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Structural coastal protection interventions have been implemented worldwide to
stabilize channels and shorelines in tidal inlets. Although these conventional “gray”
interventions typically attain their goals, there is an increasing interest and need to
consider nature-based or “green” interventions that also address system resilience
and environmental impacts. For a better implementation of gray to green
interventions in tidal inlets, their effectiveness and their effects on the velocity of
these dynamic coastal systems need to be understood. The effects on flow velocity
of gray to green coastal protection interventions for tidal inlets are assessed here by
exploring six interventions intended to protect against erosion on the estuarine-side
shoreline near the inlet. A field-calibrated numerical model with Willmott Skill scores
rated as excellent for Oregon Inlet located in North Carolina, United States, is used to
simulate tidal currents under present conditions and after implementing a seawall, a
set of bendway weirs, a terminal groin extension, a dual-jetty system, a flood
channel relocation, and an island restoration project. Comparisons of time series of
flow velocities in the flood channel along an eroding, estuarine shoreline are used to
identify the effectiveness of each coastal protection alternative at reducing erosive
velocities. Geospatial difference maps are used to determine velocity changes
caused by each alternative throughout the inlet system. With no coastal
protection interventions, the velocities along the eroding shoreline exceeded an
erosive threshold velocity (defined as 0.2 m/s) during 50% of the simulated period.
Alternatives closer to the green side of the coastal protection intervention spectrum,
such as channel relocation and island restoration, tend to display the most
effectiveness at reducing flow velocities at the eroding shoreline while resulting
in minimal inlet-wide hydrodynamic changes. On the other hand, gray alternatives
either cause minimal (seawall and bendway weirs) or extreme (jetties) changes in
velocities throughout the inlet system. This comparison of gray and green coastal
protection interventions in tidal inlets serves as an example to contrast the
effectiveness of different coastal protection alternatives at reducing erosive flow
velocities and to inform alternative selection at other inlet systems.

KEYWORDS

estuarine shoreline, erosion mitigation, engineering with nature, gray to green
engineering spectrum, numerical modeling of tidal inlets
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Introduction

Tidal inlets, which connect the open ocean to an inland body
of water (e.g., a sound or bay), are naturally prone to dynamic
changes, as longshore sediment transport elongates and erodes
the upstream and downstream barrier islands, respectively
(Bruun, 1978; Hayes, 1980; Hayes and FitzGerald, 2013).
Given the dynamicity of tidal inlets and their economic
relevance for navigation, recreation, and fisheries, neighboring
communities face complex management and engineering
challenges related to these coastal features (Beck and Wang,
2019; Toso et al., 2019; Elko et al., 2020). With the aim to allow
for safe navigation through inlets or to protect infrastructure
(e.g., roads, electrical and utility lines, private property), inlets
have historically been stabilized, in this context meaning that an
inlet is kept open in a somewhat fixed location (Bruun, 1978;
2002). This
accomplished through traditional, “gray” engineering solutions

Dean and Dalrymple, stabilization can be
(e.g., hardened structures), including jetties and terminal groins
(Bruun, 1978; Seabergh et al., 1997; Dean and Dalrymple, 2002;
Seabergh and Kraus, 2003; Kraus, 2008), using “green” (e.g.,
nature-based) engineering alternatives, like channel relocation
(Cleary and FitzGerald, 2003; Vila-Concejo et al., 2004; Rosgen,
2011), or through hybrid approaches (Ruprecht et al., 2016;
Smolders et al, 2020; Rankin et al, 2022). Although gray,
green, or hybrid engineering interventions may accomplish
their intended stabilization goals, they can also lead to other
consequences, such as changes in circulation patterns and
morphological adjustment of ebb deltas and channels (Wang
and Beck, 2012; Garel et al., 2014; Velasquez-Montoya et al.,
2020), development of scour holes (Lillycrop and Hughes, 1993;
Ferrarin et al., 2018; Toso et al., 2019), or severe erosion of the
downdrift barrier island (Seabergh and Kraus, 2003; Houston
and Dean, 2016). Morphological adjustments may also create the
need for permanent or seasonal dredging and mechanical sand
bypassing (Seabergh and Kraus, 2003; Toso et al., 2019).
Natural
changes of tidal inlets tend to lead to rapid morphological

or anthropogenically-induced hydrodynamic
adjustments on the beaches and ebb delta on the ocean side,
where breaking waves and longshore currents drive sediment
transport (Hayes and FitzGerald, 2013). If erosive patterns are
present on the ocean side, they may be mitigated through well-
documented solutions such as beach nourishments and dune
restoration (Elko et al., 2020) or hardened structures (Dean and
Dalrymple, 2002). However, the estuarine side of a tidal inlet is
often made up of a complex flood delta of meandering channels
and shallow shoals, surrounded by low-lying marshlands, where
the erosive forces come from channelized currents, fetch- and
depth-limited wind waves, and vessel wakes. Examples of tidal
inlets with complex systems of flood deltas include those in the
Outer Banks of North Carolina and the Sea Islands in South
Carolina, United States. Thus, if an eroding estuarine shoreline
develops near a tidal inlet, different coastal protection
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approaches are needed compared to those employed on the
ocean side shorelines.

Green engineering methods, such as Natural and Nature-
Based Features (NNBF), have been broadly used along estuarine
shorelines and have been shown to mitigate erosion while also
enhancing ecosystem benefits (Bridges et al., 2015, 2021). Large-
scale NNBF solutions for mitigating shoreline erosion in and
near a tidal inlet can include channel relocation (Cleary and
FitzGerald, 2003; Vila-Concejo et al., 2004; Rosgen, 2011) and
island restoration (Berkowitz and Szimanski, 2020), while
localized NNBF solutions can include living shorelines
(Hardaway and Byrne, 1999; Hardaway et al., 2017; Polk and
Eulie, 2018) and thin layer placement (Wilber 1992; Berkowitz
et al,, 2017, 2019). NNBF and hardened solutions may also be
combined, such as by including a rock sill on the offshore edge of
a living shoreline to break wave energy or by armoring eroding
banks with stabilizing material that is natural or native (e.g., root
wad or vegetated geogrids).

Studies comparing the efficacy of gray and green coastal
protection interventions have focused on ocean front shoreline
erosion and wave height attenuation (Narayan et al, 2016;
Morris et al, 2018) and highlight the need for additional
quantitative evidence of the effectiveness of different types of
coastal interventions. On that regard, wave height attenuation in
natural environments by mangroves have been reported to range
between 38 and 65% (Tomiczek et al., 2022a), by seagrass less
than 20% (Paul and Amos, 2011) and by marshes up to 70%
(Garzon et al,, 2019) and 80% (Yang et al.,, 2012), depending on
the length of the marsh field and incident hydrodynamic
conditions (e.g., wave height, period, water depth relative to
vegetation). Despite the relevance of these findings, the system
performance was reported for a specific range of applicable
environmental and vegetation parameters, leading to a
knowledge gap in the quantification of the performance of
natural systems for comparison with that of traditional coastal
protection interventions (Ostrow et al.,, 2022). Therefore, the
comparative impacts of gray and green interventions at unique
sites must be better understood, particularly considering
circulation patterns and their effectiveness in reducing erosive
currents near tidal inlet systems.

