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Editorial: Natural and nature-based
features for flood risk management
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Editorial on the Research Topic
Natural and nature-based features for flood risk management

Introduction

Flood risk mitigation and management are among the great societal challenges of our time.
Around the world humans, communities, infrastructure, and ecosystems in coastal areas are
facing the reality of rising sea levels, intensifying storm impacts, accelerated erosion, and the
resulting flood-related problems such as loss of life, loss of property, and loss of economic, social
and environmental sustainability. At the same time the ever-present push for economic
development of coastal regions through enhanced maritime trade, increased number of
industrial and residential assets, and population growth in many coastal counties leads to
heightened risk from the impact of flooding. Natural and nature-based features (NNBF) offer a
strategy for mitigating and managing coastal flood risk by harnessing the inherent ability of
nature and natural processes to adapt and evolve under changing conditions. The idea is to
utilize NNBF either exclusively, alongside traditional (“gray”) flood risk mitigation measures
(such as seawalls, levees, etc.), or, ideally, in symbiosis with traditional flood risk mitigation
strategies to create resilient, adaptive, and ecosystem-enhancing solutions that can improve the
viability, beauty, and success of our coastal systems in a changing climate. While the topic
addressed here is approached primarily from an engineering and scientific perspective,
meaningful NNBF solutions for flood risk reduction require multidisciplinary
collaborations beyond creative science and engineering innovations that include socio-
economic and policy aspects. However, before NNBF can become one of the go-to tools for
flood risk management, a detailed understanding of their mechanics under forcing conditions,
evolution over time, and acceptance by designers, planners, and society is required. Therefore,
fundamental and applied research on NNBF topics is now more relevant and important
than ever.

The collection of 16 articles featured as part of this Research Topic addresses a variety of
advances related to flood risk reduction viaNNBF that will be critical as wemove forward inmaking
nature and natural processes an essential component in the design of systems intended to limit the
impact of flooding to society. The original research articles as well as case-study reviews and
engineering design framework creation provide a well-balanced mix of relevant fundamental
knowledge dissemination and actionable science and engineering advances applicable to real-life
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problem solving and coastal management. The specific NNBF addressed
in this collection of articles include oyster castle breakwaters, coir logs,
beach wrack material, sand trapping fences, sand spits and tidal lagoons,
floating vegetated canopies, salt marshes, vegetated dune systems,
mangroves, wetland vegetation, and emergent vegetation in general.
An engineered vegetated dune and a wetland system, respectively, are
depicted in Figure 1. Forcing mechanisms impacting the NNBF range
from coastal storm waves and water level fluctuations to wind and ship
wake dynamics, and several articles incorporate climate change-induced
sea level rise scenarios. In this Research Topic, methodologies to advance
NNBF knowledge include detailed field case study analyses, medium to
large-scale physical model experiments in wave flumes and basins, as well
as numerical model simulations compared to field or laboratory data to
better understand NNBF utilization for erosion and flood risk mitigation.
The key concepts addressed by the various authors are synthesized in the
following, and contributions are placed into broader context.

Field case studies

Detailed field studies onNNBF are essential to better understand how
these systems behave under real-life, full-scale conditions and varying
forcing mechanisms, as well as their impacts on the environment. The
field scale also encourages engagement with a variety of stakeholders and
allows for assessment of the multiple benefits that projects using NNBF
produce. Palinkas et al. particularly focus on the implementation,
remaining challenges, and multiple benefit aspects of three coastal
restoration case studies using NNBF features across geographical
locations that cover the East, Gulf, and West Coasts of the
United States. This case study summary sends the clear message that
successful projects require a well-designed monitoring approach and an
emphasis on stakeholder engagement. Creative sediment management is
a major component in many NNBF systems with the aim to preserve
habitat, protect against storm impacts and sea level rise, as well as to
maintain navigability of coastal waterways. An example of how sand spit
and tidal lagoon multifunctionality is enhanced through NNBF is
presented by Dabees et al. for a case in Florida where enhanced
resiliency of the overall system is a key element. Bredes et al. looked
at oyster castle breakwater systems in an extensive field study along the

New Jersey coastline and found that under certain conditions when these
breakwaters are submerged during high water events they actually
produce significant amplification of wave heights in their lee
compared to attenuation when their crests are emergent. Salatin et al.
investigated these data numerically. Findings like this are important to
consider in the design of future living breakwater systems to avoid
detrimental effects to adjacent shorelines. Impacts of extreme events
on systems containing NNBF and subsequent recovery are important
pieces of the puzzle when trying to understand overall system
performance. The work presented by Cadigan et al. highlights
differences between shoreline responses to multiple hurricanes along
the southwest Louisiana coastline with and without breakwater
protection. Provost et al. conducted a field study investigating the
effect of wrack material washed up on the beach to help build up
engineered dunes which has implications for how this naturally
occurring material should be managed. NNBF are not only used to
increase resilience of coastal systems from natural hazards, but have also
been successfully employed to protect against vessel-induced wave energy
near high marine traffic areas as investigated by Everett et al. for coir logs
placed on an estuarine shoreline along the Delaware River.

Physical model experiments

While field case studies play an essential role in our understanding of
NNBF performance, oftentimes it is necessary to investigate certain
features in a controlled laboratory setting to isolate forcing conditions
and create repeatable scenarios. Such studies allow for the identification of
effects of individual parameters, investigation of trends in hydraulic
response, and validation of numerical models which can then be
extrapolated to a broader range of conditions. Eichmanns and
Schüttrumpf quantified the aeolian sediment trapping efficiency of
sand fences under various configurations in a detailed wind tunnel
study. Vegetated nearshore systems fronting urban areas or coastal
protection structures have been investigated for their wave energy
attenuating properties. Different floating vegetated mat configurations
were analyzed byHopkins et al. in a large scale wave basin facility whereas
Baker et al. conducted scaled basin tests on the effectiveness of marsh
vegetation in reducing wave energy in front of a dike. The effect of various

FIGURE 1
Engineered vegetated dune with cut for beach access (A) and researcher surveying a wetland system (B) as part of a scientific study on NNBF. The
location of both photos is Galveston, Texas.
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above- and below-ground dune vegetation characteristics on dune erosion
were quantified in a wave flume study by Figlus et al. where real sediment
and live plants at different stages of growth in a dune were subjected to
storm wave forcing.

Numerical modeling

It is crucial to continue to enhance our numerical modeling
capabilities to better simulate NNBF behavior under various
environmental loading conditions. This is often done by calibrating
or modifying existing numerical models based on field and laboratory
data to advance understanding of NNBF and their use in flood and
erosion risk mitigation. Mori et al. parameterized the structure of
mangrove roots for optimized use in numerical modeling efforts
whereas Abdolali et al. implemented wave-vegetation interaction
capabilities into a spectral wave model to compute wave
attenuation by spatially variable wetland vegetation fields. The
work by Salatin et al. using Boussinesq-type wave modeling
highlighted that complex nearshore wave transformations and wave
interactions with oyster breakwaters need to be simulated carefully to
avoid design situations where leeward wave energy is amplified by the
NNBF (see also Bredes et al.) or other unintended consequences occur.
The performance of NNBF under catastrophic events such as tsunamis
is a topic that has also received increasing attention recently. To that
end, von Häfen et al. improved a numerical multi-phase
computational fluid dynamics model dealing with dam-break waves
to simulate tsunami propagation over composite bathymetry. Huff
et al. explored the utility of the Delft3D model suite to aid coastal
managers assess various living shoreline and NNBF design alternatives
for construction in a Texas bay system.

Engineering framework for use of NNBF

NNBF are poised to take a prominent place in designing flood risk
reduction measures with a growing body of research and project

experience supporting their development. For the case of emergent
vegetation systems, Ostrow et al. synthesized the current state of
practice and the still existing barriers to implementation. They also
suggested that the knowledge on NNBF incorporating emergent
vegetation is already sufficient for adequate design solutions and
proposed a framework to assess such designs based on wave
attenuation performance.

As we continue the work on NNBF for flood risk reduction and
encourage the reader to browse the mentioned articles, we would like
to take this opportunity to thank all contributing authors, research
funding agencies, reviewers, and editors for their help in making this
collection of knowledge advances on natural and nature-based features
for flood risk management a success. The featured works will certainly
spur further advances in this field and contribute to a future where we
strive to be conscious stewards of the coastal systems that mean so
much to all of us.
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Parameterization of Mangrove Root
Structure of Rhizophora stylosa in
Coastal Hydrodynamic Model
Nobuhito Mori 1,2*, Che-Wei Chang1, Tomomi Inoue3, Yasuaki Akaji 3, Ko Hinokidani 4,
Shigeyuki Baba5, Masashi Takagi6, Sotaro Mori6, Hironoshin Koike6, Miho Miyauchi6,
Ryosuke Suganuma6, Audrius Sabunas6, Takuya Miyashita1 and Tomoya Shimura1

1Disaster Prevention Research Institute, Kyoto University, Kyoto, Japan, 2Graduate School of Engineering, Swansea University,
Swansea, United Kingdom, 3National Institute for Environmental Studies, Tsukuba, Japan, 4Graduate School of Agriculture,
Tokyo University of Agriculture, Tokyo, Japan, 5International Society for Mangrove Ecosystems, Okinawa, Japan, 6Graduate
School of Engineering, Kyoto University, Kyoto, Japan

Mangroves are able to attenuate tsunamis, storm surges, and waves. Their protective
function against wave disasters is gaining increasing attention as a typical example of
the green infrastructure/Eco-DRR (Ecosystem-based Disaster Risk Reduction) in
coastal regions. Hydrodynamic models commonly employed additional friction or a
drag forcing term to represent mangrove-induced energy dissipation for simplicity. The
well-known Morison-type formula (Morison et al. 1950) has been considered
appropriate to model vegetation-induced resistance in which the information of the
geometric properties of mangroves, including the root system, is needed. However,
idealized vegetation configurations mainly were applied in the existing numerical
models, and only a few field observations provided the empirical parameterization of
the complex mangrove root structures. In this study, we conducted field surveys on the
Iriomote Island of Okinawa, Japan, and Tarawa, Kiribati. We measured the
representative parameters for the geometric properties of mangroves, Rhizophora
stylosa, and their root system. By analyzing the data, significant correlations for
hydrodynamic modeling were found among the key parameters such as the trunk
diameter at breast height (DBH), the tree height H, the height of prop roots, and the
projected areas of the root system. We also discussed the correlation of these
representative factors with the tree age. These empirical relationships are
summarized for numerical modeling at the end.

Keywords: mangrove, prop roots, Rhizophora stylosa, root structure, parameterization

INTRODUCTION

Green infrastructure, known as ecosystem-based disaster risk reduction (Eco-DRR), has become
popular in the context of coastal flooding reduction following the Intergovernmental Panel on
Climate Change Fifth Assessment Report, AR5 (Intergovernmental Panel on Climate Change (IPCC)
Fifth Assessment Report—Working Group II, 2014) and the Sendai Framework for Disaster Risk
Reduction 2015–2030 (UNISDR,2015). Its cost-efficiency, capability, and sustainability of adapting
to changing climate have been drawing attention worldwide (e.g., Sutton-Grier et al., 2015; Guannel
et al., 2016; Reguero et al., 2018).
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As natural barriers against coastal hazards, green
infrastructures primarily regard coastal dunes, sandy beaches,
coastal forests, mangroves, coral reefs, and wetlands. Coastal trees
and mangroves are recognized for their protective function in
terms of the reduction of wave/hydrodynamic energy during
extreme events (e.g., storm waves, surges, and tsunamis). Based
on several reports of the 2011 Tohoku Earthquake Tsunami (e.g.,
Tanaka 2012), coastal pines can be critical in attenuating wave
energy under small-to medium-sized tsunamis. Another major
type of coastal vegetation, mangroves were identified as useful
buffers in the tropics and subtropics during the 2004 Indian
Ocean Earthquake Tsunami (e.g., Danielsen et al., 2005) and
other major natural disasters (e.g., Goda et al., 2019). In addition
to their protective function against coastal disasters, afforestation
and reforestation of mangroves have been adopted in Southeast
Asia and the Pacific islands to improve the capacity for carbon
storage and environmental recovery as a measure of climate
change mitigation. Despite the findings in simplified analytical
and numerical modeling of wave attenuation based on the other
vegetation study, the current scientific knowledge and modeling
tools to assess the effectiveness of mangroves are relatively limited
considering the realistic shape of mangroves (e.g., Chang and
Mori 2021). Generally, a forcing term in the Euler equation or
shallow-water equation is used to account for the energy
dissipation by vegetation in various studies (e.g., Dalrymple
et al., 1984; Mendez and Losada 2004; Mazda et al., 2005).
The vegetation effects were integrated as enhanced bottom
friction in some studies (e.g., Augustin et al., 2009; Yang et al.,
2015), while the Morison-type formula (Morison et al., 1950) has
recently been considered more straightforward to parameterize
vegetation-induced resistance (e.g., Huang et al., 2011;
Chakrabarti et al., 2017; Alagan Chella et al., 2020).

Despite the development of numerical models, idealized
vegetation conditions (e.g., cylinders) or bottom friction was
mostly applied in the models mentioned above, indicating an
over-simplification of the structural complexity of mangrove root
systems. The complex root system of mangroves reduces flow
velocity and dissipate wave energy (e.g., Tanaka et al., 2007;
Zhang et al., 2015) and is necessary to be well addressed in
numerical modeling. Based on the Morison-type formula, the
general expression of vegetation-induced force Rvg can be written
as a summation of the drag force and the inertia force:

Rvg � 1
2(η + h)CD ∫

η

−h
u|u|dA(z) + 1

(η + h)CM ∫
η

−h

zu
zt

dV(z) (1)

where η represents the free surface elevation, h the water depth,
u(z) the fluid velocity, and CD and CM the drag and inertia
coefficients, respectively. The vertical variation of the frontal area
and the submerged volume of mangroves are included in A(z)
and V(z) of Eq. 1. The effects of mangroves can be modeled in
terms ofCD,CM,A(z), andV(z), which are all related tomangrove
structure (morphology). A recent experimental study (Chang
et al., 2019) reproduced the root structures of a specific
mangrove by using 3D scanned and 3D-printed tree models in
laboratory tests. With direct measurements of wave forces exerted

on tree models, the empirical formulas to estimate the force
coefficients (CD and CM) were proposed. As indicated in Zhang
et al. (2015) and Chang et al. (2019), proper parameterization,
including the complex structure of mangrove roots based on field
conditions, is needed to quantify better mangrove effects on wave
attenuation in the development of numerical models. However,
there are very limited mangrove structure data that are related to
hydrodynamic models, such as Eq. 1 and the others.

The Genus Rhizophora consists of seven species (Tomlinson
2016) and are widely distributed along tropical and subtropical
coastlines (Duke 2006). They are also common species used for
mangrove afforestation and reforestation. As Rhizophora species
have complex bifurcated and looping structures (so-called prop
root system), several researchers conducted field surveys on
Rhizophora species for root structure (e.g., Ohira et al., 2013;
Mendez-Alonzo et al., 2015). They examined the
parameterization of mangrove root structures (e.g., the
relationship between tree height and the trunk diameter at
breast height) to understand their shape characteristics.
Besides biological interests, parametrization of trunk shape is
quite essential for wave attenuation. Ohira et al. (2013) measured
the trunk shapes and estimated the hydraulic resistance in
tsunami inundation simulations. Based on their proposed
relations, the projected area and submerged volume of
mangrove roots can be calculated and used in numerical
computations. However, their target was large and older trees,
and the variation of shape parameters associated with the tree age
was not discussed in their study, which is not enough for the
model application targeting early to middle term of afforestation
and reforestation. The biological and physical characteristics (e.g.,
Komiyama et al., 2008) in addition to the structural properties,
should be well addressed in the future development of numerical
models when considering the impact of changing climate under a
longer time scale.

In this study, we conducted field surveys to collect the
fundamental characteristics of mangrove tree shape by
focusing on the Rhizophora species. Based on the field data
analysis, the relationships among different geometric diameters
and the tree age are examined, although the available field data is
limited. The parameterization of the shape of Rhizophora species
is proposed for the future development of coastal wave models. In
the following, the outline of the field surveys and the data
processing procedures are provided in Outline of Field Survey
and Measurements. The parameterization of mangrove root
structure is presented in Results and Discussions. Finally, the
results of the current study are summarized in Summary.

