
et al., 2004). The height of the breakwall structure (hs) and water depth (h) are critical for engi-336
neering and related guidelines, therefore, the variation of wave transmission in relation to these337
two parameters is also evaluated. The influence of the heightof the breakwall structure relative to338
water depth (hs/h) on wave transmission is evident at shallower depths, especially for hs/h varying339
betweenhs/h~0.5 andhs/h~1 which correspond to mid-tide and low-tide conditions here, respec-340
tively (Figure 9). However, the variations in transmissionrates are much smaller at higher depths341
(hs/h<0.5) at high-tide. Both of these observations are consistent with the findings of Losada et al.342
(1996) and Lin and Karunarathna (2007).343
The results of the analysis on the NP data show also an overallincreasing trend of wave transmis-344
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sion with increasing water levels (Figure 10). Comparing the results from the analysis on the wakes345
measured at the NP to those at the GTM indicates a strikingly different pattern of wave transmis-346
sion, with much greater wave transmission rates through thehigher porosity breakwall design at347
NP (Figure 10): almost all wake events at NP had transmissionrates between 70% and 100%; the348
rate of transmission averaged over all wake events is 83%.Due to the smaller tidal range at NP349
compared to GTM, the breakwall at NP emerged during almost the entire experiment at that site350
(Figure 2b), and much more often than the one at GTM which was fully submerged more than half351
of the experiment at that site (Figure 2a). Therefore, if thetwo breakwalls had been built the same352
way (e.g., bundling, porosity), the NP breakwall would havebeen more likely to dissipate more353
wave energy and transmit less (Wiberg et al., 2019). However, the average rate of transmission at354
NP (83%) is much greater than the one at GTM (53%). This can be attributed to the difference in355
design at NP, i.e., individual tree branches were not pre-bundled before being secured within the356
fence post wall frame, contributing to the greater porosityof the breakwall at this site (Section 2.1).357
The other difference evident from the results for NP compared to GTM is the much less variability358
of wave transmission rates with tides (Figure 10), which could be due to the smaller tidal range at359
NP,and withhs/h. The binned-averages over depth ranges all give transmission rates that are very360
close to the overall average of ~83% for the NP breakwall (Figure 10).361

19



4 Discussion362
Observations and analyses of the interaction of hydrodynamics with two types of living shoreline363
breakwalls (Section 3) show different wave transmission patterns and rates that are modulated by364
tides and breakwall porosity. Overall, these results support the hypotheses of this study that semi-365
porous living shoreline breakwalls help reduce wave energy, and their performance is dependent366
on depth variations. For the GTM experiment, where wave transmission through the breakwall was367
observed to be strongly modulated by tides (Figure 9), the estimates based on the field observations368
(Section 2.2; Equation 5) and theoretical estimates of wavetransmission (Section 2.3; Equation 11)369
are evaluated using the relative discrepancy between them:370371