Fast currents flowing through tidal inlets tend to generate
dynamic morphological changes, leading to management
challenges in maintaining navigability and protecting
infrastructure on adjacent shorelines. This study aims to
increase understanding of the consequences for velocity and
related performance of coastal protection alternatives near
tidal inlets exploring different engineering interventions along
the gray to green spectrum as defined by SAGE (2017); Webb
etal. (2019); Bridges et al. (2021); and Singhvi et al. (2022). Under
this spectrum, “gray” coastal interventions are engineered
infrastructure made of conventional structural elements like
walls,
shoreline erosion, wave damage, and flooding. On the other

rocks, and rubble mounds intended to decrease
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FIGURE 1

Study Area. (A) Location of the Outer Banks of North Carolina relative to the East Coast of the United States. The yellow rectangle indicates the
extent of panel (B). (B) The Outer Banks with the hydrodynamic and wave model domains indicated in black solid and black dashed-dot lines,
respectively. The red rectangle indicates the extent of panel (C). (C) Oregon Inlet, where blue shades indicate depths in meters relative to NAVD88.

hand, “green” coastal interventions are designed and constructed
to mimic nature. Thus, they imply building with nature to create
natural barriers and working with natural processes to reduce
erosion, flooding, and wave damage while providing ecosystem
services. “Hybrid” interventions combine elements from green
and gray infrastructure, or where natural processes are combined
with artificial maintenance.

from a field-
calibrated numerical model based on Delft3D are used to

Simulated depth-averaged velocities

investigate the changes in flow owing to gray and green
coastal protection interventions, with a focus on the
estuarine flood delta. A total of six coastal protection
their
performance at reducing erosive flow velocities near an

alternatives are considered and compared in
estuarine shoreline in the back-barrier region of a barrier
island. An effectiveness scale based on the duration of flow
velocities below an erosion threshold is proposed and used to
categorize the performance of the six alternatives. Geospatial

analysis of flow velocities at peak tidal flows are also
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the
hydrodynamic effects at local scales (i.e., shoreline) and

presented  to illustrate differences  between
inlet scales created by each coastal protection alternative.
The study is completed for Oregon Inlet, North Carolina,
on the east coast of the United States, and results are discussed
in a generalized context for their potential application to other
tidal inlet systems where gray or green coastal protection
alternatives need to be considered. Erosion and loss of
marshland along estuarine shorelines have been reported
worldwide (Bendoni et al., 2016; FitzGerald and Hughes,
2019;
exacerbated near tidal

Murray et al, 2022), and such problems are
inlets where fast currents can
The

novelty of this work resides in the exploration of the

undercut shorelines causing marshland collapse.

hydrodynamic effectiveness of gray to green coastal
protection alternatives around deep and steep shoreline-
adjacent channels created by tidal inlets, which are
intrinsically different environments from typical shallow

and gentle sloping estuarine shorelines.
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Study site

Oregon Inlet, which was formed by a storm in 1846 (Inman
and Dolan, 1989), is the northernmost tidal inlet on the barrier
island system known as the Outer Banks of North Carolina,
United States of America (Figures 1A,B). It is the only stable inlet
within nearly 210 km of shoreline and provides connectivity
between the Albemarle-Pamlico Sound and the Atlantic
Ocean. The inlet is approximately 1-km wide in its most
constricted section and has a complex system of shoals and
channels with maximum depths of 15 m in the deepest channels.
The ebb and flood deltas extend approximately 3.5 km offshore
and 10 km inland respectively. The ebb delta has an average
depth of 2 m, while the flood delta on the estuarine side is
composed of a system of shoals and three main channels,
herein referred to as the north, center, and south flood
channels (Figure 1C), with approximate maximum depths of
8 m, 4 m and 15 m respectively. The depth of the shoals in the
flood delta varies from 2 to 0 m, with the shallower shoals
emerging on the surface during low tide.

The
surrounding Oregon Inlet are, respectively, the 4.5-km long

main transportation and coastal infrastructure
Marc Basnight Bridge that crosses the inlet and a terminal
groin that was constructed along the northern edge of the
in 1991. The

terminal groin was built to protect the abutment of the

southern barrier island (Hatteras Island)

original bridge crossing the inlet, the Herbert C. Bonner
Bridge, from potential scouring due to the southern migration
of the inlet. Since then, the northern barrier island (Bodie Island)
has extended to the southwest (Joyner et al., 1998), and the main
channel of the inlet has rotated counterclockwise (Velasquez-
Montoya et al., 2020). As the inlet’s main channel has rotated, the
channels and shoals in the flood delta have evolved as well. Aerial
imagery from 2003 to 2021 have shown that the south channel
has curved and encroached into the estuarine shoreline of
Hatteras Island, causing shoreline erosion rates on the order
of 3.4 m/yr-4.5 m/yr (Dunn et al., 2019; Tomiczek et al., 2022a).

The south flood channel meanders along the estuarine
shoreline on the edge of the Pea Island National Wildlife
Refuge, located on Hatteras Island (Figure 1C). The channel’s
thalweg depths vary from 6 to 15m, relative to the North
American Vertical Datum of 1988 (NAVD88), creating steep
slopes with the adjacent shoreline that range between 15% (~1:7)
to 45% (~1:2). Flow velocities in this channel are ebb-dominated
and reach up to 1 m/s under typical conditions. The eroding
estuarine shoreline adjacent to the south flood channel is 1-km
long, with areas covered by marshes, salt flats, and small pocket
beaches (Velasquez-Montoya et al., 2021). Erosion on the
estuarine side of the barrier island results in loss of habitat for
migratory birds and an increased proximity of the estuarine
waters to the only roadway that connects the refuge and the
communities along Hatteras Island with mainland North
Carolina.
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Tides on the Outer Banks of North Carolina are semidiurnal
with an ocean side range of 1 m. Waves are seasonal; the most
energetic period occurs from October to April when extratropical
storms generate significant wave heights above 3 m mostly from
the northeast. During the remaining half of the year, wave energy
is low, except when tropical storms and hurricanes reach the area
(Inman and Dolan, 1989; Velasquez-Montoya et al., 2020). Water
levels and currents inside Oregon Inlet are influenced by both
tidal and subtidal processes (e.g., waves and winds) (Jarrett, 1978;
Nichols and Pietrafesa, 1997; Humberston and Lippmann, 2022).
Currents inside Oregon Inlet are typically ebb-dominated,
ranging from roughly -1.5m/s to 0.5 m/s (positive indicates
flooding from ocean to bay) (Nichols and Pietrafesa, 1997;
Humberston and Lippmann, 2022). On the estuarine side, the
Albemarle-Pamlico Sound is a well-mixed estuary with average
depths of 5 m. The net annual average freshwater inflow to the
Pamlico Sound is 906 m?/s, of which 490 m?/s are contributed by
the Albemarle Sound (Giese et al., 1985). Flow stratification has
only been reported near the riverine discharges located more
than 20 km away from the tidal inlet (Giese et al., 1985).

Methods
Numerical model setup

Given that the Albemarle-Pamlico Sound is a well-mixed
estuary, a two-dimensional depth-averaged numerical model
based on Delft3D (Lesser et al., 2004) coupled with the third-
generation wave model Simulating WAves Nearshore (SWAN)
(Booij et al., 1999) was set up to simulate the hydrodynamics
(i.e., water levels and currents) and waves at Oregon Inlet under
present conditions and with different coastal protection
The 35 km
alongshore and 27 km cross-shore (Figure 1B), including

alternatives. hydrodynamic model extends
Mainland North Carolina to the west and ocean depths of
about 25m to the east. The hydrodynamic model has two
subdomains that allow for increased resolution near the inlet;
the length of the grid cells varies from 600 m at the boundaries to
15m near the inlet. Water level boundary conditions are
obtained from large-scale simulations of the Advanced
Circulation Model (ADCIRC) (Luettich and Westerink, 2004;
Westerink et al, 2008), part of Coastal Emergency Risk
Assessment (CERA) archives.

The wave model domain extends 70 km alongshore with
Oregon Inlet located in the middle of the domain to prevent
boundary artifacts from reaching the area of interest. The wave
grid has cells with lengths ranging from 750 m near the
boundaries to 30 m near the inlet. Wave boundary conditions
are extracted from the closest wave buoy to the site, Station
44095—Oregon Inlet, owned by the University of North Carolina
System Coastal Studies Institute (black star in Figure 1B).
Spatially constant, time-varying wind speed and direction are
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TABLE 1 Skill scores of water levels and velocities.