OUTLINE OF FIELD SURVEY AND
MEASUREMENTS

Survey Areas
Two sets of field surveys were conducted in 2019 and 2020 to
investigate mangrove root structure. The field sites included
natural mangrove forests in the Iriomote Island of Okinawa,
Japan, and a planted mangrove area in Tarawa, Kiribati.
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Iriomote Island, one of the Yaeyama Islands in Okinawa
Prefecture, Japan, is a subtropical island located in the
Northwest Pacific Ocean, as shown in the upper panel in
Supplementary Figure S1. As a part of the Ryukyu Islands
Archipelago, Iriomote Island is mountainous (highest altitude:
470 m) with 29 rivers culminating in the coast. The island is
290 km2 in area, and the majority of its landmass is covered by
natural forests, in which 85% is national forests. Mangrove forests
are mainly located in the low-lying areas along the rivers with
several species such as Rhizophora stylosa Griff. and Bruguiera
gymnorhiza L. (Lam.) targeting one of the dominant species
distributed in estuaries and tidal areas, R. stylosa, we conducted
surveys on natural mangroves along the Urauchi River (the longest
river in Iriomote), as shown in the Supplementary Figure S1.
Natural mangroves in an estuary were selected for the
measurements. The effect of waves is very limited in this area.
Several isolatedmangroves were picked for fieldmeasurements due
to the difficulty of imaging measurements.

The other field site was Tarawa, Kiribati, a tropical island located
in the Central Pacific Ocean (1°27′ N, 172°58′ E), as shown in the
Supplementary Figure S1. Tarawa is an atoll comprising a long flat
reef partially enclosing a shallow lagoon with a wide range of
astronomical tides. It is 500 km2 in area, and the highest altitude
is 3 m. R. stylosa has been planted by the International Society for
Mangrove Ecosystems (ISME) since 2005 for multiple purposes,
such as environmental recovery, coastal protection, and
environmental education. Each year around 7,000–11,000
propagules were planted uniformly with 50 cm as the tree spacing
by the close group planting method (Baba, 2011) in the designated
afforested patches. The afforestation areas are mainly located west of
Bonriki in Tarawa with calm coastal environmental conditions to
avoid exposure to severe wind waves and swells. The effect of waves
is very limited due to geophysical effects in this area. Therefore, the
afforested mangroves inside of the atoll were selected for the
measurements. Thus, clear records can be obtained, including the
date of afforestation, density, and others in this area. Comparing with

natural forests, the afforestedmangroves in Tarawa provided an ideal
condition to investigate the relationship between mangrove root
structure and the associated tree age (Supplementary Figure S2).

In both surveys, the fieldwork included the manual
measurements of the representative parameters of mangrove
root structure and the use of a 3D laser scanner for detailed
root structures. In addition, the 2D projected visualization of
mangrove root shapes was obtained by using a digital camera in
Iriomote Island. As the 2D and 3D visualization measurements
required space, we selected front trees of groups, but the basic tree
characteristics (e.g., tree heights, DBH, or age) were measured
both front and inside of trees in Tarawa. In this paper, we
analyzed the field measurements and the 2D image
visualization of mangrove root system structure. At the same
time, the 3D scanned data will be presented in the forthcoming
analysis along with further field surveys in future work.

Methodology
Firstly, we measured the characteristic geometry of mangrove
structure, R. stylosa, in fields. As shown in Figure 1, the
measured parameters included the tree height H and the trunk
diameter at breast height (DBH), which refers to the measured
diameter at 1.30 m above the ground. We also measured the trunk
diameter at the top of the root system D1 (equivalent to DBH for a
shorter tree), the height of the root system Hroot, and the spanning
radius of the root systemW (i.e., the distance from the tree trunk to
the outermost root). Note that the spanning radius was measured
in six major orientations whose average was used as characteristic
W. The six orientations of spanning radius were combined major
two axes plus fourmajor roots. Furthermore, avoiding the difficulty
of measurement, the diameter of individual roots was measured at
20 cm above the ground, and the number of prop roots N was
recorded. Forty-two trees were picked for field measurements in
Iriomote Island and four trees in Tarawa, Kiribati.

In addition to the measurements of the representative
parameters of mangrove root structure, we collected the 2D

FIGURE 1 | Characteristic mangrove root morphology and the measured parameters in fields (red boxed area in the photo corresponds to the root system).
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images of mangrove roots using a digital camera (Olympus TG-6,
4,000 × 3,000 pixels) along with a whiteboard as the background
(Figure 1). The 2D images were taken in two different directions
in twomajor axes of the root system, and no image correction was
applied due to the difficulty of the detail of calibration in the field.

Following the previous studies (salt marsh by Lemein et al., 2015,
mangrove by Maza et al., 2017), the projected area of the root
system Aroot can then be estimated by image processing as shown
in Supplementary Figure S2. We summarize the procedures for
image processing as follows.

1. Binarize the image using the threshold values of the
RGB image.

2. Extract the outline of the root system from the binary image
(left panel in Supplementary Figure S3).

3. Extract the root system from the RGB image in step 2 (right
panel in Supplementary Figure S3).

4. Counting the number of pixels of the root system in step 3.
5. Convert pixel to length scale.

Note that step 2 focuses on the image analysis, excluding the
outside area of the root system. Image preprocessing in steps 1
and 2 can reduce the misperception of the analysis. In some cases,
sunlight may disturb the color intensity of the image; therefore,
the effect was corrected in steps 2 and 3 manually. The counted

FIGURE 2 | Example of the relationship between tree height and the
spanning width of the root system of Rhizophora stylosa.

FIGURE 3 | Relationship of the tree height H with the spanning radius of the root system W and DBH (circles: measured data, solid lines: regression curve)
(Rhizophora stylosa). (A) A*root vs DBH. (B) A*root vs H*root.
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number of pixels was in the range 10,000–242,000, which is
equivalent to approximately 300–3,700 cm2. As the number of
pixels was sufficient to capture the area of the root system, the
accuracy of the estimated projected area was reliable for further
discussions with other parameters.

RESULTS AND DISCUSSIONS

Relationships Among the Main Parameters
of Mangrove Root Structure
We first examined the measured tree height and the main
geometric parameters of the root system. Major three axes
were analyzed by the 2D imaging following Methodology. In

Figure 2, a proportional relationship can be seen between the tree
height H and the spanning radius of the root system W.
Asymmetric root system can also be observed for shorter trees
(approximately <180 cm). These morphological characteristics of
mangrove trees and root systems are discussed in this section. As
the spanning radius of the root system varied in different
orientations, the averaged value was applied hereafter.

Figure 3A shows the relationship between the tree heightH and
the spanning radius W by Iriomote Island and Tarawa with two
empirical fitting formulas presented by blue and red solid lines,
respectively. Note that zero intercepts were assumed when defining
the empirical fitting formula. Obviously, these two parameters are
highly correlated, as presented in Figure 2. Although the data in
Tarawa is fewer than Iriomote Island, two different data in different
locations show the quite similar relation for H and W. Next, the
relationship between the tree height H and the trunk diameter at
breast height DBH for Iriomote Island data with the empirical
fitting formula is shown in Figure 3B. According to the
measurements, the tree height increases linearly with smaller
DBH (<25mm) and tends to be convergent around 300 cm for
largerDBH (>30mm) within the measuredDBH range (<50mm).
Note that the comparison with the results in Ohira et al., 2013 for
Rhizophora apiculata Blume andRhizophoramucronata Lam. with
this dataset is quite similar but slightly higher tree height by the
current parameterization for R. stylosa.

Secondly, we discussed some of the representative parameters
of the root system. Supplementary Figure S4 shows the
proportional relationship between the height of the root
system Hroot and the number of prop roots N, which can be
expected as a part of the natural growing process. Note that the
height of the root system was estimated by analyzing the 2D
images taken from different orientations (Methodology), and an
averaged value (with an asterisk) is presented here. The results

FIGURE 4 | Relationships of the projected areas of the root system Ap
root

with DBH and the height of the root system Hp
root (circle: measured data, solid

line: regression curve) (Rhizophora stylosa). Note that the error bars indicate
the variation of frontal areas taken from different orientations (See
Methodology).

FIGURE 5 | Relationship between the normalized projected area of the
root system Aroot and the normalized distance z from the ground (circle:
measured data, solid line: regression curve) (Rhizophora stylosa).
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reported in Ohira et al., 2013 were also included in the same figure
for comparison, although their target mangrove species are R.
apiculata and R. mucronata.

In addition to the relationships among distinguishing factors of
mangrove root structure, another objective of this study was to
understand the intertwined connections between the
aforementioned geometric parameters and the projected area of
the root system, which is critical to establish the proper
parameterization of mangrove effects as shown in Eq. 1.

Therefore, we here present the projected area of the root system
Ap
root and its relationships with two representative parameters of

mangrove root structure—DBH, and Hp
root. In Figure 4A, the

projected area Ap
root increases with DBH, in which DBH

approximately ranges from 8 to 52mm, monotonically. The
projected area Ap

root against the height of the root system Hp
root

can be found in Figure 4B, showing a quadratic proportional
relationship. Both the relation of DBH and Hp

root to Ap
root shows

quadric increases as their increase. It indicates the nonlinear increase

FIGURE 6 | Growth curves of diameter D1 and tree height H vs. tree age by Kiribati data (Rhizophora stylosa).

Frontiers in Built Environment | www.frontiersin.org January 2022 | Volume 7 | Article 7822196

Mori et al. Parameterization of Mangrove Root Structure

13

https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles


of wave damping by the root system as themangrove becomes larger.
Furthermore, Figure 5 shows the normalized Ap

root in terms of the
normalized vertical distance z from the bottom by Hp

root. Both the
ensemble average and its standard deviation are presented. The
normalized frontal area quadratically increases from the bottom, and
it gradually approaches the maximum near the top of the root
system. As observed in fields, the projected area of mangrove roots
shows nonlinear profiles (unlike other coastal trees with relatively
simple geometry), which need to be properly parameterized,
especially under low water-level conditions.

The current analysis obtained the empirical relationships
among the representative parameters of mangrove root
structure and the root system. Although solely using the
relationship based on DBH in numerical modeling may yield
uncertainties by ignoring the contributions from other factors,
the above results relate other characteristics of mangrove root
structure (e.g., height of the root system, the number of prop roots
and the frontal area of the root system) which shall compensate
the parameterization in numerical modeling.

Relationships Between Tree Age and
Geometric Characteristics
As presented in the previous section, the bulk geometric
characteristics of mangroves and the root system can be

parameterized as a function of tree height H, DBH, and height
of prop rootsHroot. On the other hand, the information on these
parameters and their variation in time is critical to assess
mangrove effects on wave damping, especially when
conducting afforestation or reforestation. The potential impact
of growth rate on mangrove root structure should also be
included in the development of numerical models for longer
time-scale estimation (e.g., in 10 years or later).

In Figure 6A, we first present the relationships of tree age with
the tree height (circles) and the height of the prop roots (triangles)
by Kiribati data. The regression curves (dashed lines) obtained by
the least-square fitting method are included in the same plot. A
higher growth rate of the tree height was observed in comparison
with that of the root system. Recalling the quasi-linear
relationship between H and W in Figure 3A, the increasing
rate of the spanning radius of the root system (as well as the
number of prop roots) can be expected to be greater compared to
the growth rate of the height of mangrove roots. It should also be
noted that the growth or height of the root system is not only
determined by age but also the other environmental conditions.
Therefore, the shown relation in Figure 6 is neither directly
related to Iriomote Island data or general. The field variation and
the different site-to-site environmental conditions should be
considered when discussing the proper parameterization
quantitatively. However, the summary of the combined field

FIGURE 7 | Summary of the geometric characteristics of mangroves (Rhizophora stylosa).
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data can give us the first approximation of mangrove shape
parameterization for hydrodynamic modeling.

In Figure 6B, the diameter D1 is plotted versus the tree age.
Note again that D1 denotes the trunk diameter right above the
root system. A clear linear relationship can be observed in
Figure 6B, and the regression curve is also provided. The
diameter D1 approximately ranges from 15 mm (3-year-old
tree) to 25 mm (11-year-old tree). The empirical relationships
in Figures 6A,B provide a valuable reference to estimate the
variation of the representative parameters of mangrove root
structure in time.

SUMMARY

In this study, we conducted two field surveys in the Iriomote
Island of Okinawa, Japan, and Tarawa, Kiribati. Targeting at the
parameterization of mangrove root structure, we collected the
representative characteristics of mangrove geometry in fields,
such as the tree height, the height of the root system, the
spanning width of mangrove roots, the trunk diameter, and
the frontal projected area. By analyzing the field data, we
aimed to find out empirical formulas among the characteristic
parameters of mangrove root geometry which are critical for the
implementation of mangrove effects in numerical models for
wave propagation.

Distinct relationships were found among the tree height, the
spanning radius, the trunk diameter at breast height (DBH), and
the projected area A(z) of the root system. Here, we summarize
the estimated relationships of mangrove bulk characteristics in
Figure 7 (see additional data in Supplementary Figures). Based
on Figure 7, we can estimate the root height, root width, and the
number of the root system as well as the frontal projected area
A(z) as a function of tree age t. Although the upper system of the
mangrove (i.e., leaves and branches) was not measured, we
succeeded in obtaining several empirical relationships in terms
of the representative factors of mangrove geometry as an
example. As presented in Eq. 1, one of the key factors to
determine mangrove effects in wave modeling is the frontal
projected area A(z) of the root system. Applying the empirical
relationships along with the Morison-type formula in Eq. 1,
mangrove-induced dissipation can be parameterized in
numerical models with inputs of field measurements of the
characteristic geometric diameters and heights. To account for
the potential impacts of the growth rate of mangroves, we also
analyzed the relationship of the tree age with the tree height and

the trunk diameter D1 (or DBH). Both the tree heights and trunk
diameter showed monotonically increasing relationships with the
tree age. This information is useful in future long-term
assessment of mangrove effects, especially in the afforested or
reforested areas.

It is necessary to continue field surveys in different
environments and accumulate the dataset to cover other
parameters, parameter spaces and reduce the uncertainty
for parameterizing mangrove effects in numerical modeling.
The detailed 3D structures and shapes of mangrove roots
will be discussed using the 3D scanned data. More
measurements such as the upper system (e.g., leaves and
branches), other physical properties of mangroves (e.g.,
stiffness) and density of trees will be included in the next
phase of the field survey.
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A Nature-Based Solution for Coastal
Protection:Wind Tunnel Investigations
on the Influence of Sand-Trapping
Fences on Sediment Accretion
Christiane Eichmanns* and Holger Schüttrumpf

Institute of Hydraulic Engineering and Water Resources Management, RWTH Aachen University, Aachen, Germany

Sand-trapping fences are a frequently used nature-based solution in coastal protection for
initiating and facilitating coastal dune toe growth. However, only a few researchers have
evaluated the trap efficiency of sand-trapping fences based on their porosity and height.
Subsequently, the design of their properties has only been based on empirical knowledge,
to date. However, for restoring and maintaining coastal beach–dune systems, exact
knowledge of sand-trapping fence’s optimal properties is essential. Thus, we conducted
physical model tests focusing on the most crucial parameters: fence height (h = 40, 80,
120 mm) and fence porosity (ε = 22.6, 41.6, and 56.5%). These tests were conducted in an
indoor subsonic, blowing-sand wind tunnel equipped with a moveable sediment bed
(d50 ~ 212 µm). The experimental mean wind velocities were u1 = 6.1 m/s, u2 = 7.4 m/s,
and u3 = 9.3 m/s. We used a hot-wire anemometer to measure the flow fields, a vertical
mesh sand trap to determine the sediment fluxes, and a 2D laser scanner to record the
sediment accretion around the sand-trapping fences over time. The study results provide
substantial theoretical and practical support for the installation and configuration of
trapping fences and improving their design. The fence porosity, for example, should be
chosen depending on the installation purpose. While denser fence porosities (ε1 = 22.6%
and ε2 = 41.6%) can be used for initiating and facilitating the dune toe growth, fences with
higher porosity (ε3 = 56.5%) are more suitable to favor the sediment accretion between
foredunes and white dunes as they allow further dune growth downwind.