ε =
KT,theory−KT,data

KT,data
. (13)372

Considering the uncertainties in both the estimates based on the field data and the theoretical373
estimates,ε is treated here as a discrepancy, rather than error. The sensitivity analysis showed374
that the theoretical estimates are not sensitive to the laminar friction coefficient (i.e.,αo; Equations375
6-12). As a result,αo=1140, the median value of the most common range given in the literature for376
this coefficient (780 - 1500) is used here. The optimum value for turbulent friction coefficient (i.e.,377
βo; Equations 6-12) is obtained by minimizing the absolute relative discrepancy averaged over all378
290 wake events (|ε|). This is satisfied with an optimum turbulent friction coefficient of βo=2.7379
(Figure 11),which is consistent with the literature on waves through porous media(Section 2.3).380
Theoretical transmission rate (KT,theory) estimated using the optimumβo=2.7 captures the mea-381
sured transmission with|ε|=16% on average for all 290 wake events at the GTM (Figure 11).382
Usingβo=2.7 also maximizes the number of wake events with absolute relative discrepancy (|ε|)383
less than 10% and 20% (Figure 11).|ε| is less than 10% in half of the wake events, less than 20%384
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in 70% of the wake events, and less than 30% in 90% of the wake events. Estimated transmission385
in 10% of the wake events has|ε| greater than 30%. These wake events with relatively high dis-386
crepancy correspond to shallow depth conditions andhs/h~1 such that the breakwall was getting387
close to be emerged (Figure 12). The discrepancy in those cases is due to the overestimation of the388
transmitted wave energy by the theory (Figure 12). This is attributed to the dissipative processes389
that are not accounted for in the theoretical analysis but become relatively important in shallow390
water, such as breaking and bottom friction. The fact that this discrepancy is due to an overes-391
timation by theory is comforting in terms of the use of this theoretical approach towards desired392
dissipation of waves by sufficiently engineered living shorelines.393
At NP where variability in transmission was relatively small, average observed transmission rate394
is ~0.83 (Section 3)which is equivalent toKT,data~0.911(Equation 5) in terms of wave height395
transmissionthrough the breakwall.The theoretical estimateof wave height transmission for the396
breakwall at NP is obtainedfrom Equations 7-12.Using the breakwall properties (geometry, poros-397
ity) and the common wave conditions observed at NP, and the friction coefficients obtained from398
the theoretical analysis above (αo=1140; βo=2.7) that are also consistent with the literature on399
waves through porous media, the theoretical estimate is obtained asKT,theory~0.906 which is very400
close to the observed transmission (KT,data).401
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5 Conclusions402
The performance of living shorelines in dissipating wave energy was studied here in intertidal set-403
tings. To the best of the authors’ knowledge, this study is the first evaluation of wave transmission404
through living shoreline breakwalls using field observations, suitable data analysis methods, and405
theoretical approaches. The settings of interest were inner coastal and estuarine areas along nav-406
igation channels that are common around the world, including along US East and Gulf coasts.407
Fetch distances in these areas are commonly small and wave climate is dominated by boat wakes408
due to high recreational and navigational traffic. Accordingly, transmission of boat wakes through409
porous breakwalls composed of tree branches and fence postswere investigated by collecting field410
measurements of wake propagation, analyzing these data sets using time-frequency methods, and411
comparing the findings to available theory on hard engineering structures. The observations high-412
lighted the intensity of boat traffic on the ICW and the dynamics of boat wake climate in this413
system.414
The results of the analyses on the two breakwall configurations tested revealed different behaviors415
of wave transmission. In the first breakwall design with a porosity of 0.7, where tree branches were416
bundled to the fence posts, transmission rates were found tovary mostly between 9% and 70% and417
be directly proportional to water depth, especially at mid-tide and low-tide conditions where the418
height of the breakwall relative to water depth was between 0.5 and 1. In the second breakwall419
design with a higher porosity of 0.9 where the branches were not bundled, wave transmission rates420
exceeded 70% in 84% of the cases, sometimes reaching 100%, and showed much less variability421
with tides. These results support our hypotheses that well-engineered living shoreline breakwalls422
can be used as buffers against human-mediated boat traffic and waves, and their related perfor-423
mance in dissipating wave energy and sustaining coastal ecosystems is modulated by depth and424
porosity.425
Theoretical estimates of wave transmission through the breakwalls were found to be most sensi-426
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tive to breakwall porosity and turbulent friction coefficient. A turbulent friction coefficient of 2.7,427
a value which is the median of the most common range given in the literature on wave transmis-428
sion through rubble mound breakwaters, gave the best agreement between the observation-based429
estimates and theoretical estimates of wave transmission.This study also showed that the the-430
ory on wave transmission through porous media can be appliedto the interaction of waves with431
porous living shorelines. The highest discrepancy betweenobserved and theoretical estimates of432
wave transmission was found at relatively shallow depth conditions when the breakwall began to433
emerge. In these cases, the theory was found to overestimatetransmitted wave energy. This over-434
estimation is possibly due to breaking and bottom friction processes which become more important435
in shallow waters, but are not accounted for in the theoretical analysis of wave transmission. Such436
living shorelines can be essential for protecting and sustaining coastal wetlands and reefs and437
supporting shoreline integrity along locations where waveenergy is high. The major factors to438
consider regarding the applicability of this living shoreline concept at other sites are proximity and439
abundance of locally available material and labor, ease of access for maintenance and monitoring,440
sediment features (Safak et al., under review), and local abundance of bioeroding organisms. In441
terms of waves and hydrodynamics, the observational and theoretical results in this study could be442
used as first-cut guidelines toward exporting this living shoreline design to other sites with different443
meteorological and hydrodynamic conditions and estimating the wave transmission through these444
nature-based structures with a given wave climate, water depth range, and breakwall properties.445
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Table 1: Names and depths of the measurement sites at GTM in March-April 2018. The depth
values are averages over the experiment duration.