Year Variable RMS observed
(m or m/s)
2019 Mean-subtracted water level (m) 0.21
Spatially-varying depth averaged velocity (m/s)* 0.43
2020 Mean-subtracted water level (m) 0.16
Along-channel velocity (m/s) 0.41

10.3389/feart.2022.991667

RMS modeled CC RMSD BSS WS
(m or m/s) (m or m/s)

0.20 0.82 0.10 0.68 0.90
0.50 0.68 0.15 0.44 0.85
0.17 0.89 0.08 0.76 0.94
0.34 0.86 022 0.64 0.90

“Averaged statistics for the two closest measurement transects to the shoreline along the south flood channel, modified from Velasquez-Montoya et al. (submitted).

extracted from the closest meteorological station to Oregon Inlet,
the National Oceanic and Atmospheric Administration’s
(NOAA’s) Oregon Inlet Marina, North Carolina - Station ID:
8652587 (green triangle in Figure 1C), and are used for wind-
wave growth in SWAN and wind-driven flows in Delft3D.

The bathymetry and topography of the model were obtained
from different sources; thus, interpolation and smoothing were
performed within Delft3D to retain realistic features while
preventing interpolation artifacts from multi-source data
merging. The bathymetry of the ocean-side was obtained from
the 10-m resolution digital elevation model of the North Carolina
Floodplain Mapping Project (Blanton et al, 2008). The
bathymetry of the Albemarle-Pamlico Sound was extracted
from NOAA’s H11032 hydrographic survey with an average
point spacing of 100 m, and the depths of the inlet channels and
shoals were obtained from the 2019 U.S. Army Corps of
Engineers (USACE) hydrographic survey (Figure 1C) with
point spacing ranging from 0.5 to 30m. All depths and
elevations were converted to meters and referenced from
NAVD88. The terminal groin in the south shoulder of
Oregon Inlet is schematized as a thin dam, which is an
infinitely thin object that prevents flow between adjacent
computational cells (Deltares, 2022). The piles of the Marc
Basnight Bridge are schematized as porous plates using
spatially varying energy loss coefficients ranging from 0.03 to
3.75 dependent on the bridge pile sizes relative to the size of the
computational cells (Deltares, 2022).

The numerical model for Oregon Inlet has been calibrated
and validated for previous hydrodynamic and morphological
studies for the inlet. The details of the calibration and validation
can be found in Velasquez-Montoya and Overton (2017),
Velasquez-Montoya et al. (2020), and Velasquez-Montoya
et al. (submitted). In summary, model calibration and
validation has been performed on the ocean and estuarine
side of the inlet by comparing simulated currents, water levels,
and waves with field data from 2014, 2019, and 2020. Table 1
presents the summary of skill scores (Sutherland et al., 2004;
Bosboom, et al., 2014; Mao and Xia, 2018) for mean-subtracted
water levels and depth-averaged along-channel velocity
measured for 30 days in 2019 and 15 days in 2020 in the
south flood channel (Velasquez-Montoya et al., submitted).
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Skill the
magnitude RMS, the Pearson correlation coefficient CC, the

scores considered include root-mean-square
root-mean-square deviation RMSD, the relative bias RB, the
Brier skill score BSS (Brier, 1950), and the Willmott Skill WS
(Willmott, 1981). The model was found to accurately represent
the hydrodynamics (water levels and currents) at the south flood
channel of the inlet with WS for mean-subtracted water levels
and depth-averaged velocities ranging from 0.85 to 0.94, which
rate as excellent performance in accordance with Willmott
(1981). Calibration and validation of the wave heights on the
ocean side were performed previously (Velasquez-Montoya and
Overton, 2017) for two 15-day periods in 2014 with a Mean
Absolute Error of 0.29 m. Observed and simulated waves could
not be compared in 2019 and 2020 because of the lack of

observations in the vicinity of the inlet.

Simulations

A 30-day period of typical oceanographic and atmospheric
conditions in the absence of major storms in 2020 was selected to
simulate the hydrodynamics of Oregon Inlet under six estuarine
coastal protection alternatives (Table 2) and present conditions.
A calm period was selected as it better represents the daily
hydrodynamic conditions in the back-barrier region and along
the tidal inlet. Similar to previous studies, which suggest that
daily stresses may dominate over episodic storms in causing long
term marsh erosion (Leonardi et al., 2018), analysis of monthly
aerial imagery from 2003 to 2021 over Oregon Inlet has shown
steady rates of estuarine shoreline erosion over time that does not
change significantly from stormy to calm seasons (Dunn et al,,
2019; Tomiczek et al, 2022b). Therefore, a calm period is
the of
interventions on the daily stressors driving erosion on the

examined to determine impact engineering
estuarine shoreline.

All simulations were forced with tides, waves, and winds
from August 12 to September 11, 2020, with a spin up period of
15 days to ensure hydrodynamic conditions stabilized from
initial conditions. This period also corresponds to the model
validation period, where water levels and depth-averaged
velocities simulated

were accurately (Velasquez-Montoya
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TABLE 2 Coastal protection alternatives with advantages and disadvantages of their use near tidal inlets. Note that this list does not include
challenges related to local permitting or economic considerations.

Alternative

Seawall (gray)

Bendway Weirs
(gray)

Terminal Groin
Extension (gray)

Jetties (gray)

Channel Relocation
(green/hybrid)

Island Restoration
(green)

Intended purpose

Prevent flow-sediment contact in order to
stop erosion at a shoreline or bank.

Slow down currents along the exterior bank
of a curved channel.

Slow down currents by blocking tidal flows
and possibly trap sediments

Redirect flows at the inlet to keep a main
channel open and slow down currents away
from the central channel

Redirect flows at the inlet to slow down flow
velocities near erosional hotspots

Rebuild lost land and widen the barrier
island

Advantages

Stop channel encroachment into the back-
barrier beach/marsh

Little maintenance unless damaged by storm
events or scour

Minimizes the effects of wave action on the
shoreline

Suitable for deep channels

Reduces uni-directional flow velocities against
the exterior side of river bends

Could create feeding and habitat for certain
fish species (Kinzli and Myrick, 2009)

Can be attached to existing revetment
structures

Little maintenance unless damaged by storm
events or scour

Commonly used in tidal inlets

Stabilizes the inlet channel and ensures
navigation in the central part of the inlet.

Have been successfully used in tidal inlets
(Vila-Concejo et al., 2004)

Beneficial use of dredged materials

Provides opportunity for habitat restoration

Uses a combination of dredging and natural
inlet processes to redirect strong currents away
from eroding shoreline

Beneficial use of dredged materials from
navigation channels

Potential habitat creation and enhancement

Disadvantages

Potential impact to adjacent beaches and shorelines
by interfering with longshore transport (Dean and
Dalrymple, 2002

Does not facilitate creation of additional habitat and
reduces the intertidal zone required for marsh
survival

Vulnerable to scour

Flow velocities tend to increase near the tip of the
structure causing scour (Lyn and Cunningham,
2010; Siefken et al., 2021)

Mostly used in rivers, not tested in tidal inlets

Could have negative impacts on submerged aquatic
vegetation

Potential impact to adjacent beaches and shorelines
by interfering with longshore transport

Vulnerable to scour

Could have negative impacts on tidal habitats

Interrupt longshore transport along the ocean
shoreline, creating the need for sediment bypassing
mechanisms

Mostly intended for channel stabilization and
navigation rather than for estuarine shoreline
protection

Requires regular maintenance dredging to maintain
intended profile

Impacts existing shoals and islands and their
associated habitat

Potential impacts on navigation routes

Requires regular maintenance dredging to maintain
intended profile.

Impacts existing shoals and islands and their
associated habitat

Potential impacts on existing navigation routes

et al., submitted). A summary of the boundary conditions is
shown in Figure 2. Water levels on the ocean boundary included
neap and spring conditions, with a maximum total water level of
1.00 m (NAVDS8). Significant wave heights predominantly from
the east quadrant ranged between 0.36 and 1.86 m, and wind
speed reached a maximum of 12.50 m/s with varying directions.