Keywords: wind tunnel experiments, nature-based solutions, sand-trapping fences, porous fences, sediment
transport, coastal protection

INTRODUCTION

Coastal dunes are present along sandy coastlines worldwide and have various functions, such as
contributing to biodiversity, socioeconomic services including nature conservation, recreation, and
tourism, and natural flood protection for the low-lying hinterland against storm surges (van Thiel de
Vries, 2009; Hesp, 2011; de Vries, 2013; Keijsers et al., 2015). Coastal dunes also act as sediment
resources in case of erosive storm events; the sediments can naturally shift and move to the beach or
nearshore areas and dissipate wave energy and, thus, mitigate erosion (van Thiel de Vries, 2009).
Aeolian sediment transport processes from the beach toward the coastal dunes increase coastal dune
volumes, while marine processes, which predominately occur during storm surges, lead to dune
erosion (Hesp, 2011). However, along with aeolian sediment transport marine processes can also
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contribute to foredune growth along dissipative coastlines. The
highest dune growth rates are often observed during winter
months, when the beach is eroding, at the highest wind
velocities, and high water levels (Cohn et al., 2018; 2019). Due
to the rise in the sea level caused by climate change, it is currently
assumed that erosion processes will accelerate and land loss will
increase as well (Harff et al., 2011; Hesp, 2011; Keijsers et al.,
2015). In addition, socioeconomic pressure in coastal areas is
increasing (NASA, 2020). In order to address the challenges in
coastal protection and at the same time respond to people’s
growing environmental awareness, there is a great need for
nature-based solutions that aim to use natural processes and
resources. Since sand-trapping fences are part of nature-based
solutions, they are commonly installed along sandy coastlines
along with barrier island systems to strengthen coastal dunes and
increase the flood protection level (Li and Sherman, 2015; Itzkin
et al., 2020a; Eichmanns et al., 2021). They cause a local reduction
in wind velocity, leading to downwind sediment accumulation
around the fences (Hotta and Horikawa, 1990; Li and Sherman,
2015; Lawlor and Jackson, 2021). The functions of sand-trapping
fences in coastal areas vary and thus, range from rehabilitating
eroded areas such as blowouts in coastal dunes, strengthening
coastal dune toe establishment, preventing sand drifting from
protectable infrastructures, limiting human access to nature, or
initiating the formation of coastal dunes through selective sand
deposition (O’Connel,; Adriani and Terwindt, 1974; Gerhardt,
1990; Li and Sherman, 2015; Eichmanns and Schüttrumpf, 2021).
For detailed information about sand-trapping fences, refer to
Eichmanns et al. (2021).

Generally, it is found that using sand-trapping fences at the
seaward side of the dune leads to an increased foredune growth
rate compared to no fenced areas (Jackson and Nordstrom, 2011;
Eichmanns and Schüttrumpf, 2021). This additional sediment
buffer can protect coastal dunes by attenuating wave energy (Ruz
and Anthony, 2008; Itzkin et al., 2020b). However, the application
of such sand-trapping fences can impair the sediment supply for
the beaches and landward coastal dunes and create a physical
boundary for the natural movement of fauna. Subsequently, a less
dynamic beach–dune system affects the beach width and,
therefore, the coastal protection against coastal erosion (Itzkin
et al., 2020a). Wider beaches generally offer greater coastal
protection against erosion than smaller beaches (Itzkin et al.,
2020b). Thus, sand-trapping fences influence the natural
topography of coastal dunes and present vegetation (Gallego-
Fernández, 2013). For example, Itzkin et al. (2020a) found that
coastal dunes are typically shorter, wider, and smaller in volume
than natural foredunes in non-fenced and undeveloped areas.
However, this may also be explained because fences tend to be
installed close to more vulnerable coastal dunes, which are usually
smaller.

Numerous studies consider the wind and turbulence field
behind porous fences with variable geometry (height and
length) (Mulhearn and Bradley, 1977; Ning et al., 2020),
porosity (Perera, 1981; Hotta and Horikawa, 1990; Lee and
Kim, 1999; Dong et al., 2007), opening size (Manohar and
Bruun, 1970; Lee and Kim, 1999), incoming wind velocity, or
wind turbulence (Dong et al., 2007; Yu et al., 2020). It is found

that fence porosity and fence height are the predominant
influencing factors on the wind field and, thus, the sand-
trapping efficiency (Li and Sherman, 2015). However,
recommendations on the fence height and porosity of sand-
trapping fences in coastal areas are commonly based on
empirical practice (Li and Sherman, 2015; Eichmanns et al.,
2021). Thus, the correlation of sand-trapping efficiency as a
function of, for example, fence porosity and fence height is
needed.

In this study, indoor wind tunnel experiments were carried out
to study the wind regime and sand-trapping efficiency of sand-
trapping fences with different fence porosities and fence heights.
The objective is to evaluate different fence porosities and fence
heights influencing trap efficiency. Therefore, the following
research goals were set:

1) Investigation of the influence of fence height and fence
porosity on the wind regime.

2) Investigation of reproducibility of the sediment accretion
around a single sand-trapping fence.

3) Considering the model effetcs on the sediment accretion
around a single sand-trapping fence.

4) Evaluation of trap efficiency of a single sand-trapping fence
over time.

5) Investigation of the influence of fence porosity on trapping
sediment.

6) Giving general recommendations on fence properties.

MATERIALS AND METHODS

Experimental Design
Physical model tests were conducted on sand-trapping fences
with different heights and porosities in an indoor subsonic,
blowing-sand wind tunnel at the Institute of Hydraulic
Engineering and Water Resources Management (IWW),
Rheinisch Westfälische Hochschule (RWTH) Aachen
University, Germany. Fence porosity and grain size
distribution of the sediment is based on in situ measurements
conducted in Langeoog and Norderney, where the influence of
sand-trapping fences on the dune toe growth and its relation with
potential aeolian sediment transport was already investigated by
the authors (see Eichmanns and Schüttrumpf, 2020, 2021).

For this work, a wind tunnel was built by the IWW itself and
was constructed mainly from wooden panels, except the test
section was built from polymethylmethacrylate to allow visual
observation of the experiments. The wind tunnel had a total
length of L = 25.8 m, see Figure 1. The cross-sectional area was
H = 1.0 m (height) and B = 0.58 m (width). The wind tunnel
consisted of the following four parts: the power section with the
wind machine, rectifier section followed by contraction section,
channel with test section, and diffusion section. A sediment bed
with a length of l = 4 m, a width of b = 0.4 m, and a depth of
t = 0.15 m was installed in the test section. The sand-trapping
fence as the focus of the investigation was installed within the
sediment bed, d = 2 m from the edge of the sediment bed in the
windward direction. In addition, a sediment source with a layer
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with a volume of V = 0.0435 m³ was placed about 1 m behind the
roughness section in the main wind direction.

The Trotec TTW (Trotec) wind machine generates a
continuous airflow of Q = 45.600 m³/h. The wind machine is
equipped with an inverter that allowed mean wind velocities to be
adjusted between umean ~ 1–10 m/s. The wind first passes through
a honeycomb, see Figure 2A, and second, through a coarser and a
finer screen, see Figure 2B, to straighten the airflow. The
honeycomb is designed following the findings of Barlow et al.
(1999) and Mehta (1979) and was built out of ~7.500 bounded
polyvinylchloride tubes with an outer diameter of d = 16 mm and
a length of l = 120 mm. In addition, the surface roughness is
increased by four spires, a trip fence, and a 6-m-long artificial
grass cover, see Figure 2C.

Experimental Setup
The flow field and sediment flux measurements were conducted
separately. First, a fixed sediment surface was installed tomeasure the
wind velocities via a hot-wire anemometer. Since the hot-wire
anemometer is susceptible to damages from the windblown

sediment, a thin layer of sediment glued to a wooden panel was
installed while measuring the wind profiles in the test section. Only
wind directions perpendicular to the fences were investigated in

FIGURE 1 | Subsonic, blowing-sand wind tunnel built at IWW, RWTH Aachen University, Germany.

FIGURE 2 | (A) Honeycomb and (B) coarser and finer screens to straighten the airflow in the main wind direction, and (C) spires, trip fence, and an artificial grass
cover to increase the surface roughness.

FIGURE 3 | Instrumentation setup for the test section, including 2D
LiDAR sensor SICK LMS4000, Testo hot-wire anemometer for the different
measurement positions, vertical mesh sand trap, and GoPro Hero 8.
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the wind tunnel. The experimental mean wind velocities were
u1 = 6.1 m/s, u2 = 7.4 m/s, and u3 = 9.3 m/s. Then a moveable
sediment bed combined with a sediment source was established,
where a vertical sediment trap determined the sediment flux and
a 2D LiDAR sensor SICK LMS4000, the sediment accretion
around the sand-trapping fence. This fixed and moveable
sediment bed procedure was already carried out in comparable
wind tunnel experiments such as Hotta and Horikawa (1990). A
GoPro Hero 8 recorded each experiment for visual observation.
In Figure 3, the instrumentation setup for the test section
is shown.

The sediment source is added, such as in experiments by
Creyssels et al. (2009) or Ho et al. (2011, 2012), to favor the
development of a steady state of saltation. Experiment’s duration
is set to t = 10 min to ensure almost stationary sediment fluxes.
This is in agreement with other investigations such as Chen et al.
(2019, 2020), Wang et al. (2018), or Miri et al. (2019), where short
measuring intervals, up to several minutes, are common. Some of
these experiments were even shorter. Exceeding this experiment
duration would empty the sediment source and the sediment bed.
Furthermore, vertical mesh sand traps are limited to a constant
sand-trapping capacity that will exceed if testing times are
excessive. Moreover, we wanted to avoid the effects of supply
limitations on the dune development (Swann et al., 2015) or
increase the model effects at the physical boundaries (transition
from wooden panels to the sediment bed).

Sediment from the study site Norderney was used for
the experiments. To ensure the defined moisture content of
M < 0.1%, for all investigations, the sediment was dried in a
dry oven at a temperature of around T = 105°C. According to the
specifications in DIN EN ISO 14688-1 (2018), a sedimentological
analysis was conducted. The median grain size of the sediment
was d50 ~ 212 μm.

The investigated sand-trapping fences were modeled
using locally available brushwood branches with a diameter of
d ~ 2–10 mm. In total, nine different fence configurations were
investigated in the wind tunnel, varying in both fence height
(h = 40, 80, 120 mm) and fence porosity (ε ~ 20–58%). The two-

dimensional porosity was determined as the open to total surface
ratio. The exact porosities are shown in Figure 4 and were
determined by evaluating photographs of the sand-trapping
fences. Therefore, the photographs were processed with the
MATLAB, 2018’s (R2018b, version 9.510.944444) Color
Thresholder Application. The areas overlaid by the brushwood
branches were identified and colored in black with a chosen
threshold value. The contrast toward the background was
increased and colored in white to indicate that there is no
brushwood. For more information about the segmentation of
the photographs, refer Eichmanns and Schüttrumpf (2021).

The porosity of the different sand-trapping fence
configurations varies slightly over height due to the uneven
nature of the branches. Thus, the modeled fences tend to
become a little more porous in their upper parts. In the
following, the mean porosity is determined for the three
different fence heights and used for low (ε1 = 22.6%), medium
(ε2 = 41.6%), and high (ε3 = 56.5%) porosity. The mean porosities
generally correspond to the porosities of Langeoog and
Norderney’s sand-trapping fences (Eichmanns and
Schüttrumpf, 2021). However, the brushwood bundles differ in
their stem characteristics, such as the stem diameter
(d ~ 2–10 mm). At present, the authors are not aware that the
stem diameter significantly influences the sediment accretion
around the sand-trapping fence, especially since, in a scientific
research, the fence’s porosity was identified as a significant
influence on trapping sediments (e.g., Arens et al., 2001;
Zhang et al., 2010; Li and Sherman, 2015; Miri et al., 2019; Yu
et al., 2020).

To measure the wind fields, all fence heights and porosities
were investigated (27 cases); to measure the sediment accretion
around the sand-trapping fence, only the highest fence height was
installed (nine cases), see also Figure 4. Researching this fence
height ensures that the saltation layer height does not significantly
exceed the fence height, allowing the fence to capture most of the
windblown sediment, see also Sediment Transport Fluxes. The
influence would be more remarkable for other fence heights since
the fence heights are considerably lower than the saltation layer

FIGURE 4 | Modeling nine different sand-trapping fences with changing fence heights and fence porosities and showing the number of cases investigated (*only
wind profiles were measured).
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height, and thus, the aeolian sediment would also blow over
the fence.

Similarity to Nature and Compliance with
Physical Model Laws
The type of aerodynamic flow in the wind tunnel can be
characterized by the Mach number M (-), as follows

M � u
c
, (1)

where c ~ 343 m/s (temperature T = 20°C) is the speed of sound of
the medium. At any point in the wind tunnel, the velocity is less
than the speed of sound of the air (M < 1), and thus it is a subsonic
flow (Barlow et al., 1999; Anderson, 2017). The thickness of the
boundary layer in the test section was determined to be
approximately δ ~ 650 mm. Incompressible airflows are
primarily characterized by their Reynolds number and are
decisive for their dynamic similarity. The following conditions
must be met: Reynolds number of the flow must be greater than
Reflow >105 and the roughness Reynolds number must be greater
than ReR > 2.5 (Barlow et al., 1999; Cattafesta et al., 2010). The
Reynolds number of the flow is defined as follows:

Reflow � u∞ · δ
ν , (2)

where u∞ (m/s) is the free flow velocity in front of the test section
and ] ~ 1.516·10−5 m2/s (T = 20°C) is the kinematic viscosity of air
(White, 1996; Barlow et al., 1999; Cattafesta et al., 2010). The
roughness Reynolds number ReR (-) is defined as follows:

ReR � z0 · up

ν , (3)

where u* (m/s) is the shear velocity and z0 (mm) is the
aerodynamic roughness length (Nikuradse, 1933; Vithana,
2013), see also Measurement of Wind Velocity Characteristics.
The first criterion was achieved with Reflow ~ 3 × 105, whereas the
roughness Reynolds number was not achieved. The roughness
Reynolds number could only be determined for experiments with
the immobile sand bed, as the sensitive hot-wire probe could
otherwise be destroyed by saltating sediment grains. However, we
assumed that the roughness Reynolds number independence was
achieved during experiments with the moveable sediment bed
because the saltation process generally increases the roughness
Reynolds number (Cermak, 1987; White, 1996; Barlow et al.,
1999).

The minimal entrance length Lin,min ~ 10–25·δ (m) for
describing the logarithmic wind profile is considered
sufficiently long with Lin = 15 m under the assumption that
saltation is present and the Froude criterion Fr (-) is fulfilled,
as follows:

Fr � u∞�����
g ·H√ , (4)

where g = 9.81 m/s2 is the gravitational acceleration and H (m) is
the wind tunnel height. The smaller the Froude number, the faster
a constant shear stress velocity, and thus, a constant velocity

profile is achieved during saltation (White, 1996). The
Froude criterion is fulfilled for the investigated flow velocities
u1–3 = 6.1–9.3 m/s with Fr << 20 (Owen and Gillette, 1985).
Sidewall effects are not expected with the investigated low wind
velocities and corresponding shear stress velocities in the wind
tunnel. For the blockage ratio two criteria exist. The maximum
blockage ratio BR1 (-) defined as

BR1 � Afence

A
<! 0.1 , (5)

which is fulfilled for fence models with heights h1 = 40 mm and
h2 = 80 mm, whereas the blockage ratio BR2 (-) can only be met
for the lowest fence height h1 = 40 mm. It is defined as the ratio of
the fence height h (mm) to the height of the boundary layer
δ (mm):

BR2 � h

δ <! 0.15. (6)

These criteria were not always met in past studies either, such as
Dong et al. (2007), Wang et al. (2018), and Yu et al. (2020), but
assumed to have a minor influence as long as the fence height was
at least smaller than the height of the boundary layer. Since the
selected fence heights are considerably smaller than the boundary
layer height, it can be assumed that no significant influence is
expected by exceeding this limit value.