Name Mean depth (m)

G1 1.31
G2 1.34
G3 0.81
G4 0.55

Table 2: Names and depths of the measurement sites at NP in April-May 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 transects (marked with red asterisks) of the instru-
mented platforms at the Atlantic Intracoastal Waterway. Left and right panels show the aerial
views of the locations of the GTM site west of the Pine Island along the Tolomato River and the
NP site along the Halifax River, respectively. The aerial views are obtained from the United States
Geological Survey EarthExplorer database. Inset map showswhere 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 sites.The two photographs
were taken at different phases of the tide.
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Figure 3: Cross-channel transects of the instruments deployed during the field experiments at (a)
GTM between March 29th and April 10th in 2018 and (b) NP between April 23rd and May 9th
in 2019. Mean tidal variations averaged over the experimentdurations are also indicated. Filled
circles show the locations of the pressure sensors. Vertical scales are exaggerated for clarity.
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Figure 4: Three-hour-long time-series of (a) pressure measurements near bed; (b) de-tided pressure data; (c) normalized spectro-
gram of pressure (warm colors indicate high energy) at GTM site G4 on March 30th, 2018. The red curve in panel (a) shows the
tidal signal; the magenta boxes in panels (b) and (c) mark theboat 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 on March 30th at 0900 hours. (a)
Normalized spectrogram of pressure (warm colors indicate high energy), (b) sea surface elevation.
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Figure 6: Flow of the boat wake at the GTM site G4 on March 30th at 0900 hours. (a) Sea surface
elevation, (b) vertical structure of dynamic pressure (dbar; Equation 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) corresponding period in each wake recorded between March 29th and
April 10th, 2018 at the GTM sites G4 that was just onshore of the breakwall (grey) and G3 that was just offshore of the breakwall
(red). The thick curves show the Weibull distribution fits tothe histograms.
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Figure 8: Histograms of (a) maximum wave height, and (b) corresponding period in each wake recorded between April 23rd and
May 9th, 2019 at the NP sites N3 that was just onshore of the breakwall (grey) and N2 that was just offshore of the breakwall
(red). The thick curves show the Weibull distribution fits tothe histograms.
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Figure 9: Rates of wave energy flux transmission from GTM siteG3 (just offshore of the breakwall)
to G4 (just onshore of the breakwall) as a function of depth. Blue dots are the estimates from the
wake events; the big red dots are averages over 10-cm-wide depth bins; vertical red bars show±
standard deviation; the black curve is a least squares fit through the estimates. Dashed straight
lines indicate the conditions the relative height of the breakwall, which is the ratio of the breakwall
to water depth, is equal to 1, 0.5, and 0.33; i.e.,hs/h~1,hs/h~0.5, andhs/h~0.33.
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Figure 10: Rates of wave energy flux transmission from NP siteN2 (just offshore of the breakwall)
to N3 (just onshore of the breakwall) as a function of depth. Blue dots are the estimates from the
wake events; the big red dots are averages over 5-cm-wide depth bins; vertical red bars show±
standard deviation; the black curve is a least squares fit through the estimates. Note the higher
number of wake events at NP (673) compared to GTM (290) and itscontribution to the greater
visual spread of data points here compared to Figure 9.
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Figure 11: Variations of absolute relative discrepancy between wave transmission estimates based
on observations and theoretical estimates (|ε|) averaged over all 290 wake events at GTM (left
panel; blue curve) and percentage of wake events with|ε| less than 20% (right panel; red curve)
as a function of turbulent friction coefficient (βo). Black dashed line indicates the optimumβo=2.7
that was found to minimize the|ε|.
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Figure 12: Relative discrepancy (%) between wave transmission estimates based on the observa-
tions at GTM and theoretical estimates as a function of waterdepth. The color coding indicates
the sign of discrepancy such that warm colors (positive values) correspond to overestimation by
theory and cool colors (negative values) correspond to underestimation by theory (Equation 13).
The big black dots are averages over 10-cm-wide depth bins; vertical black bars show± standard
deviation. Dashed straight lines indicate the conditions the height of the breakwall relative to water
depth is equal to 1, 0.5, and 0.33; i.e.,hs/h~1, hs/h~0.5, andhs/h~0.33. The sketches at the top
panels correspond to these three different conditions of relative breakwall height.
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