The “present condition” simulation includes the existing
features as close as possible to 2020 (e.g., terminal groin and
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Basnight Bridge piles) without any potential coastal protection
alternative on the estuarine side of the inlet. The present
condition simulation is used as a benchmark for comparison
of depth-averaged velocities with simulations that include one
inlet intervention at a time. Comparisons of time-series of depth-
averaged velocities, herein referred to as “velocities,” for the sake
of simplicity, are completed initially at the south flood channel to
assess alternative performance near the region of shoreline

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.991667

Velasquez-Montoya et al.

10.3389/feart.2022.991667

A g 1 T
g 05 1
8 o '
s |l
2
c-05 T
©
8
& ' '
B 2 T T T T T T T T = 180
it A n 150 &~
= . b ~AA Y e
o 4 ol . =
= - PO Cee o }h\' WF WS e"\ T 0 ©
172} & 3 &
0 . VA S Y, My et Y . 60 £
0.5 Mt A o ¥ p ) | . B
0 1 1 | L 1 1 | 1 0
C 7\/)\15 T T T T T T T T 360
c . 315 ~
T 10 ’ PEEY g _ 270 &
2 . o S ER= - in 5
b4 . Mo s C! AOC e 180 5
@ 5 ".‘." ¥ RS W et 135 @
° W a0t @ I, o Tleds £25 % Yy A 0 5
£ s SN % E I § Y 45
g 0 Yy ¥ °° I [ 1 | = 0
Aug09 Aug12 Aug15 Aug18 Aug22 Aug25 Aug28 Sep01 Sep04 Sep07 Sep 11
2020
FIGURE 2

(A) Water levels relative to NAVD88 (B) wave heights, and (C) wind speed boundary conditions used for the 30-days simulation period versus

time. Colors indicate the heading of the waves and winds.

experiencing the most severe erosion rates (Tomiczek et al,
2022b), and are presented in the Evaluation of alternatives
performance. Thereafter, additional time-series comparisons
are presented at three other channels that compose the inlet
(i.e, main, north, center in Figure 1C). Lastly, geospatial
difference maps of velocities during peak ebb (low tide) and
peak flood (high tide) conditions are presented for all alternatives
relative to the present condition simulation to better understand
the spatial distribution of hydrodynamic effects throughout the
system.

Coastal protection alternatives

After a review of coastal protection alternatives historically
implemented for estuarine shorelines, tidal inlets, and deep
channels, ten alternatives ranging from gray to green to
hybrid structures were identified as the most commonly used
in these environments. Those alternatives included channel
relocation, island restoration, thin layer placement, living
shorelines, living shorelines with sills, soil bioengineering
(including vegetated geogrids and root wads), bendway weirs,
seawalls, terminal groins, and jetties. Of this initial set of
alternatives, six are investigated in this study (Table 2). The
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six alternatives were selected based on their historical use in or
near tidal inlets, their potential to reduce constant high erosive
flows near a deep channel, and the possibility to reasonably
schematize them in the numerical model. Their intended

purposes, categorization for this study as “gray,
“hybrid,” and known advantages and disadvantages in terms of

green,” or

coastal processes are listed in Table 2.

The alternatives that were discarded include living shorelines
(with and without sills), thin layer placement, and soil
bioengineering. Living shorelines are a green coastal
intervention and typically require gentle slopes (Hardaway
et al, 2017) that are not necessarily present near flood
channels of tidal inlets. Hybrid living shoreline solutions may
sills
environments with mild slopes (Hardaway et al, 2019;

include or offshore breakwaters in higher-energy
Waryszak et al, 2021). Thin layer placement, which is
recommended to enhance vertical marsh resilience to sea level
rise (Raposa et al., 2020), is not expected to enhance resilience to
horizontal erosion as it cannot reduce fast, erosive flows along
channel banks. Some soil bioengineering techniques such as live
posts and live cribwalls, which are extensively used in riverine
systems to strengthen the soil in exposed banks and slow high
flows (Mississippi Watershed Management Organization, 2010;

U.S. Department of Agriculture, Forest Service, National
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A Seawall B Bendway weirs

E Channel relocation F Island restoration

Depth (m)

FIGURE 3

Coastal protection alternative (red highlights) on bathymetry (blue color contours) and the existing island shape (black outline) for (A) Seawall (B)
Bendway Weirs, (C) Terminal Groin Extension (D) Jetties, where the dashed red line indicates the new position of central channel, the dotted black
line indicates the area of the sedimentation basin, and the yellow line indicates the position of the weir (E) Channel Relocation, where dashed line
indicates new flood channel position and dotted line indicates filled region (old channel) (F) Island Restoration.
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Technology and Development Program, 2003), are not feasible in
a submerged bank with brackish and cold water. It should be
noted that although these alternatives are not considered here,
their use in other environments have proven to be adequate. The
remaining six alternatives considered in this study and their
schematization within the numerical model are described in the
following paragraphs.

Seawalls are a traditional gray option to stop erosion along
banks and shorelines by hardening the edge between land and
water without any natural elements. This alternative is considered
gray because it is typically made of structural elements, and it does
not provide any ecosystem services. Seawalls (also known as
bulkheads and revetments) are vertical, hardened structures
made of rock, concrete, metal, or other non-native material and
constructed along the eroding shoreline (USACE, 1995, USACE,
2002; Dean and Dalrymple, 2002). The seawall evaluated in this
study extends 900 m along the eroding shoreline (red line in
Figure 3A). The structure was schematized in the numerical
model as a thin dam, in the same way the existing terminal
groin is included in the model. The line of the thin dam follows
the grid cell edges closest to the shoreline.

Bendway weirs are submerged rock structures positioned on the
outside bankline of a riverbend, typically in a unidirectional-flow
channel, angled upstream towards the flow in order to slow erosive
velocities (Davinroy, 1990; Winkler, 2003). These structures are also
considered a gray intervention because they are typically made of
rocks or concrete armor units and are not intended to provide
habitat or ecological services other than reducing flow velocities.
Bendway weirs have been built along bends in the Mississippi River
(Derrick et al.,, 1994), the Rio Grande River (Scurlock et al., 2012),
and other rivers in the United States. Although bendway weirs have
not been used in coastal channels with bi-directional tidal flow, this
alternative was considered to explore potential flow reduction of the
prevalent currents at the site. Inside the south flood channel of
Oregon Inlet, ebb currents are nearly 3 times larger than the flood
currents (Velasquez-Montoya et al, submitted), leading to
asymmetric forces along the channel banks. Bendway weirs
angled into these strong ebb flows may help reduce the
dominant cause of erosion. Following Winkler (2003), the
dimension and angles of four bendway weirs were calculated,
with alongshore spacing of 150 m, cross-channel lengths of 80 m
(spanning the deepest part of the flood channel), and angled 20°
from the shoreline towards the ebb currents (red lines in Figure 3B).
A 2D weir feature was added in Delft3D that results in energy loss
due to constriction of the flow. The energy loss is converted into an
effective friction coefficient and included in the momentum
equation (Deltares, 2022). In the model, the weirs are defined by
their start and end nodes in the domain. Weir heights meet local
USACE navigation channel depths (45m depth relative to
NAVDS8). The default friction coefficient of one was used as
recommended in the Delft3D manual (Deltares, 2022).

Terminal groins are similar to jetties, but they are typically
shorter and built on the tip of a barrier island to stabilize its
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position and interrupt inlet migration (Dean and Dalrymple,
2002). Terminal groins are considered gray interventions as
they are engineered infrastructure generally made of rocks or
concrete armor units intended to impede natural morphological
processes and not intended to provide habitat or ecological
services. The terminal groin extension considered here was
based on similar examples at Indian River Inlet, Delaware,
United States and Ocean City Inlet, Maryland, United States,
where shoreline armoring extends along the barrier island into
the estuarine shoreline or the channels in the flood delta to redirect
flows. Given the present conditions at Oregon Inlet, a terminal
groin extension was started at the existing revetment and extended
perpendicular across the width of the deepest portion of the
entrance to the south flood channel. In Delft3D, this alternative
was schematized as a 240-m long thin dam (Deltares, 2022) (red
line in Figure 3C), similar to the seawall but located across the
channel instead of along the shoreline. Different from the bendway
weirs, this alternative completely blocks flow along its length.