Measurement of Wind Velocity
Characteristics
The Testo hot-wire anemometer (testo, 2021), equipped with an
external data logger Testo 440 dp, was placed in the center of the
wind tunnel at predefined heights (z = 3, 6, 12, 24, 40, 80, 120, 200,
and 250 mm) above the surface to measure wind velocities. For
this purpose, the hot-wire anemometer was inserted via a hole in
the wind tunnel cover, and after measurement of the wind profile,
the anemometer was moved to the next position downwind. The
respective holes in the lid were sealed tightly with plugs, see
Figure 3. For the flow field test, the wind velocity profiles near the
sand-trapping fence were measured on the leeward side at a
distance of 2, 5, 8, 10, 12, 15, and 20 h from the fence, on the
windward side at distances of −2h, −5h, and −10h, and at a
reference position over the wooden panel at x = −2,200 mm from
the fence, where h is the height of the sand-trapping fence. We
recorded a steady and uniform airflow field in the test section
without a sand-trapping fence, see also Figure 7. The hot-wire
anemometer has an accuracy of ±0.03 m/s and 3% of the mean
wind velocity. In order to obtain reliable measurement results, the
measurement duration is decisive. A measurement duration that
is too short can lead to incorrect measurement results. The longer
the measurement duration, the more representative the
measurement results. The wind velocity was measured for
10 min at two locations and then analyzed. The 10-min
measurement period is divided into ten intervals of equal time
(t = 1 min), and the difference between the mean flow velocity
over each 1-min interval over the whole 10-min interval is
determined. The maximum difference was ±1.2%. Therefore, a
measurement interval of 1 min is defined as sufficiently accurate
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for this investigation. Moreover, the reproducibility of the
measured data for the wind profiles was ensured by repeating
several measurements randomly with a maximum deviation of
±4% at one measuring point.

An appropriate analytical approach to describe the wind
velocity distribution over the viscous sub boundary layer for
aerodynamically rough surfaces is the law of the wall, which is
valid for neutral atmospheric stability conditions, as follows
(Bagnold, 1954):

uz � u*

ĸ
· ln z

z0
, (7)

where uz (m/s) is the wind velocity at height z (m) and κ (−) is the
Kármán constant (here 0.41) (Nikuradse, 1933; Vithana, 2013).
Figure 5 exemplifies the velocity profiles foru1= 6.1m/s,u2= 7.4m/s,
and u3 = 9.3 m/s at the reference position with corresponding
shear velocities u1* = 0.21 m/s, u2* = 0.25 m/s, and u3* = 0.28 m/s,
and coefficient of determination R2 = 0.95–0.98 is shown. It
describes the approaching airflow entering the test section.

For all measurement heights at the reference position, the
corresponding standard deviations were less with σmin = 0.19 m/s,
σmax = 0.61 m/s, and σmean = 0.39 m/s, respectively.

When a particular critical value of drag and lift force on the
sediment grain is exceeded, sediment transport is initiated. This is
the so-called critical shear stress u*t (18):

upt � A ·
���������������
(ρs
ρa

− 1) · g · d50

√
. (8)

The empirical constant is given with A (-) (here 0.11), the density
of air is given with ρa (kg/m³) (here 1.2 kg/m³), and the density of

sediment grains with ρs (kg/m³) (here 2,650 kg/m³). The
empirical constant considers the effect of cohesion; however,
the influence of the protective layer of shells or moisture contents
is not taken into account (Shao and Lu, 2000; Han et al., 2011; van
Rijn and Strypsteen, 2019). The critical shear velocity was
calculated for the wind tunnel investigations as u*t = 0.24 m/s.
However, it was noted that sediment transport occurred with
critical shear velocities above u*t = 0.20 m/s.

To describe the influence of different fence porosities and
fence heights on the wind profile at a certain height z (mm) and
distance x (mm) from the fence, the wind reduction coefficient
Rc (-) is used (Cornelis and Gabriels, 2005; Wang et al., 2018;
Yu et al., 2020):

Rc � 1 − ux,z

u0x,z

. (9)

The horizontal wind velocity is given with ux,z (m/s) and the
horizontal wind velocity at that exact position without any fence
with u0x,z (m/s). A high value indicates a high wind reduction.

Measurement of Sediment Flux
For each experimental mean wind velocity, mean sediment
transport rates were measured to determine the incoming
sediment flux from the sediment source. Thus, vertical mesh
sand traps constructed according to Sherman et al. (2014) and
already used in field experiments of Eichmanns and Schüttrumpf
(2020), covering a height of z = 0.3 m above the surface, see
Figure 3, were used. The vertical mesh sand trap consists of six
rectangular aluminum tubes arranged one above the other. One
rectangular aluminum tube has the dimensions of 0.1 m (width) ×
0.05 m (height) × 0.25 m (length) and 2 mm (edges). One
rectangular aluminum tube is equipped with a nylon
monofilament with opening sizes of size = 50 μm. The vertical
mesh sand traps were exposed to sediment flow during the
defined time interval of t = 10 min, and, afterward, the
collected sand was weighed per height. The empirical
exponential decay function is used to describe the vertical
distribution of sediment transport as follows (Ellis et al., 2009;
Poortinga et al., 2014):

qz � q0 · exp( − β · z), (10)
where qz (kg/m

2/s) is the sediment transport rate at a predefined
height z (m), q0 (kg/m

2/s) is the extrapolated saltating sediment
mass transport at the surface, and the decay rate ß (1/m) is a
constant to describe the vertical concentration gradient. A
regression analysis of the experimental data gives the
parameters ß and q0 (Bauer and Davidson-Arnott, 2014).
According to the scientific literature, the range of values for
the fitting coefficient can vary significantly due to the weak
correlation to physical aeolian parameters such as grain size or
shear velocity (Bauer and Davidson-Arnott, 2014). Integrating
Eq. 10 gives the total mass transport, as follows:

Qs � ∫∞

0
qz · dz � q0

β
. (11)

The total mass transport by saltation is given as Qs (kg/m/s)
(Bauer and Davidson-Arnott, 2014). Since aeolian sediment

FIGURE 5 | Examples of the velocity profile for u1 = 6.1 m/s, u2 = 7.4 m/s,
and u3 = 9.3 m/s. The blue dots represent the measured wind velocity
and the red lines indicate the regression lines, see Eq. 7.
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transport is highly variable spatially and temporally, the
experiments were repeated three times and the average value
was used for further analysis (Baas and Sherman, 2006; Bauer and
Davidson-Arnott, 2014; Strypsteen, 2019; van Rijn, 2019).

Measurement of Sand Accretion Around
Sand-Trapping Fence Configurations
We deployed a 2D LiDAR scanner at the centerline of the wind
tunnel, where the wind velocity profiles were also measured. We
found that the centerline represents the sediment accretion
around the sand-trapping fence well based on the camera
recordings. The laser scanner detected the sediment surface
elevations every Δt = 2 min with a systematic error of
±1.5 mm and a statistical error of ±2.5 mm (distances between
1.97–2.40 m). The measuring frequency was set to 10 Hz, and the
angular resolution was 0.0833°.

In the following, the trap efficiency is used to evaluate the
different sediment accretions around the configurations of the
sand-trapping fence. In order to eliminate model effects on the
sediment accretion caused by the fence, the sediment fluxes were
distinguished based on the continuity equation. Thus, Figure 6
presents a schematic side view of the wind tunnel test section with
the sediment accretion around the fence at timestep t0 = 0 min
and t5 = 10 min. The yellow areas show the typical erosion areas,
whereas the colored areas in orange give the accretion areas.
The zero-crossing between two sediment surface elevations at
different timesteps is defined as boundary condition
distinguishing between the different sediment changes (sf2, sf3,
and sf4), see red crosses in Figure 6.

During the experiments, local scouring always occurred at
the transition between the wooden panel and sediment bed
and vice versa, see Sediment Accretion Around the Sand-
Trapping Fence Configurations. These sediment changes sf2
and sf4 were caused by increasing shear stress associated with
increasing surface roughness, which lead to fluctuations and
turbulences, thus, initiating erosion processes (Swann et al.,
2015). Since in a steady-state equilibrium, foredunes generally
oscillate about a geomorphic equilibrium, accreting
(recovery) and eroding (response), it is assumed that the

scour sf4 at the end of the sediment bed would extend over
a longer distance followed by a sediment accretion (Swann
et al., 2015). Thus, this sediment change sf4 is excluded from
further analysis. Excluding the sediment flux sf4 (sf4 << sf3)
still provides valid results.

It is assumed that during the experimental time frame of
t = 10 min, the scours have a minor effect on the accretion of
sediment around the sand-trapping fence. According to
experiments of Hotta and Horikawa (1990) and Ning et al.
(2020), the zero-crossing between two surface elevations at
different timesteps shifts insignificantly toward the fence
(maximum x/h ~ 2) such as in our experiments. Thus, it is
assumed that the morphodynamics around the sand-
trapping fence is modeled correctly in our experiments, see
also Sediment Accretion Around the Sand-Trapping Fence
Configurations. However, this can only be determined
adequately with a sufficiently long wind tunnel and extensive test
durations.

For evaluating the sand-trapping of different fence
configurations, the trap efficiency E (-), see for example, Ning
et al. (2020) or Chen et al. (2019), is defined as follows:

E � Qt

Qs

. (12)

The trapped sediment transport Qt (kg/m/s) is estimated as the
product of the bulk density of the sediment γ (kg/m³) and the
cross-sectional dune area ΔA (m2) (sediment change sf3) in the
time interval Δt (s), as follows:

Qt � γ · ΔA
Δt

. (13)

The sediment transport for initiating the sediment accretion
around the sand-trapping fence is calculated based on total
mass transport Qs, see Eq. 11, from which the sediment
change sf2 is subtracted. The bulk density was γ = 1,550 kg/m³
(average out of three measurements).

Since windblown sediment transport is highly variable both
spatially and temporally, the experiments were repeated three to
four times (Baas and Sherman, 2006; Bauer and Davidson-
Arnott, 2014; van Rijn, 2019).

FIGURE 6 | Two-dimensional side view of the wind tunnel test section showing the different sediment fluxes schematically: sf1–sf4 for determining the trapped
sediment, see Eq. 13.
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RESULTS

Wind Velocity Characteristics
Figure 7A presents the flow field in the x-direction (mm) over the
height z (mm) without a sand-trapping fence; Figures 7B–D depicts
the flow fields in the vicinity of a sand trapping. The free mean
velocity was u3 = 9.3 m/s, and the x-axis and the y-axis were
normalized by the fence height. The black dots represent the
measurement positions of a hot-wire anemometer with the mean

wind velocity values over the 1-min measuring interval, and the
brown lines indicate the fence. Generally, the airflow slows down on
the upwind side of the fence. Above the fence, the airflow accelerates,
and on the leeward side, the vertical eddy zone occurs, resulting from
the difference of the wind velocity above and through the fence.

The complexity of the airflow fields decreased while the fence
porosity increased. For the low porosity fence, the wind velocity
profiles show a higher range of measured wind velocities between
u = 2.3–11.3 m/s than the high porosity fence profiles showing

FIGURE 7 | Flow fields (A)without a sand-trapping fence (B) in the vicinity of a sand-trapping fence at x/h = 0with h3 = 120 mmand (B) a porosity of ε1 = 22.6%, (C)
ε2 = 41.6%, and (D) ε3 = 56.6%. The free mean wind velocity was u3 = 9.3 m/s. The black dots show themeasuring locations of the hot-wire anemometer, and the brown
lines indicate the sand-trapping fence.
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wind velocities between u = 6.3–11.1 m/s. In addition, the wind
velocities in front of and behind the fence are reduced to a greater
extent. For better illustration, Figure 8 represents the mean wind
velocities in the x-direction for the different fence configurations,
divided into the following fence heights: (A) h1 = 40 mm (B)
h2 = 80 mm, and (C) h3 = 120 mm. The mean wind velocity in the
x-direction was averaged by values of wind velocities at heights of
z = 3, 6, 12, 24, 40, 80, 120, 200, and 250 mm. The mean wind
velocities were averaged up to a height of z = 250 mm within
the boundary layer rather than the entire wind tunnel height of
H = 1,000 mm.

Comparing the wind fields for the different fence heights
(h1 = 40 mm, h2 = 80 mm, and h3 = 120 mm), we detected no
significant differences in the mean wind velocities under constant
porosity and constant free wind velocity.

For the lowest fence porosity (ε1 = 22.6%) and the highest
fence height (h3 = 120 mm), the wind reduction is most
significant at position x/h = 5. For the mean free wind velocity
u1 = 6.1 m/s, the lowest mean wind velocity in the x-direction was
umean = 3.4 m/s, whereas for the lowest fence height (h1 = 40 mm)
and the lowest fence porosity (ε1 = 22.6%), the lowest mean wind
velocity was umean = 4.4 m/s at position x/h = 5. In the downwind
direction, the wind velocity increased, reached their minimum at
position x/h = 5, and then increased again to the initial wind
velocity. For all fences with the characteristics of ε2 = 41.6%, the
minimum value was already reached at position x/h = 2. The
higher the porosity of the fence was, the earlier the initial wind
velocity of the fence was reached in the free stream.

Sediment Transport Fluxes
Figure 9 exemplifies the vertical distribution of sediment transport
fluxes obtained from the vertical mesh sand traps for the wind
velocity u3 = 9.3m/s. We found that sediment was mainly caught in
heights of less than z ≤ 0.05m for all wind velocities studied. This
finding is in agreement that most sediment transport in coastal areas
occurs for z < 0.05m above the surface (Strypsteen, 2019). No
sediment was caught in heights over z > 0.15m, so the saltation
layer height does not significantly exceed the fence height (h3 =
120mm), see Experimental Setup.

Table 1 presents the results of the trapped sediment from the
vertical mesh sand traps with the total mass flux Qs (kg/m/s), the
decay rate ß (1/m), the extrapolated saltating sediment mass
transport at the surface q0 (kg/m2/s), and the correlation
coefficients R2 (-) of the regression analysis. The measuring
duration was t = 10 min. The transport fluxes varied between
Qs = 0.005–0.078 kg/m/s for wind velocities ranging between

FIGURE 8 |Mean wind velocity u1–u3 in the x-direction of fences with different characteristics ε1–ε3, divided into (A) the fence heights h1 = 40 mm (B) h2 = 80 mm,
and (C) h3 = 120 mm.

FIGURE 9 | Vertical distribution of sediment transport flux obtained from
the vertical mesh sand trap for wind velocity u3 = 9.3 m/s and the best fit
exponential decay function for experiment No. 3.3.
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u1 = 6.1 m/s and u3 = 9.3m/s. For the lowest wind velocity
u1 = 6.1 m/s, the total mass fluxes show larger fluctuations than
those at higher wind velocity u2 = 7.4 m/s and u3 = 9.3 m/s.

The regression parameters varied between ß = 83–105/m and
q0 = 0.44–6.79 kg/m2/s, indicating that the higher the wind
velocity, the higher the extrapolated saltating sediment mass
transport at the surface and the amount of the total sediment
transport rate. However, the decay rate and the sediment
transport height did not vary significantly during the
experiments for different wind velocities.

Sediment Accretion Around the
Sand-Trapping Fence Configurations
Figure 10 shows sediment accretion around the investigated sand-
trapping fences h3 = 120 mm over time, starting at t0 = 0 min and
ending at t5 = 10 min. Both the x-axis (-) and the y-axis (-) are
normalized over the fence height. The results for the investigated
wind velocity u1 = 6.1 m/s are shown in Figures 10A,D,G,
u2 = 7.4 m/s in Figures 10B,E,H, and u3 = 9.3 m/s in Figures
10C,F,I, respectively. The first row shows the results for
ε1 = 22.6%, the second row for ε2 = 41.6%, and the third row
for ε3 = 56.5%. The different colors of the lines indicate the
different timesteps Δt = 2 min. The sediment changes are Δsf2
and Δsf3 is given in the legend.