Jetties are another gray intervention comprising single or double
rocky, shore-perpendicular structures built to confine tidal flow
through and control deposition of sediment in tidal inlets (Brunn,
1978; Kraus, 2008). The jetty system considered in this study was
based on a dual jetty design for Oregon Inlet by USACE (2001). The
jetty system has a 3055-m long northern jetty and a southern jetty,
which connects to the existing terminal groin for a total length of
2004 m (red lines in Figure 3D). In the north jetty, a 305-m long weir
at mean sea level (- 0.04m NAVDS88) is included to allow
sedimentation in a 0.24 km® deposition basin with a depth of
6.13m below NAVD88 (USACE, 2001). Within Delft3D, this
alternative was schematized as a combination of thin dams for
the jetties’ extensions into the ocean, a 2D weir with a friction
coefficient of 1 (default, Deltares, 2022) and a change in the
bathymetry of the inlet based on that proposed by USACE
(2001) to adjust the ebb delta to design conditions, to include the
deposition basin, and to align the main channel with the center of
the jetties (dashed red lines in Figure 3D).

Channel relocation is a green to hybrid solution that involves
changes to the inlet channels’ locations through dredging and
sediment placement with the aim to deepen some channels and
close others (Rosgen, 2011) while increasing or maintaining a
tidal prism that would keep the inlet open (Cleary and
FitzGerald, 2003). The green to hybrid categorization is given
to this alternative because no structural elements are used in their
design; instead, channel relocation allows natural processes to
continue to shape the inlet. However, as noted in other channel
relocation studies (Cleary and FitzGerald, 2003; Vila-Concejo
et al, 2004), this is an alternative that requires significant
maintenance via dredging, which is not completely natural
and may disrupt ecological processes. Thus the hybrid
connotation is required to indicate that both natural processes
and human interventions are required to ensure the long term
engineering performance of this alternative, and some elements
of the solution may have site specific biophysical consequences
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that should be evaluated. The channel relocation alternative was
implemented in the numerical model by modifying the
bathymetry in the domain. The south flood channel was filled
to a depth of 1.80 m NAVD88 (dotted red lines, Figure 3E), and
the center channel was deepened from depths ranging from
3.00 to 4.50 m (NAVDS8) to a new maximum depth along the
thalweg of 7.50 m NAVD88 (dashed red lines, Figure 3E). It
should be noted that the change in bathymetry is instantaneous;
in other words, the simulation is spun up with the bathymetric
changes already in place, rather than accounting for dredging and
sediment placement periods.

Island restoration (or shoal creation and restoration) is a
nature-based (green) method involving building back land lost to
erosion (Berkowitz and Szimanski, 2020; Bridges et al., 2021).
Island restoration projects involve sediment placement as well as
planting vegetation for the creation of habitat, and may include
structural components as a hybrid intervention. The island
restoration investigated in this study is a green alternative that
entails rebuilding the rapidly eroding back-barrier region in the
north tip of Hatteras Island (just south of Oregon Inlet) without
any structural elements and allowing to evolve with nature.
Although the ecological benefits of this alternative are not
investigated in this study, it is expected to provide ecosystem
services such as habitat creation. In the model, bathymetric and
topographic changes were completed to account for this
alternative; the addition of vegetation on the island is not
accounted for. A total of 830 m of shoreline were considered
to be restored. The new estuarine shoreline position was set to
that of October 1989, prior to the construction of the terminal
groin in Oregon Inlet. The location of this shoreline was obtained
from georectified historical aerial images taken by the North
Carolina Department of Transportation. The restored island has
an elevation of 0.60 m NAVD88 (red area, Figure 3F); this
elevation corresponds to the average elevation at which well-
developed, healthy marsh vegetation is present at the site
(Wargula et al., 2021). The topography of the back-barrier
was leveled up to the 0.60 m contour, for a total restored area
of 77,340 m>. At the edge of the restored shoreline, the
bathymetry gets deeper up to a depth of 5m (NAVDS88) with
a slope into the flood channel of 12.5% (1:8). Similar to other
alternatives, the simulation is spun up with the new bathymetry
and topography already in place.

Evaluation of alternatives performance

The potential for the alternatives to mitigate erosion along
the shoreline was quantified by examining the duration of along-
channel velocities below an erosion threshold relative to the
median sediment size as defined by Hjulstrom (1939). Median
sediment grain size diameters Ds in the flood channel, measured
in 2019, range from 22 to 351 um (medium silt to medium sand
on the Wentworth scale) (Wentworth, 1922), with fines typically
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TABLE 3 Effectiveness categories for coastal protection alternatives
based on percent duration below the erosion threshold.
Effectiveness of alternatives Percent time along-channel
velocity is below

the erosion threshold,

0.20 m/s
Least Effective <50%
Moderately Effective 50-80%

Highly Effective >80%

close to the shoreline edge and coarser grains in the middle of the
flood channel (Wargula et al., 2021). For this range of sediment
grain sizes, the minimum velocity needed to erode the particles,
according to the Hjulstrom diagram, is approximately 0.20 m/s.
This value is also the minimum velocity threshold on the
Hjulstrom diagram, suggesting that it is a conservative value
for silt that is more prevalent in the region of the flood channel
experiencing the highest erosion rates (Tomiczek et al., 2022b).
This velocity is therefore considered the threshold for
comparison with simulations’ outputs.

Along-channel velocities at the location “South,” shown as a
green marker in Figure 1, were extracted for all alternatives and
the present condition simulations. This point is located in the
more convex section of the shoreline where the historical erosion
rates are the highest (Tomiczek et al., 2022b). Velocities in the
south flood channel were rotated into along- and cross-channel
velocity components using principal axes (Emery and Thomson,
2001). In the present condition simulation, the velocities near the
shoreline are ebb-dominated, with a principal axis angle of 132°
(azimuthal) (Emery and Thomson, 2001). The principal axis
angles for most alternatives were within 3 degrees of that in the
present condition, except for the seawall and channel relocation
alternatives, which had principal axis angles of 140 and 110
(azimuthal), respectively, resulting from veering of the flows
compared to the present condition.

In the present condition, along-channel velocities at the south
flood channel are below the 0.20 m/s erosion threshold 49% of the
time. Given that historical data indicates that the shoreline suffers
erosion under this condition, it is expected that a reduction in the
duration of velocities greater or equal to 0.20 m/s would result in a
reduction of erosional processes at the shoreline. Based on this
assumption, the main criterion to define the effectiveness of an
alternative is the percentage of time that velocities are below the
erosion threshold during typical flow conditions. To facilitate
comparison and categorization between alternatives, three levels
of effectiveness at reducing erosion were defined. The categories are
Least Effective, Moderately Effective, and Highly Effective,
corresponding to velocities below the erosion threshold (0.20 m/
s) for less than 50% (almost no change in erosive flows relative to
the present condition), 50-80%, and more than 80% of the time,
respectively (Table 3).
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FIGURE 4

Box-and-whisker plots of depth-averaged along-channel
velocity versus present condition and alternatives at the south
flood channel. Negative velocities indicate ebb flows, while
positive velocities indicate flood flows. The horizontal red line
indicates the median velocity. The vertical length of the blue boxes
indicates the 25th and 75th percentiles of velocity. The black
whiskers extend to the maximum and minimum velocities,
excluding outliers, which are represented with red plus symbols.

Although the effectiveness rating provides a simple metric for
determining the flow reduction at the point with the most severe
erosion rates, additional analysis of changes to velocities across
the flood delta and inlet mouth were examined to determine
impacts on inlet circulation caused by each alternative. Along-
channel velocities inside the main, north, and center channels
(green circles in Figure 1C) are compared between alternatives
and the present condition for the duration of the simulation. In
addition, instantaneous geospatial difference maps of velocity
magnitude in the present condition simulation and each
alternative simulation (i.e., Velocity Present Condition -
Velocity Alternative) were examined during maximum ebb
(August 23rd at 0:00, which corresponds to low tide) and
maximum flood (August 23rd at 06:00, which corresponds to
high tide) to determine other large-scale impacts that the set of
alternatives may have on circulation patterns in the inlet system.