The sediment accretion occurred predominantly horizontally
and vertically, which corresponds to the first phase of dune
growth, see for example Ning et al. (2020). Longer experiment
durations would probably lead to the sediment accretion
according to the second dune growth phase with almost
exclusive horizontal dune growth if a sufficient sediment
supply is provided. It is well seen that the higher the
investigated wind velocity, the higher the total amount of
deposited sediment at the sand-trapping fence at a given time,
caused by a higher aeolian sediment transport rate. Furthermore,
the denser the fence porosity, the higher the deposited sediment
on the windward side of the sand-trapping fence at any given
time. For example, for the lowest fence porosity of ε1 = 22.6%, the
deposited sand reached a height of maximum z/h ~ 0.4, whereas
for the highest fence porosity of ε3 = 56.5%, the maximum height
of z/h = 0.28 was reached. Generally, it can be recognized that for
fences with ε2 = 41.6% and ε3 = 56.5%, scouring occurred in the
main wind direction directly behind the fence at position x/h ~ 1,

whereas for ε1 = 22.6%, only little scouring was recorded at this
position.

The sediment accretion on the leeward side developed
simultaneously but faster than the sediment accretion on the
windward side of the fence. For the lower and middle wind
velocities (u1, u2), the height of the sediment accretion of the
windward side is approximately the same as the height of the
leeward side of the fence. For the fence with the lowest porosity,
the sediment accretion on the leeward side of the fence occurred
until x/h ~ six to eight, whereas fence with the medium porosity
until x/h ~ seven to nine and for the most porous fence until
x/h ~ 8–12.

DISCUSSION

Regarding the similarity of the physical model tests to nature,
it must be taken into account that some influencing factors
such as non-stationary wind conditions, attacking wind
direction, moisture, salt content of the sediment, shell
fragments, the presence of vegetation, or the topography
cannot be modeled in the wind tunnel experiments
adequately. For example, the main wind direction was
modeled solely orthogonal and onshore to the fence that
does not correspond to nature. In nature, the wind forces
attack the fence from all wind directions. However, wind
directions play a significant role in controlling the apparent
fetch length, which refers to the continuous increase in
sediment transport rates with increasing fetch length
downwind until an equilibrium condition is reached
(critical fetch length) (Jackson and Cooper, 1999; Bauer
and Davidson-Arnott, 2003). When estimations of aeolian
sediment transport rates from the beach toward the coastal
dunes are made, they are often divided into longshore and
cross-shore sediment fluxes, see for example Nickling and
Davidson Arnott, (1990). Furthermore, in nature, the
presence of vegetation generally increases the surface
roughness, favoring sediment deposition and dune
formation (Adriani and Terwindt, 1974; Hacker et al.,
2012; Keijsers et al., 2015; Cohn et al., 2019; Miri et al.,
2019). The presence of vegetation and the natural
formation of coastal dunes also influence the sand-trapping
efficiency of sand-trapping fences and may superimpose or

TABLE 1 | Total mass flux results over the measuring duration, decay rate, extrapolated saltating sediment mass transport at the surface, and correlation coefficients of the
vertical sediment profile regression analysis.

Wind velocity No. t (min) q0 (kg/m2/s) ß (1/m) Qs (kg/m/s) R2 (-)

u1 = 6.1 m/s 1.1 10 0.72 92 0.008 ~1.0
1.2 0.83 90 0.009
1.3 0.44 91 0.005

u2 = 7.4 m/s 2.1 4.01 105 0.038
2.2 3.31 102 0.033
2.3 3.70 104 0.036

u3 = 9.3 m/s 3.1 6.79 87 0.078
3.2 6.40 85 0.075
3.3 6.20 83 0.075
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interact with them (Houser et al., 2015). Generally, moisture
content of sediment strongly affects aeolian sediment transport.
With increasing moisture content the cohesion is increasing
leading to lower sediment transport rates. In our investigations
the sediment was dried before testing, leading to higher sediment
transport rates compared to nature (Davidson-Arnott et al., 2005;
van Rijn and Strypsteen, 2019). However, these influencing
factors, which are usually subject to strong spatial and

temporal fluctuations, have a decisive influence on the
sediment accretion around sand-trapping fences in nature. The
standardized wind tunnel investigations, on the other hand, offer
the great possibility to observe the influence of certain fence
properties under constant boundary conditions. The influence of
other factors, such as the natural dune formation, can thus be
eliminated, allowing us to evaluate the effeciency of sand-
trapping fences in a standardized manner.

FIGURE 10 | Sediment accretion around a porous fence h = 120 mm varying in fence porosity and investigated wind velocity. The first row (A-C) shows the results
for ε1 = 22.6%, the second row (D-F) for ε2 = 41.6%, and the third row (G-I) for ε3 = 56.5%. The first columns show u1 = 6.1m/s, the second column u2 = 7.4m/s, and the
third column u3 = 9.3 m/s.
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Wind Velocity Characteristics
The wind profile could be measured well and provide
reproducible data in repeated experiments with the applied
methodology. In Figure 11, the wind reduction factors Ru (-),
according to Eq. 9, for the fence heights h = 40, 80, 120 mm
are shown along the x-axis, normalized over the fence
heights.

In Figure 12, the wind reduction factors Ru (-) for the fence
porosities of ε = 22.6, 41.6, 56.5% are shown respectively.

Note that a higher wind reduction factor indicates a more
substantial reduction in wind velocity and thus favors sediment
deposition around the sand-trapping fence. We recognized that
the wind reduction coefficients were almost the same for varying
free wind velocities but varied significantly for different fence
porosities and fence heights. The results show that, with
increasing distance from the fence, the wind reduction
coefficient increased to the maximum value and then
decreased or stabilized again. The position at which Ru

FIGURE 11 |Wind reduction coefficients accordingly to Eq. 9 in the x-direction of fences with different characteristics, which are divided into (A) the fence heights
h1 = 40 mm (B) h2 = 80 mm, and (C) h3 = 120 mm.

FIGURE 12 | Wind reduction coefficients accordingly to Eq. 9 in the x-direction of fences with different characteristics, which are divided into (A) the fence
porosities ε1 = 22.6%, (B) ε2 = 41.6%, and (C) ε3 = 56.5%.
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begins to decrease or stabilize, the protection range, generally
lies between x/h = 2–5. The wind reduction coefficient was
substantially greater for higher fences (Ru,max = 0.48) than lower
fences (Ru,max = 0.21) and also higher for less porous fences
(Ru,max = 0.48) than for more porous fences. Furthermore, it
becomes clear that for the medium and high fences, the
influence of the porosity is greater than for the low fences
since the variety of Ru is also smaller. However, the fence height
plays a minor role in the case of the most porous fence. This is in
agreement with findings of Perera (1981), who found in wind
tunnel experiments with vertical and horizontal slats (porosity
>30–50%) or Lee and Kim (1999) who found with perforated
fences (circular openings with porosity >40%), no recirculating
zone occurred due to the strong bleed flow. For ε1 = 22.6% and
ε2 = 41.6%, the typical airflow conditions around a single porous
fence can be identified (Plate, 1971). However, for the fence of
porosity ε3 = 56.5%, a strong bleed flow leads to smaller wind
velocity reduction, the recirculating zone disappears, and the
airflow zones become less complex (Dong et al., 2007).

Sediment Transport Fluxes and Sediment
Accretion Around the Sand-Trapping Fence
Configurations
We found that the two-dimensional development of the sediment
accretion around the sand-trapping fences could be measured
well with the 2D LiDAR scanner and is quantitatively
reproducible in repeated experiments (maximum standard
deviation of the sediment accretion σ ~ 0.15). However, for
low wind speeds, the ratio of the measurement error to the
deposition heights is so small that the measurement error has
a significant influence on the results. In addition, the aeolian

sediment fluxes showed large temporal fluctuations, which were
noticed especially during experiments with the wind velocity
u1 = 6.1 m/s, see Table 1. As far as the authors know, the
reproducibility of the sediment accretion around a sand-
trapping fence is investigated for the first time with the results
presented herein.

Figure 13A gives the changes of cross-sectional area and
Figure 13B the trap efficiency for all configurations over time.
The changes of cross-sectional areas ΔA (m2) and the trap
efficiencies E (-) are shown as the average value of three up to

FIGURE 13 | Change of (A) cross-sectional area ΔA (-) and (B) trap efficiency E (-) for different investigated fence configurations varying in fence porosities
ε1 = 22.6%, ε2 = 41.6%, and ε3 = 56.5% for investigated wind velocities u1 = 6.1 m/s, u2 = 7.4 m/s, and u2 = 9.3 m/s expressed over the experiment duration t (s).

FIGURE 14 | Trap efficiency E (-) calculated by Eq. 12 for different
investigated fence configurations varying in fence porosity ε1 = 22.6%,
ε2 = 41.6%, and ε3 = 56.5% for investigated wind velocities u1 = 6.1 m/s,
u2 = 7.4 m/s, and u3 = 9.3 m/s over the whole measuring time t = 600 s.
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four repeated measurements. Generally, as the sediment
transport rates increase, the cross-sectional areas around the
sand-trapping fence also increase; with the densest fence
tending to accumulate the most sediment, then the medium-
density fence, and then the porous fence. At the beginning of the
experiments, the trap efficiency increases, and as time passes, the
efficiency decreases or stabilizes.

For the medium (u2 = 7.4 m/s) and high wind velocity
(u3 = 9.3 m/s), the maximum trap efficiency is reached
between t = 360–600 s, whereas, for the lowest wind velocity
(u1 = 6.1 m/s), the maximum is reached at t = 360 s. After the trap
efficiency increases to its maximum, it decreases slightly or
stagnates to equilibrium during the time investigated in our
experiments. This is in accordance with findings of Ning et al.
(2020), where the sand-trapping is highest at the beginning of the
first phase, drops significantly until the end of the first phase, and
continues to drop slowly until the end of the second phase.

For the different investigated sand-trapping fence’s porosities
(ε1 = 22.6%, ε2 = 41.6%, ε3 = 56.5%) and wind velocities
(u1 = 6.1 m/s, u2 = 7.4 m/s, u3 = 9.3 m/s), the calculated trap
efficiencies, see Eq. 12, are shown as boxplots (Figure 14). Since
the efficiencies vary over time, all timesteps of the experiments are
included showing the variations. The mean trap efficiencies for
the dense fence (ε1 = 22.6%) Eh120,e22.6 are 0.69 (u1 = 6.1 m/s),
0.57 (u2 = 7.4 m/s), 0.63 (u3 = 9.3 m/s) and for the medium
fence Eh120,e41.6 are 0.66 (u1 = 6.1 m/s), 0.52 (u2 = 7.4 m/s), 0.58
(u3 = 9.3 m/s). For the highest fence porosity (ε3 = 56.5%), the
efficiencies Eh120,e56.6 are 0.45 (u1 = 6.1 m/s), 0.41 (u2 = 7.4 m/s),
0.52 (u3 = 9.3 m/s).

Generally, the trap efficiency for the dense and medium fence
are higher than for the lowest porosity fence. However, the shape
of the resulting sediment accretion differs for the fences. Sand-
trapping fences with lower porosities (ε1 = 22.6% and ε2 = 41.6%)
favor localized sediment accretion directly at their brushwood
lines. Fences with higher porosity (ε3 = 56.5%), allow for more
sediment accretion further downwind, see also Figure 10. Thus,
denser fence porosities are more suitable for constructing sand-
trapping fences to initiate and facilitate the coastal dune toe
growth. Fences with higher porosity could be used where the
sediment accretion would occur over a longer downwind
distance, for example, to allow a smoother transition between
the foredunes and the white dunes.

Moreover, for the same porosity, the low wind velocity
(u1 = 6.1 m/s) always gives the highest trap efficiency, followed
by efficiency for the highest wind velocity (u3 = 9.3 m/s) and the
medium wind velocity (u2 = 7.4 m/s). This can be explained by
the fact that the critical shear stress velocity is minimally exceeded
at the lowest wind velocity.

We strongly recommend extending the wind tunnel
experiments over longer test sections to gain more quantitative
data. This would require much larger wind tunnel dimensions
with a larger sediment bed as well as a continuous sediment
supply. With these proposed boundaries, it could be measured
over more extended periods. Furthermore, installing numerous
rows of fences in a larger wind tunnel would allow us to evaluate
the optimal distance between numerous rows of fences to favor
sediment accretion.

CONCLUSION

Physical model tests were conducted on sand-trapping fences
with different fence heights (h = 40, 80, and 120 mm) and fence
porosities (ε = 22.6, 41.6, and 56.5%). These tests occurred in an
indoor subsonic, blowing-sand wind tunnel equipped with a
moveable sediment bed (d50 ~ 212 μm). The experimental
mean wind velocities were u1 = 6.1 m/s, u2 = 7.4 m/s, and
u3 = 9.3 m/s. We used a hot-wire anemometer to measure the
flow fields, a vertical mesh sand trap to determine the sediment
fluxes, and a 2D laser scanner to record the sediment accretion
around the sand-trapping fences over time. The results of these
experiments gave the following conclusions:

1) The wind profiles could be measured well with the hot-wire
anemometer and provide reproducible data in repeated
experiments. We recognized that the wind reduction
coefficients varied significantly for different fence porosities
and fence heights. It becomes clear that for the medium and
high fence, the influence of the porosity is more significant
than for the low fence height. However, the fence height plays
a minor role for the high fence porosity. For the lower fence
porosities, ε1 = 22.6% and ε2 = 41.6%, the typical airflow
conditions around a single porous fence could be identified.
The airflow zones around the fence of porosity ε3 = 56.5% are
less complex.

2) The two-dimensional development of the sediment
accretion around the sand-trapping fences could be
measured well with the 2D LiDAR scanner and is
quantitatively reproducible in repeated experiments.
However, for the quantitative evaluation, low wind
velocities and high fence porosities associated with low
sediment accretion significantly influence the trapping
efficiency, where the ratio of the measurement error to
the deposition heights is small.

3) For the first time, the influence of model effects in wind tunnel
experiments on the sediment accretion around a fence is
considered. For this purpose, the different sediment fluxes
are differentiated so that the sand-trapping efficiency is
specified to the close range of the fence.

4) At the beginning of the experiments, the trap efficiency
increases until its maximum, and as time passes, the
efficiency decreases slightly or stagnates over an
equilibrium during the time investigated in our experiments.

5) The porosity of the fence significantly controls the efficiency to
trap sediment. More sediment deposits for fences with porosities
of ε1 = 22.6% and ε2 = 41.6%, where localized sediment accretion
directly at the sand-trapping fence takes place. Fences with higher
porosity (ε3 = 56.5%) and an associated stronger bleed flow, allow
for sediment accretion further downwind.

6) We recommend coastal managers to choose the fence porosity
depending on the installation purpose. Lower fence porosities
can be used to initiate and facilitate the dune toe growth,
whereas fences with higher porosity would be more suitable to
favor the sediment accretion between the transition of
foredunes and white dunes as they have a wider range in
which sediment accretes downwind.
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The study results are of considerable significance for
guidelines on installing sand-trapping fences and can provide
theoretical support for their design.

Since experimental time, wind velocity, fence height, and the
number of fence rows in wind tunnel investigations are often
limited by the dimensions of the wind tunnel, long-term in situ
measurements of sediment accretion around sand-trapping
fences are needed containing data of changes in topography,
beach slope, wet and dry beach width, tidal range, wind direction,
and wind velocity.
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The Rockefeller Wildlife Refuge, located along the Chenier Plain in Southwest Louisiana,
was the location of the sequential landfall of two major hurricanes in the 2020 hurricane
season. To protect the rapidly retreating coastline along the Refuge, a system of
breakwaters was constructed, which was partially completed by the 2020 hurricane
season. Multi-institutional, multi-disciplinary rapid response deployments of wave gauges,
piezometers, geotechnical measurements, vegetation sampling, and drone surveys were
conducted before and after Hurricanes Laura and Delta along two transects in the Refuge;
one protected by a breakwater system and one which was the natural, unprotected
shoreline. Geomorphological changes were similar on both transects after Hurricane
Laura, while after Delta there was higher inland sediment deposition on the natural
shoreline. Floodwaters drained from the transect with breakwater protection more
slowly than the natural shoreline, though topography profiles are similar, indicating a
potential dampening or complex hydrodynamic interactions between the
sediment—wetland—breakwater system. In addition, observations of a fluidized mud
deposit in Rollover Bayou in the Refuge are presented and discussed in context of the
maintenance of wetland elevation and stability in the sediment starved Chenier Plain.