Results

Changes in along-channel flows at the
eroding estuarine shoreline

For the present condition simulation, along-channel (major
axis) velocities range from -0.58 to 0.33 m/s (positive to the
southeast, during the flood), with a median velocity of -0.06 m/s,
consistent with ebb-dominated flows. Cross-channel (minor
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axis) velocities are small, ranging from -0.03 to 0.02 m/s
(positive to the southwest), suggesting strong channelization.
The cross-channel (minor axis) flow magnitudes are less than
0.03 m/s for all alternatives except for the channel relocation and
island restoration alternatives, which have cross-channel flows
ranging -0.07 to 0.06 m/s and -0.12 to 0.05 m/s, respectively,
potentially owing to the reduced channelization of flows in these
alternatives.

Within each model simulation, the total velocity magnitude
is less than 0.02 m/s greater than the maximum along-channel
velocities at the south flood channel. The percentage of time
below the erosion threshold for the total velocity magnitude and
the along-channel velocity component is also similar for each
model configuration. To preserve the flood/ebb asymmetry, the
along-channel component of velocity was used to evaluate the
performance of each alternative.

Figure 4 summarizes the along-channel velocities in the
present condition and for all of the alternatives. The median
flows for all alternatives are negative, consistent with ebb-
dominant velocities in the south flood channel, except for the
island restoration case, which has a median of 0 m/s, consistent
with no flow (i.e., the island was dry) for the majority of the time
series. The strongest median velocity, -0.06 m/s, is simulated in
the present condition; all alternatives reduce the magnitude of
this median velocity, with the seawall causing the least reduction
in velocity (median velocity of -0.05 m/s) and island restoration
causing the greatest reduction (median velocity of 0m/s).
Maximum flood and ebb flows are also reduced relative to
present conditions for all cases except for the seawall case,
which has maximum ebb flows of -0.61 m/s, slightly larger in
magnitude than the maximum ebb flows of -0.58 m/s in the
present condition.

Alternative effectiveness at reducing
erosional flows

Figure 5 shows comparisons of the along-channel velocity
in the south flood channel during the present condition (red
curves) and alternatives (black points) over the simulated
period. The seawall and bendway weir alternatives result in
an average change in along-channel velocity of 0.02 m/s. This
change in velocities is small compared to that caused by other
alternatives; thus, they are not shown in Figure 5. The terminal
groin extension, channel relocation, and island restoration
alternatives show constant flow reduction through the
simulated period. The jetties also show a consistent
reduction of flow velocities, but not as significant as that
caused by the other three alternatives displayed in Figure 5.
The near-zero velocities for island restoration correspond to
times when the island is dry (Figure 5D).

Table 4 presents the relative difference in along-channel

velocity, the percentage of time that the along-channel
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FIGURE 5

Depth-averaged along-channel velocity in the “South” location near the shoreline (Figure 1C) during the present condition (red line) and under
coastal protection alternatives (black points) versus time. Positive velocity is to the southeast (flooding), negative velocity is to the northeast (ebbing).
Alternatives include the (A) terminal groin extension (B) jetties, (C) channel relocation, and (D) island restoration; seawall and bendway weir
alternatives are not shown.

TABLE 4 Depth-averaged along-channel velocity comparison in the south flood channel.

Alternative Relative difference (%) Percent time below Effectiveness
erosion threshold (%)

Seawall 7 47 Least Effective
Bendway Weirs 8 49 Least Effective
Terminal Groin Extension 73 100 Highly Effective
Jetties 34 74 Moderately Effective
Channel Relocation 92 100 Highly Effective
Island Restoration 100 100 Highly Effective
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FIGURE 6

Box-and-whisker plots of depth-averaged along-channel

velocity versus present condition and alternatives at the (A) main
channel (B) north flood channel, and (C) center flood channel.

Negative velocities indicate ebb flows (bay to ocean

direction), while positive velocities indicate flood flows (ocean to

bay direction). The horizontal red line indicates the median

velocity. The vertical length of the blue boxes indicates the 25th
and 75th percentiles of velocity. The black whiskers extend to the

maximum and minimum velocities.
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velocity is below the erosion threshold, and the resulting
effectiveness rating (Table 3) based on the time below the
erosion threshold (Coastal protection alternatives). Relative
difference is calculated as the median of the absolute value of
the difference between the present condition and alternative
along-channel velocity divided by the present condition along-
channel velocity. The positive sign on the relative differences
presented in Table 4 represents a percent reduction in median
velocity relative to the present condition.

The two alternatives with the largest impact on velocities
(>92% reduction in along-channel velocity and below the
erosion threshold 100% of the time), are channel relocation and
island restoration (Table 4). The channel relocation alternative still
allows flows through the south flood channel (Figure 5C), but with
consistently smaller velocities, particularly on flood compared to
ebb. The island restoration alternative is only intermittently wet
(Figure 5D) and so, although velocities exceed the erosion
threshold a few times, these “erosion events” are brief.

The terminal groin extension also has a significant impact on
reducing velocities in the south flood channel (73% reduction in
along-channel velocity and below the erosion threshold 100% of the
time, Table 4). The flood velocities, in particular, are reduced from a
maximum of 0.33 m/s to a maximum of 0.01 m/s (Figure 5A),
potentially owing to blocking and redirecting of flows by the groin at
the flood channel entrance. Ebb flows are also significantly reduced
from a maximum of -0.58 m/s to -0.18 m/s (Figure 5A).

The jetties are moderately effective, decreasing the along-
channel velocities in the south flood channel by 34% (Table 4),
with consistent impacts across tidal cycles (Figure 5B) thatlead to
an increase in time below the erosion threshold (74%, Table 4).
The seawall and bendway weirs are the least effective, with almost
no change in the time below the erosion threshold and only a
7 and 8% reduction in along-channel velocity, respectively
(Table 4). It should be noted that of all the alternatives, the
seawall is the only one that is not directly blocking or redirecting
flows; thus, its relatively low effect on flow reduction was
expected. The discussion on this topic is expanded in
Morphological considerations.

Changes in along-channel velocity in
different channels

The impact that each alternative may have on circulation patterns
in the other channels that form the inlet system were investigated by
examining the change in along-channel velocities inside the main,
north, and center channels (locations shown in Figure 1C), shown in
Figure 6. Negligible change in along-channel velocities (less than 3%
median relative difference and less than 1° change in principal flow
axis angle) occur in the simulations for the seawall, bendway weirs,
and island restoration alternatives in all three locations (Figure 6).

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.991667

Velasquez-Montoya et al.

Max. Ebb

233},
232
231

23

Y (m)

229

228

921 9215 922 9225 923 9235 9.24 9.245 9.25
<10°

233]
232

231

Y (m)

229

e

228

921 9215 922 9225 923 9235 924 9245 9.25
%10°
X (m)

D

10.3389/feart.2022.991667

Max. Flood
x10°
233f-3 H
o~/ o |
ey 3
232/ e g
S =
231| Q
\ = Q.
| = |
23|
| € m
1 > =
229| » = D
—— 3
b |t @,
| % o
2.28| >
021 9215 922 0225 023 9235 024 9245 9.25
«10°%
233|
g
W
232/
\
231]
[
| D
23| =
‘ (0]
w
229
228

921 9215 922 9225 923 9235 924 9245 925

X (m) <10°

Diff. Depth-Averaged Velocities (m/s)

0.5 0.25

0.0

-0.25 0.5

Most Reduced [T _ T Most Increased

FIGURE 7

Difference in depth-averaged velocity for the present conditions and for the (A,B) terminal groin extension and (C,D) jetties during (A,C)
maximum ebb and (B,D) maximum flood. Red and blue colors indicate reduced and increased velocity, respectively, relative to present conditions.