Keywords: hurricane impact, wave attenuation and erosion control, storm surge, chenier plain, breakwater, field
measured data, natural infrastructure, shoreline retreat

INTRODUCTION

During the hurricane season of 2020, the sequential landfalls of Hurricane Laura (27 August 2020) and
Hurricane Delta (09October 2020) in southwest Louisiana caused widespread damage and led to estimated
economic losses in excess of $7 billionUSD (Xi and Lin, 2021). These storms led to devastating impacts in a
region that is already subject to environmental stressors such as altered hydrology, shoreline erosion,
wetland loss, and saltwater intrusion (Gary, 1979; Shiner Mosley and Associates, 2002; Penland et al., 2005;
Morton and Barras, 2011; (LACPRA, 2017). Prior to the 2020 hurricane season, to conserve ecosystem and
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infrastructure integrity, breakwaters were installed along portions of
the southwest Louisiana shoreline (Campbell et al., 2005; Jafari et al.,
2020; Reid, 2021). The landfalls of Hurricane Laura and Hurricane
Delta led to a unique opportunity to examine the effects of two major
hurricanes impacting the same location, half of which was protected
by a system of breakwaters by the time of the 2020 hurricane season.

Both Hurricanes Laura and Delta underwent a process known
as rapid intensification, i.e., an increase in the maximum
sustained winds of at least 56.3 km/h over a 24-h period, prior
to landfall (Eley et al., 2021; Zhou et al., 2021; Zhu et al., 2021).
Rapid intensification is a highly dangerous process that is difficult
to forecast, but which seems to be increasing in frequency for
Atlantic storms and worldwide (Balaguru et al., 2018). Hurricane
Laura rapidly intensified from being a Category 1 hurricane the
day prior to landfall, to a Category 4 hurricane at landfall and the
strongest hurricane to strike Louisiana since Hurricane Camille in
1969 (Pasch et al., 2021). Hurricane Delta rapidly intensified from
a tropical depression to a Category 4 hurricane over a 30-h period.
However, it weakened while passing over the tip of the Yucatan
Peninsula before then re-strengthening and making landfall as a
Category 2 near Creole, Louisiana, six weeks after and only
19 kms east of the landfall location of Hurricane Laura
(Cangialosi and Berg, 2021; Pasch et al., 2021).

Southwest Louisiana is home to significant oil and gas
infrastructure (Martin Associates, 2021) and supports a large
portion of the state’s agriculture and fisheries industries (LACPRA,
2017). The part of southwest Louisiana in which these storms made
direct landfall notably features the Cameron Liquified Natural Gas
facility and a variety of other industrial shipping terminals on the
Calcasieu Ship Channel, estimated to have provided $39 billion USD
in economic value in 2020 to the United States and supported 53,722
jobs (Martin Associates, 2021). Impacts from the 2020 hurricane
season on the fishing-related businesses in Louisiana including
commercial fishers, marinas, charters, etc., are estimated on the
lower bound to be $117 million, on the upper bound to be $205
million, and estimated on average to be on the order of $161 million
(Caffey et al., 2022). The region is also home to several state and
federal wildlife refuges, including the Rockefeller Wildlife Refuge
(RWR or Rockefeller). Located proximal to the Calcasieu Ship
Channel in southwest Louisiana, and having experienced direct
landfall impacts from Hurricanes Laura and Delta, RWR and
adjacent areas provided a unique case study to monitor the
response of coastal wetlands using field observations to sequential
major hurricane passage. In addition, at the time of the 2020 hurricane
season, approximately half of Rockefeller’s Gulf of Mexico shoreline
was protected by an artificial breakwater system with the remainder
slated for construction, providing the opportunity to evaluate
differences in wetland system response to the storms and help
provide guidance to stakeholders and practitioners in the coastal
engineering community.

STUDY SITE: ROCKEFELLER WILDLIFE
REFUGE

The Rockefeller Wildlife Refuge (Figure 1) is a state-managed
wildlife refuge in Cameron and Vermillion Parishes, Louisiana,

located in the Chenier Plain, a geographic feature that spans
much of coastal southwest Louisiana and southeast Texas (Oscar
et al., 2001). The Chenier Plain is one of two distinct
geomorphological zones in Louisiana; the Mississippi River
Delta Plain is located in the southeastern portion of Louisiana
while the Chenier Plain resides in the southwestern portion of
Louisiana (Roberts, 1997; McBride et al., 2007; McBride et al.,
2013) Considered one of the most biologically diverse refuges in
the nation, RWR has 43 km of shoreline and covers 287 km2 of
chenier ridges and a range of fresh, brackish, and salt marshes
(LDWF, 2021). Due to its location at the southern terminus of the
Mississippi and Central Flyways, RWR hosts hundreds of
thousands of birds annually, serving as a critical seasonal stop-
over for tropical passerines, a wintering ground for migratory
waterbirds, and a year-round habitat for resident species -
including species of concern like western Gulf Coast Mottled
Ducks (Anas fulvigula)(Selman et al., 2011; LDWF, 2021).

When the land was donated to the state of Louisiana by the
Rockefeller Foundation in 1919, Rockefeller Wildlife Refuge
encompassed an area of approximately 348 km2; due to rapid
coastal erosion this area was reduced to 309 km2 by 2004,
294 km2 by 2011, and by more recent estimates, approximately
287 km2 (Wise et al., 2004; Selman et al., 2011; LDWF, 2021). The
average rate of erosion-driven shoreline retreat derived by remote
sensing has been measured at approximately 14.5 m/yr between
1998–2017, with extreme rates of 19 m/yr and 25.5 m/yr during
the years Hurricanes Rita (2005) and Ike (2008) struck (Yao et al.,
2018). In fact, Yao et al. (2018) estimated a total erosion of
approximately 300 m of shoreline between 1998 and 2017. Aerial
imagery between 1998 and 2002 indicate an approximate erosion
rate of 17 m/yr (Wise et al., 2004). Comparisons between
shoreline positions from U.S. Department of Agriculture
(USDA) National Agricultural Imagery Program (NAIP, +/−
1 m resolution) images from 2009 to 2019 (Figures 2A,B)
show an approximate shoreline retreat of 170 m over the ten-
year period, yielding similar results to the aforementioned Wise
et al. (2004) erosion rate of 17 m/yr.

To protect the shoreline in this region from these high rates of
retreat, extensive systems of breakwaters have been placed along
the shoreline of southwest Louisiana (Reid, 2021). The
breakwaters are part of a shoreline stabilization effort that has
been discussed since at least 2001 (Hill and Belhadjali, 2005). The
system was a collaboration between the National Oceanographic
and Atmospheric Association (NOAA), the Louisiana Coastal
Protection and Restoration Authority (CPRA), Louisiana
Department of Wildlife and Fisheries (LDWF), and the
National Marine Fisheries Service, with $34 million of funding
secured from the Coastal Wetlands Planning, Protection and
Restoration Act (CWPPRA) to construct a 6.4 km transect of
emergent breakwaters along the RWR shoreline designed for
Category 1 conditions (Jafari et al., 2020; Cohen et al., 2021; Reid,
2021). Funded as “ME-18,” the multi-million-dollar project
incorporated a Light Weight Aggregate Concrete (LWAC)
breakwater system. The extremely soft subsurface sediments
that extend for nearly 12 m below the ground surface make
employing traditional shoreline stabilization structures difficult
(Shiner Mosley and Associates, 2002), and thus the breakwaters
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FIGURE 1 | Location of the study site, Rockefeller Wildlife Refuge (yellow star), on the Louisiana coastline and the time-stamped (UTC) paths of Hurricane Delta
(white triangles) and Hurricane Laura (red circles) (Basemap: Satellite imagery courtesy of the U.S. Geological Survey, Google Earth Engine).

FIGURE 2 | USDA NAIP imagery of the study site in 2004 (A), in 2009 (B), in 2019 showing ~170 m of shoreline retreat (C), and NOAA post-Delta aerial imagery in
2020 (D) showing the location of the two transects in relation to the breakwater structure.
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were designed specifically to function atop the ultra-soft
sediments offshore of the RWR shoreline through the use of
lightweight aggregates enclosed in a geotextile fabric, which local
engineers refer to as “pillows.” During an experimental period in
which various breakwater systems were placed along the RWR
shoreline, the LWAC pillow system performed very well, and the
protected shoreline lost approximately one meter of land while
the unprotected shoreline eroded by nearly fourteenmeters (Wise
et al., 2004; Hill and Belhadjali, 2005; Geesey et al., 2011; Shows,
2019). The construction of the original 6.4 km reach of
breakwaters was completed by June 2020, just prior to the
period of major storm activity in Southwest Louisiana.

INSTRUMENTATION AND DATA
COLLECTION PLAN

Prior to the landfall of Hurricane Laura, a collaborative team of
members from Louisiana State University (LSU), Northeastern
University (NEU), Woods Hole Oceanographic Institution
(WHOI), and the University of North Carolina at Wilmington
planned and rapidly mobilized to deploy instrumentation as part
of a National Science Foundation Nearshore Extreme Events
Reconnaissance (NEER) effort. The team repeatedly deployed
along coastal Louisiana to monitor the effects of the devastating
2020 hurricane season on the fragile and rapidly eroding
Louisiana shoreline. Due to the inherent time-restraints
imposed by extreme event reconnaissance, namely the
uncertainty in exact landfall location, site access,
instrumentation, and crew availability, as well as the logistical
and health concerns due to the timing of field work and the
COVID-19 pandemic, data reconnaissance methods were
restricted to instruments and equipment that could be rapidly
deployed by a small crew. Post-Laura reconnaissance was
performed at RWR on 04 September 2020. Due to the short
time period between arrival of major storms in the Gulf of
Mexico, the post-Laura reconnaissance also acted as pre-storm
reconnaissance for Hurricane Delta. Prior to the landfall of
Hurricane Delta (07 October 2020), a pre-storm
reconnaissance was performed in the wetlands of Terrebonne
Bay, near Houma, Louisiana, where the storm track was originally
projected to make landfall. Post-Delta reconnaissance was
performed at RWR on 26 October 2020. Two transects within
RWR were the primary interest for this study: one termed the
natural shoreline (not fully protected by the breakwater) and one
in an area with a protected shoreline (protected by the
breakwater). The two transects were visited for
instrumentation staging and data reconnaissance on 25 August
2020 before the landfall of Hurricane Laura, on 4 September 2020
after the landfall of Hurricane Laura, and on 26 October 2020
after the landfall of Hurricane Delta.

USDA National Agricultural Imagery Program (NAIP) aerial
imagery of the study site in 2004 (Figure 2A), 2009 (Figure 2B),
and 2019 (Figure 2C), and NOAA Hurricane Delta (2020) post-
storm aerial imagery (Figure 2D) are shown in Figure 2. Each of
the four aerial images are geo-referenced and cropped to display
the same region, and each show the locations of the two study

transects and the eight monitoring stations which were
implemented in the pre-storm deployment. All eight
monitoring stations were located on land in 2004 (Figure 2A)
and 2009 (Figure 2B). The shoreline monitoring stations, NAT-1
and BW-1 were both located in vegetated saltmarsh wetlands well
inland of the shoreline in 2004 and 2009. Between 2009 and 2019,
the shoreline experienced approximately 170 m of retreat
(Figure 2C) as evidenced by the transition of the offshore
monitoring station from wetland to open-water. No significant
pond expansion is visible inland, suggesting that wetland
elevation and vegetation health in the saltmarsh in this system
are relatively stable until directly affected by processes such as
shoreline retreat (Cadigan et al., 2020). The location of the edge of
the breakwater noted in Figure 2D corresponds to the progress
made towards construction of the breakwater system between
2019–2020 prior to the 2020 hurricane season.

During each of these field explorations, the breakwater and
natural transects were surveyed with a GPS-RTK system to
monitor elevation profiles from the shoreline inland to infer
geomorphological changes and sediment deposition on themarsh
platform. To avoid issues with identifying the shoreline location
in the dynamic environment of RWR, each transect featured a
consistent location across all three site visits from which distance
inland was measured. In the natural shoreline transect, wave
gauges were placed at four (4) locations at equal spacing from the
shoreline inland. In the breakwater transect, gauges were placed
at three (3) locations from the shoreline inland. In addition, a
wave gauge was placed offshore in water depth of 3.3 m. At each
wave gauge location apart from the offshore gauge, above-ground
biomass samples were collected by randomly placing a 0.25 m ×
0.25 m PVC square on the ground, cutting, removing and bagging
all vegetation within the square. To help preserve the quality of
the above-ground biomass during transport back to the
laboratory, all samples were kept cool in an ice-chest from
collection until transfer to a cold-storage room at Louisiana
State University. Site instrumentation is depicted in Figure 3.

At each wave gauge site, TruBlue piezometer arrays were
placed with one piezometer located just beneath the root mat
(~30 cm below surface) and another approximately 1 m below
surface. The wave gauges and piezometers recorded pressure
hourly. Unfortunately, due to faulty equipment only two of
the total twenty TruBlue sensors placed along the two main
transects (as well as those further inland near buildings which
house RWR’s research facilities) retained recorded data. To
rapidly capture high-resolution aerial products of the sites, two
different UAVs were deployed; the DJI Mavic Pro 2 and the DJI
Matrice 210.While the DJI Mavic Pro 2 was used to capture aerial
imagery to be processed into high-resolution orthorectified
images (orthomosaic), the DJI Matrice 210 was flown with a
MicaSense Altum multispectral sensor attached to collect
multispectral imagery that could be utilized to calculate
Normalized Difference Vegetation Index (NDVI) (Broussard
et al., 2018; Klemas 2013). All UAV surveys were planned
using Pix4Dcapture, a commercial software application
developed for creating and executing autonomous UAV flight
plans (Pix4D). The DJI Mavic Pro 2 was flown in a grid pattern of
parallel flight lines with 80% frontal overlap and 70% side overlap

Frontiers in Built Environment | www.frontiersin.org April 2022 | Volume 8 | Article 8852154

Cadigan et al. Shoreline Response to Major Hurricanes

36

https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles


from an approximate altitude of 40 m and a camera angle set at
70°. The DJI Matrice 210 was flown with all of the same flight
settings as the DJI Mavic Pro except for the camera angle, which
was set at 90°. Images were geotagged during capture through the
UAVs’ on-board GPS. Image processing was executed using
Pix4Dmapper, a commercial software designed to be
compatible with Pix4Dcapture and built for processing UAV
imagery and data (Pix4D). Multispectral imagery was
radiometrically calibrated in the program using images
captured of a calibrated reflectance panel prior to the DJI
Matrice 210 surveys. The resulting NDVI maps were
compared to NDVI values calculated from Sentinel-2 satellite
imagery retrieved and processed using Google Earth Engine
(Gorelick et al., 2017). Cone penetrometer tests (CPT) were
performed using a modified sleeve designed to better capture
the effects of vegetation in the soil column after Hurricane Delta
on 26 October 2020 along both transects to measure sediment
shear strength and to identify any stratigraphic changes (Jafari
et al., 2019a; Harris B. D. et al., 2020; Cadigan et al., 2020; Harris
et al., 2021). Multispectral imagery at both transects was collected
through DJI Matrice 210 surveys on 4 September 2020 and 26
October 2020 and true-color aerial imagery at both transects was
captured viaDJI Mavic Pro 2 surveys after Hurricane Delta on 26
October 2020. In addition to instrumentation placed along the
natural and breakwater-protected transects, observations were
made of a large, fluidized mud deposit at Rollover Bayou.
Sediment density observations and deposition thickness
measurements were made on-the-ground by researchers from
Comite Resources, Inc. Drone surveys using similar methodology

to the aforementioned transects were also conducted on the
fluidized mud deposit.