The jetties result in the largest changes to along-channel
velocities in all the channels. In the main, north, and center
channels, the principal flow axes rotate 20° clockwise, 27°
counterclockwise, and 43° counterclockwise relative to those in
the present condition, respectively. In the main channel, flows are
more channelized (cross-channel velocity range decreased from
0.26 m/s in the present condition to 0.18 m/s in the jetties
alternative), and the magnitudes of maximum flood and ebb
flows are reduced relative to the present condition (Figure 6A),
with a median relative difference of 16%. On flood, along-
channel flows are increased in the north flood channel
(Figure 6B) and decreased in the south and center flood

channels (Figure 4 and Figure 6C). On ebb, flows are
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decreased in the south and north flood channels (Figure 4
and Figure 6B) and increased in the center flood channel
(Figure 6C). Overall the median relative difference in along-
channel velocities are 39 and 18% for the north and center
channels, respectively. These changes in flows through the
three flood channels are a consequence of the relocation and
rotation of the main channel under this alternative (Figure 3D).

The largest impacts of the terminal groin extension and
channel relocation simulations are located in the center flood
channel (median relative difference of 15 and 22%, respectively),
where the magnitudes of both the maximum flood and ebb are
increased (Figure 6C), potentially to compensate for the
reduction of flows in the south flood channel through
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blocking and channel in-filling (Figure 4). Changes in the along-
channel flows in the north and main channels are small, with a
median relative difference of less than 10% and less than 6% in
each location for both alternatives (Figure 6A and Figure 6B).

Spatial changes in velocities across the
inlet during peak tidal flows

Instantaneous difference maps of velocity vector subtraction
between the present condition simulation and each alternative
simulation were created during maximum ebb (August 23rd at 0:
00, which corresponds to low tide) and maximum flood (August
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23rd at 06:00, which corresponds to high tide) during spring tide
to determine other large-scale impacts that the coastal protection
alternatives may have on circulation patterns along shoals and
channels (Figure 7 and Figure 8). Positive differences (red
contours) indicate a reduction in velocity and negative
differences (blue contours) indicate an increase in velocity in
the alternative simulation, compared with the present condition
(Figure 7 and Figure 8).

The seawall and bendway weirs have only small local effects
in their vicinities (Figure 4) and negligible impact on flows
outside of the south flood channel (not shown). The largest
impact on flows by the seawall is a small area adjacent to its
southern end where velocity reduction was ~0.2m/s. The
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bendway weirs also reduce flows inside the south flood channel,
with less than 0.1 m/s flow reduction along the shoreline and less
than 0.1 m/s flow increase away from the shoreline, with slightly
larger impacts on maximum ebb compared to maximum flood,
owing to the angling of the weirs into the ebb currents.

The terminal groin extension and jetties drive changes in flow
patterns across the entire inlet system during maximum flood
and ebb (Figure 7A and Figure 7B). The terminal groin extension
results in similar changes in circulation patterns for both
maximum flood and ebb, with significant (>0.40 m/s) flow
reduction within and to the south of the south flood channel
and minor flow reduction on the ebb delta. The results indicate
significant flow increase (>0.50 m/s) on the tip of the groin
extension and increase of up to 0.1 m/s on the rest of the
flood delta. The main difference between flood and ebb is a
larger change in flow velocities (both reduction and increase) in
the vicinity of the groin during maximum ebb flows.

The jetties simulation shows tidal asymmetry in changes to
the circulation patterns (Figure 7C and Figure 7D). During the
maximum ebb, the flows between the jetties on the ebb delta are
significantly increased, while flows on the flood delta and on the
external side of the jetties on the ebb delta are mainly reduced.
During the maximum flood, patterns of change in velocities are
complex; flow reduction is simulated in the vicinity of each flood
channel (also shown in Figure 6) and adjacent to the jetties, while
flow velocities increase mainly between the jetties, in shallow
regions on the flood delta, and further alongshore on the ocean
side. Flow increase at the weir location (Figure 3D) is more
noticeable during maximum ebb but also present during
maximum flood (circular blue region in the center of red
shades along the north jetty), while flow reduction is
predominant in the area of the sediment basin.

Flows throughout the inlet system also are altered by the
channel relocation and island restoration alternatives (Figure 8),
although the magnitude of the differences is small compared to
those simulated for the jetties and the terminal groin extension
alternatives (Figure 7). The channel relocation alternative
increases flows through the center flood channel (also shown
in Figure 6C), reducing flows through the south flood channel
and northern part of the flood delta. There is some tidal
asymmetry to this alternative, mainly in the region between
the center and south flood channel and the inlet mouth. The
channel relocation alternative also increases velocities inside the
main inlet channel.

The island restoration alternative has the largest impact near
the eroding shoreline, with significant flow reduction inside the
south flood channel and significant flow increase just to the west
of the entrance to the south flood channel (Figure 8). The flow is
also increased on the center and northern part of the flood delta,
potentially to compensate for the closed-off south flood channel.
The strong gradient between the regions of velocity reduction
and increase implies that the erosional flows are displaced, rather
than fully reduced near the eroding region.
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Discussion

Island restoration, channel relocation, and terminal groin
extension alternatives were the most effective at reducing velocity
magnitudes and increasing the time below the erosion threshold
in the south flood channel (Table 4). However, the wider impact
of these coastal protection interventions on circulation across the
delta and inlet must also be considered, owing to the potential for
morphological evolution and hydrodynamic patterns that could
shorten project life durations. For example, despite island
restoration being rated as the most effective alternative at
reducing velocities along the shoreline, the increased currents
along the “new shoreline” could lead to fast erosion of the
restored land, thus potentially decreasing the durability of a
project of this kind. Table 5 presents a summary of the effects
of each alternative along the shoreline, alongside the effects on
velocities in the surrounding areas.

All of the coastal protection alternatives explored here have
been implemented to a certain extent in different inlet systems
worldwide, except bendway weirs, which have not been tested in
coastal or tidal environments. Instead, this structural solution to
channel bend erosion has been limited to riverine environments.
Thus, the true benefits and drawbacks of bendway weirs need to
be explored further via physical modeling and more detailed
studies with varying degrees of vertical flow blockage, spacing,
and directions. Studies of this kind already exist for rivers
(Davinroy, 1990; Winkler, 2003; Lyn and Cunningham, 2010;
Siefken et al., 2021), but the effects of this structural measure
under tides and waves remains to be explored. Other research
opportunities include accounting for the effects of vegetation in
alternatives like island restoration, as marsh fields have been
shown to protect shorelines in estuarine environments (Gittman
et al., 2014; Paquier et al., 2016).

While each alternative was explored separately, future work
could look into combinations of alternatives as they could lead to
further reductions of flow velocities. Combining the benefits of
gray and green coastal protection alternatives could result in a
solution that is effective in high-velocity environments while also
providing ecological benefits by creating habitat for local species
(Gittman et al., 2014; Sutton-Grier et al., 2015). For example,
implementing temporary hard structures to mitigate extreme
events until a nature-based solution is fully established (Bouma
et al,, 2014) or combining wetlands with hardened structures to
improve flood defenses in an estuary (Smolders et al., 2020) are
hybrid methods that have been implemented or proposed that
combine benefits from both ends of the gray to green coastal
protection spectrum. Although the alternatives assessed here are
meant to address steady marsh shoreline erosion due to daily
stresses, they may have other applications related to channel
stabilization and flood protection. If the performance of the
alternatives were to be addressed for such applications,
simulations of storm conditions could inform other potential
benefits and drawbacks that are not accounted for in this study.
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TABLE 5 Coastal protection alternatives with their effects on velocities within the inlet system.

Alternative Effects along eroding estuarine shoreline

Seawall Minimum effects in flow reduction/increase

Bendway Weirs Minimum effects in flow reduction/increase

Terminal Groin

Extension flood channel and along the shoreline

Jetties Reduces velocities in the south flood channel

Channel Relocation
flood channel and along the shoreline

Island Restoration
shoreline

Furthermore, future work could explore morphological
simulations that would allow evaluation of sedimentation and
erosional patterns and the potential implementation of bypassing
mechanisms, which can enhance the performance and design life

of gray alternatives.

Morphological considerations

Morphological simulations were not conducted in this
study; however, the potential impact on morphology caused
by the coastal protection alternatives is examined through the
discussion of the large-scale changes in circulation patterns.
Velocity is used as a proxy here to discuss potential impacts on
sediment transport, since velocity squared is related to the
bottom shear stresses that erode and transport sediment. It is
also noted that morphological evolution may, in turn, change
the hydrodynamics. Such feedback between hydrodynamics
then potentially affect the
effectiveness of a given alternative in mitigating erosion in

and morphology could
the long term.

The jetties, terminal groin extension, and channel relocation
alternatives had the largest impacts on velocity across the flood
delta, with the jetties also significantly impacting the ebb delta.
Large velocity changes could lead to significant morphological
evolution of the channels and shoals along new pathways, leading
to disruptions of navigation routes and changes to the dredging
needs of the inlet. Increased velocities near the tip of the structures
(i.e., jetties, terminal groin extension) indicate the potential for
scour hole development as reported in other inlets by Lillycrop and
Hughes (1993), Ferrarin et al. (2018) and Toso et al. (2019). In
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Third most effective alternative at reducing velocities in the south

Second most effective alternative at reducing velocities in the south

Most effective alternative at reducing velocity along the original
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Effects on other channels and shoals

Minimum effects in the overall hydrodynamics of the inlet.
Minimum effects in the overall hydrodynamics of the inlet.

Increases velocities on the northern half of the flood delta and reduces velocities
on the ebb delta

Has the most significant effects on the overall hydrodynamics of the inlet.
Changes velocities in all channels and throughout the ebb and flood deltas

Increases velocities in the ebb delta and creates different flow patterns in the
flood delta with flow increase in the center

Increases velocities at the edge of the “restored” shoreline

addition, the jetties, terminal groin extension, and channel
relocation alternatives (Figure 7 and Figure 8) all show varying
degrees of velocity increase inside the main channel of the inlet,
which could scour existing structures like the bridge piles and the
existing rubble mound terminal groin.

The island restoration alternative has the most significant
velocity impact in the south flood channel, where flows were
reduced to near-zero by the creation of new land that remained
dry through most of the modeled period. However, the strong
increase of flows (>1.5m/s) at the entrance to the south flood
channel may lead to a new channel cutting across the restored
island. This option may temporarily “turn back the clock” on
erosion without solving the problem in the long term. Similarly,
relocating the south flood channel would rely on dredging
maintenance, as active channel rotation, shoal movement and
morphological changes due to storms and day-to-day processes
have been reported at this inlet (Humberston et al, 2019;
Velasquez-Montoya et al., 2020).

Although the seawall was not effective in reducing along-
channel velocities, the scoring metric used here may not fully
account for the erosion control provided by this alternative.
Hardening of the bank does not reduce flows, but rather stops
erosion by creating a barrier between the shoreline and the
In addition,

advantage that its overall impact on velocities is localized and

estuarine currents. this alternative has the
minimal, suggesting that any morphological evolution would
mainly occur in the south flood channel, and not impact the rest
of the flood delta. It should be noted however, that hardened
structures on a shoreline can interfere with sediment sources and
longshore transport (Dean and Dalrymple, 2002) causing erosion
downstream on unprotected shorelines.
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Broader implications to other inlets and
coastal systems

The results presented for Oregon Inlet help illustrate the
varying spatial and temporal effects that different coastal
protection alternatives have on the flow velocities in tidal
inlets. Gray to green coastal protection interventions tend to
show varying influence on inlet systems, causing changes in flow
velocities that range in scale from tens of meters around the
vicinity of the intervention to kilometers expanding along ebb
and flood deltas. The spatial extent where flow velocities change
has important consequences on inlet stability, navigation, and the
inlet ecology. Based on the results presented here, green
interventions like island restoration and channel relocation
result in minimal inlet-wide hydrodynamic changes, compared
to gray alternatives like jetties, which have the potential to
completely modify the hydrodynamics at an inlet.

A general comparison of gray to green coastal protection
interventions near tidal inlets serves as a first step to
differentiating the effectiveness and consequences of using a
range of alternatives in different parts of the engineering
spectrum. It should be noted that for each of the alternatives
presented here, further technical analysis including changes in
geometry, location, and response to extreme events should be
performed to gain in-depth knowledge of design features needed
for specific locations. For example, in the case of channel
(2004) suggest that the
position of the new channel is a key factor for the success of

relocations, Vila-Concejo et al.

these types of interventions. For groins and shore-normal
structures used for sediment trapping, length, -elevation,
porosity and shoreline characteristics should be considered for
successful designs (Basco and Pope, 2004). Estuarine shoreline
restoration that typically entails sediment nourishments and
of
consolidation, restored land elevation, relative sea level rise,

planting vegetation needs to consider sediment
and local vegetation characteristics (Campbell et al., 2005).
Whether a gray or a green coastal protection alternative is
better suited for erosional processes near a tidal inlet will depend
on the particular morphology and environmental forces
(i.e, wave climate, tidal range, geological setting, existing
infrastructure, sediment and vegetation characteristics) present
at the inlet. Nevertheless, assessing the effectiveness of coastal
would  benefit

engineering metrics of success during initial project planning

protection alternatives from standardized
phases. In this regard, the effectiveness categories for coastal
protection alternatives based on percent duration of an erosion
threshold (Table 3) developed here can be applied in any other
tidal inlet system where erosion may threaten critical
infrastructure, private properties, or valuable habitat and
resources.

Even with hydrodynamic and morphological modeling, there
is always a risk with implementing coastal protection alternatives
in dynamic environments such as tidal inlets. Construction of
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gray or green interventions in tidal inlets could result in
unintended consequences due to natural and anthropogenic
influences that may occur through decadal and century
timescales. These consequences depend on the antecedent
hydrodynamic, morphological, and ecological characteristics at
a given site; therefore, at some locations solutions traditionally
considered “green” may result in adverse biophysical effects,
while other traditional “gray” solutions could lead to ecological
benefits. In-depth feasibility studies for the gray to green
spectrum of coastal protection measures should include
environmental, economic, and societal impacts. Environmental
impact considerations may include the impact of moving
sediment or building structures in areas that may disrupt
benthic communities and submerged aquatic vegetation. Only
through rigorous consideration of both engineering and
environmental requirements can coastal interventions be
appropriately implemented to ensure the desired flood risk
addition,
monitoring efforts of pre- and post-project construction

management and ecological performance. In
would allow for assessments of project effectiveness and
success and provide the required information for adaptive
management in future projects at other dynamic tidal inlet

systems.

Conclusion

Opverall, island restoration, channel relocation, and terminal
groin extension were the most effective alternatives at reducing
velocity magnitudes and increasing the time below the erosion
threshold in the south flood channel. Based on the options
assessed in this study, alternatives closer to the green side of
the coastal protection intervention spectrum tend to display the
most effectiveness at reducing flow velocities at the eroding
The
alternatives had a more localized effect on velocities, without

shoreline. island restoration and channel relocation
significantly modifying the overall hydrodynamics throughout
the inlet system. On the other hand, the alternatives on the gray
side of the coastal protection spectrum cause two opposite effects
on the velocities of the inlet; gray interventions either cause
minimal or extreme changes in velocities. While the seawall and
bendway weirs did not cause significant changes in currents, the
terminal groin extension and the jetties proved to be
interventions that would change the flow velocities throughout
the inlet system. Since the seawall cuts off the interaction between
the shoreline and the channel rather than reducing the velocities,
its effects become relevant for considering local scour and
morphological impacts downstream.

The results presented here are intended to illustrate the
ability of select gray to green coastal protection infrastructure
at reducing flows that could erode back-barrier regions
surrounded by deep inlet channels. The coastal interventions
studied here and their effects on the velocities of an inlet are
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exploratory in nature. Implementation of any of these
interventions must consider a combination of hydrodynamic,
morphological, and environmental parameters unique to the site,
as well as economic, social, and policy considerations, to find an

optimal solution or combination of solutions.
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