WAVE CHARACTERISTICS

The wave gauges were sampled at 10 Hz to take continuous
absolute pressure data. The recorded pressure (P) consists of
hydrostatic pressure, hydrodynamic pressure, and atmospheric
pressure (Patm). The raw Pwas firstly converted to gauge pressure
Pgage � P − Patm in which Patm was measured at a nearby NOAA
station (8768094) in Calcasieu Pass, LA, about 51 km northwest
of the offshore wave gauge. The continuous time series of gauge
pressure data was divided into bursts with each burst containing
30-min data. For each burst, the gauge pressure data were
corrected and transformed from the time domain to the
frequency domain by using the Ocean Wave Analyzing
Toolbox, OCEANLYZ V2.0 (Karimpour and Chen, 2017).
Specifically, OCEANLYZ detrends the pressure signal,
computes and applies the pressure response factor, and
conducts Fast Fourier Transform (FFT) to generate a wave
energy spectrum (Sηη) from each 30-min pressure record.
Characteristic wave parameters, such as the zero-moment
wave height (Hm0) and peak wave period (Tp), can be
obtained from Sηη as below:

Hm0 � 4
���
m0

√ � 4

�������������
∫fmax

fmin

Sηη(f)df
√

, Tp � 1
fp

(1)

FIGURE 3 | Placing wave gauge and burying piezometers along beach shoreline (A), conducting GPS-RTK measurements from the shoreline-inland (B), typical
study site layout with wave gauge, cane-pole marker, and PVC pipe attached to buried piezometers (C), and deploying wave gauge offshore (D).
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wherem0 is the zeroth moment, f is the frequency, and fp is the
peak frequency associated with the maximum value of Sηη. In this
study, the maximum frequency to cut off the upper part of the
spectrum is fmax � 1 Hz, whereas the minimum frequency to cut
off the lower part of the spectrum is fmin � 0.04 Hz. During the
data processing, the Patm is measured 51 km away from the study
site. A sensitivity analysis using Patm taken from another NOAA
station 8770822 in Texas Point, Sabine Pass, TX (about 97 km
west of the study site) show the dramatic pressure gradients
associated with the hurricane introduce small differences to water
depth and wave height. The peak Patm from Station 8770822 was
4 kPa larger than the Patm used in this study, and the peak mean
water depth andHm0 associated with Patm from Station 8770822
are 0.4 and 0.1 m smaller, respectively.

The temporal variations of water level, Hm0 and Tp at the
offshore wave gauge, together with the measured wind velocity and
direction at NOAA 8768094 are shown in Figure 4. The offshore
wave gauge is placed on the seabed with an elevation of −3.39m
(NAVD88). At the offshore wave gauge, Tp ranges from 3.5 to
16.5 s during the event. The change of Tp at 9 a.m. UTC on August
26 indicates that the dominant wave energy switched from wind
sea energy to swell energy. The swell energy became stronger than
the wind sea energy at 9 a.m. UTC on August 26 and caused the

abrupt change of Tp. The maximum Hm0 is 2.7 m and the
maximum water level reaches 3.6 m (NAVD88) around 06:00
UTC on 27 August 2020, about the same time as Hurricane
Laura made landfall near Cameron, LA.

The wave height reductions along the two transects are
quantified and demonstrated in Figure 5. The wave height
reduction rate is calculated as γ � (Hm0,1 −Hm0,2)/Hm0,1 in
which the subscripts “1” and “2” indicate the locations along
the transect in the wave propagation direction. The threshold of
Hm0 > 5 cm is applied to filter out small waves from
measurements. Along the natural transect, the averaged γ from
the offshore wave gauge (OF) to NAT-1 is around 56%, whereas
along the protected transect, the averaged γ from OF to BW-1 is
around 42%. The larger γ from OF to NAT-1 is related to the
smaller wave heights recorded at NAT-1. Figure 6 illustrates the
time series of Hm0 at OF and the first onshore wave gauge,
i.e., NAT-1 and BW-1. Although protected by the low-crested
light-weighted breakwaters, BW-1 recorded slightly larger waves
than did NAT-1. The larger wave heights at the BW-1 are likely
caused by the combined three-dimensional effects of wave-
structure-bathymetry interaction when the breakwaters were
submerged. Similar wave amplifications behind submerged
breakwaters were observed in the field (Zhu et al., 2020) and

FIGURE 4 | Time series of water level at the offshore wave gauge (A), wind speed and direction at NOAA station 8768094 (B), and zero-moment wave height Hm0

and peak wave period Tp at the offshore wave gauge (C).
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in the laboratory (Seabrook and Hall, 1998) with transmission
coefficient greater than 1. A phase-resolving numerical model
with fine spatial resolution for the study site is needed to
understand the observed nearshore wave processes of hybrid
infrastructure under hurricane conditions.

Compared with γ from NAT-1 to NAT-2 (= 45% from
Figure 5), the γ from BW-1 to BW-2 is greater (= 65% from
Figure 5). Figure 7 shows the temporal variations ofHm0/h ratios
at NAT-1, NAT-2, BW-1 and BW-2. The high Hm0/h ratios at
NAT-1 and BW-1 (Figure 7A) suggest that the depth-limited
wave breaking contributes to the wave attenuation near the marsh
edge. The Hm0/h ratio is greater at BW-1 than NAT-1. This
means there was greater depth-limited wave breaking at BW-1,
and thus, there was greater wave height reduction at BW-1.
Starting from NAT-2 and BW-2 landward, the Hm0/h ratios
were always less than 0.3 (Figure 7B), suggesting that the depth-
limited wave breaking became negligible and vegetation plays a
more important role in wave attenuation.

The wave height reduction rate per meter, denoted as δ, is
estimated as δ � γ/Δx, where γ is the average wave height
reduction rate and Δx is the distance between a pair of wave
gauges, respectively. The greatest reduction in wave height occurs
along the shorelines for both transects. Using the offshore wave
gauge (OF) which was located approximately halfway between
the two transects (Figure 2), the δ afforded by the breakwater
system was 1.78% during Hurricane Laura. For the natural
shoreline transect, the δ was slightly greater at 4.67%.

On both transects, once the waves reach the interior wetlands,
the wave height reduction rate per meter is essentially identical.
Between sites BW-1 and BW-2, δ � 0.42%, and between sites
NAT-1 and NAT-2, δ � 0.46%. Between BW-2 and BW-4,
separated by a distance of 342 m, δ � 0.10%, similar to the δ
between NAT-2 and NAT -3 as well as NAT-3 and NAT-4 at 0.17
and 0.10%, respectively. The similarity in wave height reduction
rate per meter between the sites is likely attributable to the similar
topography (Figure 8) and vegetation (Figures 12, 13). Of
interest is the difference between the offshore sites and the
sites closest to the shoreline on both natural and breakwater-
protected transects. While a greater reduction in wave energy
would be expected for a breakwater protected system, and while
this reduction has been observed for typical (non-major storm)
waves at the site, a more complex hydrodynamic interaction
between the breakwater system and storm-driven waves may be
occurring. As previously mentioned, a phase-resolving numerical
model with high spatial resolution is needed to better understand
the unexpectedly lower wave height reduction afforded by the
breakwater system during hurricane-scale events such as
observed here at RWR during Hurricane Laura.

SHORELINE GEOMORPHOLOGICAL
IMPACTS

The coupled effects of erosive removal of overlying sediments by
storm-driven overwash, inland deposition of suspended

FIGURE 5 | Comparison of measured zero-moment wave heights at neighboring wave gauges along the two transects.

FIGURE 6 | Comparisons of zero-moment wave heights at the offshore
wave gauge, NAT-1 and BW-1.
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sediments, and consolidation of the soft wetland sediments
characteristic of RWR can create significant differences in the
forecasted surface elevation over long time periods. These
differences become critically important to predicting the
viability of shoreline protection projects in coastal Louisiana,
where an estimated $50 billion worth of restoration projects are

underway or planned (LACPRA, 2017; Harris B. D. et al., 2020).
Therefore, there is an important economic and engineering
rationale for understanding if and how the geomorphological
effects of major storms differ between shorelines protected by
engineered systems such as breakwaters and natural unprotected
shorelines. The elevation profiles for the breakwater protected

FIGURE 7 | Time series of wave height to water depth ratio at wave gauges near the shoreline, i.e., NAT-1 and BW-1 (A), and at inland wave gauges NAT-2 and
BW-2 (B).

FIGURE 8 |RTK-GPS elevation transects from the shoreline inland for the natural shoreline (A) and the (B) breakwater protected shoreline showing the locations of
study sites on 25 August 2020, 4 September 2020, and 26 October 2020.
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shoreline and natural shoreline on 25 August 2020, 4 September
2020, and 26 October 2020, are presented in Figure 8. The August
25th profile represents a pre-storm baseline with which the post-
storm effects of Laura and Delta can be compared. Following
Hurricane Laura, there is a significant loss of elevation at the
shoreline in both the natural Figure 8A and breakwater-
protected Figure 8B transects.

The material which composed this elevation appears to have
been pushed inland, rather than eroded and transported offshore.
After the storms, both transects show a more shallow, rounded
ridge at the shoreline than in the pre-storm condition when the
ridges were very steep on the side facing the Gulf of Mexico, and
slightly less steep on the landside. The high elevation peak present
near the shoreline prior to storm landfall is characteristic of
elevation profiles at RWR. The natural transect appears to feature
more severe overwash and rounding of the beach ridge, as well as
more in-land deposition. The half-width of the ridge on the
natural transect prior to the passage of Hurricane Laura is
approximately 20 m. Following the passage of Hurricane
Laura, the half-width of the ridge on the natural transect
broadened to 50 m. For the breakwater-protected transect, the
half-width of the ridge broadened to 40 m. The location of the
high elevation point on the shoreline is located 80 m inland from
the shoreline following Hurricane Laura on the natural transect,
indicating that the high point was pushed 60 m inland. The
location of the high elevation point on the shoreline for the
breakwater transect was located 40 m inland, indicating that the
high point was pushed 20 m inland after Hurricane Laura.

To better compare the elevation changes after both storms, the
RTK-GPS elevation data were processed by linearly interpolating
the transects at regularly spaced intervals using MATLAB. The
elevation data at the regularly spaced intervals can be directly

subtracted from the pre-storm baseline elevations to determine
the total elevation changes after Hurricane Laura in September
and the total elevation changes after the combined effects of
Hurricanes Laura and Delta in October. Using the elevation
profiles measured after Hurricane Laura (Aug-Sept) and Delta
(Aug-Oct), the differences between the breakwater-protected and
natural shoreline transects are shown in Figure 9. The majority of
elevation change on both transects at the shoreline occurred
following the landfall of Hurricane Laura. For the natural,
unmodified shoreline shown in Figure 9A, the elevation loss
as the beach is overwashed inland is approximately 1 m between
24 August 2020, and 4 September 2020. In both transects, the
elevation loss shown at the shoreline transitions to elevation gain
40 m inland from the shoreline as the low-lying wetlands undergo
storm-driven deposition. Following Hurricane Delta, the
elevation profile at this site seems to suggest that some
material from offshore was deposited along the shoreline. The
breakwater transect profile shown in Figure 9B exhibited a
similar, but lesser decrease in elevation of about 80 cm at the
shoreline ridge.

The overwashed sediment forms a mound which extends
approximately 20 m further inland on the natural transect
(Figure 9A) when compared to the breakwater-protected
transect (Figure 9B). Interestingly, while the inland
deposition following Hurricane Laura appears to be similar
on both the breakwater-protected and natural shorelines, the
breakwater-protected transect exhibits less inland deposition
following Hurricane Delta than the natural shoreline transect.
Following Delta, approximately 25 cm of sediment was
deposited broadly across the interior wetlands behind the
beach ridge over a distance of 400 m. The breakwater
protected transect exhibits no significant elevation change

FIGURE 9 | Change in elevation from pre-storm baseline after Hurricanes Laura (Aug-Sept) and Delta (Aug-Oct) for the natural transect (A) and the breakwater
transect (B).
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between the post-Delta and post-Laura surveys apart from the
interior ridge located between 80–120 m inland. As the interior
ridge is bordered to the landside by a depression, the ridge is
inferred to be composed of sediments which were deposited as
floodwaters retreated from the interior back to the Gulf of
Mexico, though the mechanisms behind this potential erosion
and deposition event and the reasons why this process is
observed in the breakwater transect but not the natural
shoreline transect are not well-understood.

SURGE AND INUNDATION

The water depths measured across an array of field sensors and
the nearby NOAA station located in Calcasieu Pass are displayed
in Figure 10. The piezometer measurements for the three
piezometers which retained data are shown in Figure 10A. All
piezometers which retained data were embedded approximately
30 cm below the marsh surface and are assumed to transmit the
full hydrological load from the inundation on the marsh surface.
The piezometers which retained data were located at sites NAT-3
and NAT-4, as well as the furthest inland site on the breakwater-
protected transect BW-4. The rise in inundation recorded at all
three sites is nearly identical as Hurricane Laura began to make
landfall at RWR, reaching a peak of just under 4 m. As the eye of
the storm passes over the measurement stations, there is a visible
drop in ponded depth above the wetland surface (Figure 10A-
inset) commiserate with the lowered pressure within the center of
the storm (Willoughby, 1998). The drop in measured water levels
which corresponds to a decrease in pressure, is approximately
20 cm at each of the three sites. Following passage of the eye,
water levels immediately recover to the peak achieved prior to the
eye passage before rapidly decreasing as the storm moves inland.
The offshore site and water levels measured at station NOAA
8768094 are compared in Figure 10B. The levels measured by the
offshore site achieve a much higher peak than the NOAA site
located within Calcsieu Pass. The difference of approximately
1.5 m is inferred to be caused by the lcoation of the NOAA station
on the weaker western side of the storm, while the offshore site
was located in the path of the stronger wind and waves associated
with the eastern section of the hurricane. Following the passage of
the storm, the water levels begin to again converge, however the
NOAA site water levels are slightly lower likely as the station is
located further to the north and protected within the shipping
channel whereas the offshore site is directly exposed to the Gulf of
Mexico. The water levels above the ground surface measured at
each of the three sites on the breakwater transect are presented in
Figure 10C. Accounting for ground surface elevation, the site at
BW-1 measured a greater surge (Figure 10), however the
measurements above ground surface for the interior sites
provide insight into the period of time which the interior
wetlands remain inundated following the passage of the storm.
At both interior breakwater sites, BW-2 and BW-4, even while the
surge caused by the passage of the hurricane subsides quickly, the
sites remain inundated for days after the event. The long
inundation period may induce stress on the wetland
vegetation within the interior of the wetland, weakening the

wetland at the same time that the shoreline is eroded towards
those locations. The exposure of site BW-1 directly to the Gulf of
Mexico following the drastic elevation change and inland
migration of the beach ridge (Figures 8, 9) can be readily
observed by comparing the observations recorded at the
offshore site and NOAA station in Figure 10B. Similar
observations were made along the natural shoreline transect
(Figure 10D), though the response to tidal variations in the
Gulf of Mexico is more muted and is observed to be delayed by
approximately a 12 h period. Again, a numerical model is likely
required to determine the observed time delay, though one
inference is that the delay may be due to floodwaters draining
more rapidly from the interior wetlands out to the Gulf of Mexico
on the natural transect, dampening the ability of the shallow tidal
variations to be measured by the wave gauge NAT-1.

A comparison showing the water levels above the ground
surface at four sites which occur across both transects is shown in
Figure 11. This comparison allows for better insight into the time
that the interior wetlands remained inundated after the storm
passed, as well as the rate at which the inundated wetlands
drained as sites NAT-2 and BW-2 and sites NAT-4 and BW-4
are located at similar distances from the shoreline, respectively.
As the storm passes, the sites all record nearly identical increases
in water depth to approximately 4.1 m. As the storm passes and
flood waters retreat, clear differences begin to emerge. Comparing
sites NAT-2 and NAT-4, a total time difference of four hours is
required for the inundation depth at NAT-4 to drain to a similar
depth as NAT-2 (12:00 p.m. 08/27/20, cross-mark in Figure 11).
The inundation difference of 30 cm over a period of four hours
gives an initial drainage rate of 1.8m/day from the interior
wetlands to the shoreline on the natural shoreline, and a
hydraulic slope of 0.078% from the interior of the wetlands to
the shoreline. The breakwater transect drains at nearly the same
rate at both locations of the transect, however for BW-2 to reach
the same inundation depth as NAT-2 took eight hours. Taking
the difference between the two transects as approximately
1750 m, a hydraulic slope from east-to-west in the interior
wetlands of 0.029%. For both transects, the long term drainage
rate is 0.20 m/day, however the breakwater transect drained more
slowly and thus remains inundated for a longer period of time.
The longer inundation period may place more stress on the
interior vegetation, leading to long-term differences in
vegetative health along the two transects. Given the similar
elevation profiles (Figure 8) between the two transects, the
observed difference between the time for the floodwaters to
retreat seem to indicate that the presence of engineered
systems within the wetlands (Figure 2) and the breakwater
structure acted to dampen the floodwater retreat in some way.

VEGETATION

The results of above-ground biomass (AGB) measurements,
processed according to the procedure in Snedden et al. (2015),
at each location along both transects are displayed in Figure 12.
The AGB values are initially lowest at site BW-1, and highest at
site NAT-2, with the remaining sites falling within a range of
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1,500–2000 g/cm2. Following Hurricane Laura, there is a sharp
decrease in AGB for site NAT-2, and moderate decreases in all
other sites except for BW-1. The increase in AGB at site BW-1 is
likely due to experimental error and is not reflective of field
observed conditions. Between Hurricanes Laura and Delta, the
vegetation appears to have recovered somewhat, as the post-Delta
measurements are marginally higher at each study site apart from
NAT-2, which endured the most severe degradation following
Hurricane Laura. The most in-land sites exhibit the strongest
recovery and highest AGB following delta, while there is no clear
or discernable trends between the remaining sites or transects
apart from site NAT-2 which endured the most severe damage
following Hurricane Laura.

NDVI measurements taken from drones (UAV) during field
reconnaissance and claculated from satellite measurements along

the two transects before Hurricane Laura (August 23), after Laura
(September 4) and after Hurricane Delta (October 26) are presented
in Figure 13. The NDVI values for the natural shoreline transect
(Figure 13A) increase from a value near zero at the shoreline to
0.25 at a distance of 20m inland. At a distance of 40 m inland, the
NDVI values level off and indicate similar vegetative health in the
interior wetlands. A similar trend is shown for the breakwater-
protected transect (Figure 13B). In both transects, the NDVI values
dropped significantly following Hurricane Laura, indicating severe
damage to the vegetation in the interior wetlands. The drop inNDVI
corresponds to a drop in ABG in Figure 12. The inferred damage to
the vegetation in the interior wetlands decreases with distance inland
from the shoreline, leading to a trend of increasing NDVI with
increasing distance inland. Neither transect displays a significant
difference inNDVI after Laura across the entire time period of study.

FIGURE 10 | Piezometer water levels above surface from Hurricane Laura on (A), Offshore (OF) and NOAA Calcasieu Pass water levels (B), water levels above
surface from wave gauges on the breakwater transect (C) and on the natural transect (D).
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WETLAND STRENGTH

The results from the modified cone penetrometer sleeve testing
taken following Hurricane Laura using a modified cone designed
tomore effectively characterize the shear strength of the vegetated
upper-most layer of the wetlands are shown in Figure 14. The
sites closest to the shoreline, Figure 14A, show very little shearing
resistance in the upper 30 cm of the soil column. A slight peak,
indicative of a layer of vegetated soil, can be seen at a depth of
approximately 40 cm in both the breakwater-protected and
natural transects. Moving further inland, the vegetated peak

can be seen at a shallower depth in the soil column
(Figure 14B). A double-peak shape can be seen in the curve,
with the first, weaker peak present in the upper 10–20 cm of the
column. This first peak is likely due to sediments deposited on top
of the original wetland surface. At this location, coarse grained
deposits were not as prevalent as they were close to the shoreline,
and the double peak may be due to re-worked and re-deposited
vegetative material. The breakwater-protected transect shows a
higher resistance value at the deeper peak in the soil column,
indicative of the original soil profile prior to storm deposition
atop of the soil surface. The higher resistance value at this site for

FIGURE 11 | Water depth with time at BW-2 and BW-4, and NAT-2 and NAT-4.

FIGURE 12 | Above-ground biomass measurements pre-Laura, Post-Laura, and Post-Delta.
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the breakwater-protected transect may be due to the protection
provided to the inland wetlands here from smaller-scale
inundation events in which higher-salinity waters from the
Gulf of Mexico may stress and decrease the health of the
inland vegetation of the natural transect. The furthest inland
tests, Figure 14C, display similar resistance curves with depth,
and a single, sharp peak in the upper soil column. The shape of
the resistance with depth curve is similar to other Louisiana
wetlands, where the vegetative root depth extends to depths of
approximately 20–30 cm (Jafari et al., 2019a; Jafari et al., 2019b;
Harris B. D. et al., 2020; Cadigan et al., 2020). The identical
profiles, and singular-peaks of the resistance curves, indicate that
the furthest inland sites are likely unaffected by the storms to a
significant degree as compared to the sites closer to the shoreline.
The profiles would also indicate, unlike those in Figure 14B, that
the protection afforded to more typical inundation events by the
breakwater system to interior wetlands is negated at the distances
inland of the shoreline that these tests were taken.

OBSERVATIONS OF THE MUD DEPOSIT AT
ROLLOVER BAYOU

The storm driven sediment deposition on the interior of the
wetlands (Figures 8, 9) is also of great interest as wetland
elevation is strongly tied to vegetative health and wetland

stability (Cahoon et al., 2006; Chambers et al., 2019; Cadigan
et al., 2020). The highest accretion values in RWR by far were
found at the mouth of Rollover Bayou, which experienced amajor
depositional event consisting of a very large lens (in the order of
2.5 km2) of fine grained mud deposit with a thickness of
approximately 1800 mm (1.8 m or 6 ft) in the middle and
tapering off towards the edges. Surrounding sites had
accretion ranging from 1.0 ± 0.1 mm to 446.7 ± 3.3 mm.
These observations are similar to previous observations of
storm-driven mud deposits on the Chenier Plain. Hurricane
Audrey made landfall in June 1957, near the Texas-Louisiana
border and generated a 3–4 m storm surge in the study area.
Morgan et al. (1958) reported about “a mass of fluid mud that was
transported by the storm tide and deposited as a unit”. In themid-
1960s, Coleman (1966) found little change with respect to the
distribution of mud in the study area, but added much new
information on the physical and biological properties of the
mudflat sediments (Kemp, 1986). Coleman (1966) X-rayed
mudflat cores which, to the unaided eye, appeared almost
featureless and found multiple sets of parallel laminations
relatively undisturbed by biological reworking.

Kemp (1986) studied fluid mud dynamics along a 30 km
section of the Louisiana coast west of the Southwest Pass of
Vermilion Bay on the eastern margin of the Louisiana chenier
plain about 10 miles east of Rollover Bayou. There Kemp
reported a depositional feature of highly fluid mud with

FIGURE 13 | NDVI from satellite and UAV on 23 August 2020, 04 September 2020, 26 October 2020, and for the natural (A) and breakwater protected (B)
shorelines.
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dimensions of 300 m × 1,500 m and a maximum thickness of
2 m. Initial measurements of the elevation of the deposit at
Rollover Bayou indicated elevations ranging between 0.44 and
1.8 m. The soil had a bulk density of 1.1 g/cm3, moisture
content of 32.7%, and was 10.2% organic matter. Previous
observations of fluid mud deposits on the Chenier Plain by
Kemp (1986) indicate bulk densities of 1.2 g/cm3 at the surface
to 1.4 g/cm3 a meter below. More recent surveys conducted
after Hurricane Rita in 2005 by Turner et al. (2006) reported an
average bulk density of the newly deposited material of 0.37 g/
cm3 with a range of zero to 1.78 g/cm3, which was highest near
the coastline and decreased inland. Turner et al. (2006)
reported that Hurricane Rita deposited mud with a
thickness of 5.18 cm, with deposition greatest near the
center of the storm track and along the eastern side of the
hurricane path. The western side of the storm track had lower
sediment deposition thicknesses corresponding to the lower
surge and inundation times from west to east. The observations
of Kemp (1986), together with the sedimentological data
provided by Coleman (1966), and the observations
presented here, indicate that chenier plain mudflats are
deposited rapidly under the highest energy conditions this
coast experiences (Kemp, 1986).

CONCLUSION

The results of multi-institutional and multi-disciplinary field
observations made in Rockefeller Refuge during the intense
2020 hurricane season indicate key differences and similarities
between a section of wetlands protected by a breakwater system
and a natural, unprotected section. In addition, observations of a
storm-driven fluidized mud deposit in Rockefeller Refuge
provide key insight into the energy required for the wetlands
along the Chenier Plain to receive sediment deposition which
may allow for the maintenance of interior wetland stability.
Several differences in the response of the protected and natural

shorelines to major hurricanes became apparent over the 2020
hurricane season:

• The breakwater protected shoreline drained more slowly
following the passage of Hurricane Laura. The difference in
drainage times may be due to the engineered water features
in the breakwater transect, however a numerical model is
required to fully understand the processes and causes
behind this observed difference.

• On both transects, once the waves reach the interior
wetlands, the wave height reduction rate per meter is
essentially identical and seems to be controlled primarily
by vegetation.

• The difference in inundation period between the two
transects may have implications for long-term marsh
health, as prolonged flooding and exposure to sea-
strength saltwater may negatively impact plant
productivity and marsh elevation.

Several similarities in the response of the protected and natural
shorelines to major hurricanes became apparent over the 2020
hurricane season:

• The storm induced surge on the wetlands reached similar
values at the same time on both the protected and natural
shorelines.

• Vegetative health measured remotely using NDVI seem to
have responded similarly in both the breakwater protected
and natural shorelines. However as there may be a latent
effect caused by differing inundation periods, long-term
NDVI measurements are required to confirm this
conclusion.

• NDVI analysis the following years which may show greater
differences among the natural and hybrid transects as some
vegetation effects are latent. For example, if vegetation roots
were killed by prolonged inundation in the breakwater
transect, vegetation regrowth the following year may be

FIGURE 14 |Modified cone-penetrometer resistance values with depth for (A) sites closest to the shoreline, (B) the locations at themidpoint between shoreline and
furthest inland site, and (C) furthest inland site.
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less extensive and make the area more susceptible to
erosion/ponding/etc.

• No significant difference is present between the CPT
resistance profiles with depth at each site between the
two transects.

• Double-peaks in the CPT resistance curve with depth may
be indicative of reworked vegetation or storm deposition
atop the now-buried, previous wetland surface.

• Furthest inland sites show curves characteristic of vegetated
Louisiana wetlands, though are much higher than sites in
the Terrebonne Basin.

Observations of the fluid mud deposit at Rollover Bayou in
Rockefeller Refuge indicates that:

• Massive deposits of fluid mud are driven onto the wetland
platform on the more energetic, western side of hurricanes.

• The effect of breakwater systems on the deposition of this
fluidized mud is still unclear.

• The majority of mudflat deposits, and interior deposits
which control the elevation and in turn the health of the
sediment-starved wetland system in the Chenier Plain,
are deposited by only the highest energy storm events
which strike the coastline.
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Coastal communities around the world are facing increased coastal flooding and shoreline
erosion from factors such as sea-level rise and unsustainable development practices.
Coastal engineers and managers often rely on gray infrastructure such as seawalls, levees
and breakwaters, but are increasingly seeking to incorporate more sustainable natural and
nature-based features (NNBF). While coastal restoration projects have been happening for
decades, NNBF projects go above and beyond coastal restoration. They seek to provide
communities with coastal protection from storms, erosion, and/or flooding while also
providing some of the other natural benefits that restored habitats provide. Yet there
remain many unknowns about how to design and implement these projects. This study
examines three innovative coastal resilience projects that use NNBF approaches to
improve coastal community resilience to flooding while providing a host of other
benefits: 1) Living Breakwaters in New York Harbor; 2) the Coastal Texas Protection
and Restoration Study; and 3) the South Bay Salt Pond Restoration Project in San
Francisco Bay. We synthesize findings from these case studies to report areas of progress
and illustrate remaining challenges. All three case studies began with innovative project
funding and framing that enabled expansion beyond a sole focus on flood risk reduction to
include multiple functions and benefits. Each project involved stakeholder engagement
and incorporated feedback into the design process. In the Texas case study this
dramatically shifted one part of the project design from a more traditional, gray
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approach to a more natural hybrid solution. We also identified common challenges related
to permitting and funding, which often arise as a consequence of uncertainties in
performance and long-term sustainability for diverse NNBF approaches. The Living
Breakwaters project is helping to address these uncertainties by using detailed
computational and physical modeling and a variety of experimental morphologies to
help facilitate learning while monitoring future performance. This paper informs and
improves future sustainable coastal resilience projects by learning from these past
innovations, highlighting the need for integrated and robust monitoring plans for
projects after implementation, and emphasizing the critical role of stakeholder
engagement.

Keywords: coastal resiliency, restoration, stakeholder engagement, NNBF design, NNBF monitoring

1 INTRODUCTION

There is a growing need to protect shorelines from coastal
flooding due to accelerating numbers of floods due to sea-level
rise (Sweet et al., 2018) and a rapid increase in billion-dollar
coastal storm disasters (NRC 2014; Smith 2020). Sea-level rise in
particular is predicted to have much larger impacts to coastal
communities during the remainder of this century and into the
future (IPCC 2021). Traditional approaches to coastal protection
largely have relied on “gray” infrastructure, such as seawalls,
levees, and breakwaters, which may reduce the risk of flooding
but may have adverse ecological impacts (Bilkovic and Mitchell
2013) and alter physical dynamics resulting in downstream
erosion (de Schipper et al., 2020). In response, management
strategies in the United States (US) and elsewhere have
evolved and often incorporate natural, or “green,” approaches
such as living shorelines (Gittman et al., 2014; Sutton-Grier et al.,
2015). Interest in infrastructure projects with natural and nature-
based features (NNBF) for tackling these coastal resilience
challenges is rapidly expanding. New initiatives are helping
address this demand, including Engineering with Nature
(EWN) from the US Army Corps of Engineers (USACE),
“Building with Nature” in Europe (Van Slobbe et al., 2013),
and the World Association for Waterborne Transport
Infrastructure (PIANC; The World Association for
Waterborne Transport Infrastructure, 2018). The EWN Atlas
volumes 1 and 2 (Bridges et al., 2018; Bridges et al., 2021) present
over 100 projects from around the world that integrate natural
processes with engineering approaches. Project descriptions
emphasize operational efficiencies, the use of natural processes
to maximize benefits, and collaborations with partners and
stakeholders.

Coastal ecosystem restoration, often with a goal of restoring
fisheries, water quality benefits, and/or key habitat features has
been occurring for decades, some of it at quite large scales
(DeAngelis et al., 2020). More recent NNBF efforts (which are
also sometimes called “hybrid” infrastructure approaches) on the
other hand differ in that they tend to have a focus on providing
specific coastal resilience benefits, typically involving both habitat
restoration components to the design as well as other engineering
components (Sutton-Grier et al., 2015). These NNBF projects are

innovative in that they are not attempting to restore a fully
functioning ecosystem, but instead are designed to restore very
specific ecosystem functions for coastal resilience (such as erosion
reduction and/or flood protection) while potentially providing
some additional benefits. Additional NNBF hallmarks include a
limited geographic setting, often near large human populations
dependent on anticipated coastal resilience benefits, and
constraints on budget. The critical human dimension involved
in NNBF projects translates to community engagement in the
outcomes and designs of the projects. Together, these NNBF
characteristics are much more likely to push a project towards
meaningful risk mitigation while also enhancing ecological and/
or social resilience.

However, there are still many unknowns about the broader
enterprise of NNBF-based coastal resilience, spanning design,
funding, policy, co-production, implementation, and long-term
monitoring and learning. Traditional gray infrastructure has been
used to prevent flooding and erosion for decades and, as a result,
there are standard design criteria for projects and a permitting
system that is designed to easily and quickly provide project
approval (Sutton-Grier et al., 2015). In contrast to traditional
coastal gray infrastructure, NNBF projects are more complex and
challenging to design and implement, since they tend to be
multifunctional with several goals and are often more dynamic
due to the natural components of the projects (e.g., shifting
sediments, vegetation changes) rather than being a static
structure, and key questions remain as to how to design, fund,
and permit projects. This is particularly important as
communities and agencies increasingly look to incorporate
NNBF into their shoreline management plans. In fact, the
USACE has recently been given guidance for “equal
consideration” of economic, social and environmental
categories in their project planning and evaluation (US Army
Corps of Engineers, 2021).

One particular shortcoming of past NNBF projects has been
limited stakeholder engagement. A great deal of the literature
focused on community engagement in the context of coastal
resilience has centered around disaster preparedness, rather than
the specific conditions relevant to NNBF efforts. More than
2 decades ago, Mileti (1999) documented the challenges of
externally designed hazard-mitigation strategies. Mileti (1999)
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noted the significant shift in understanding that these projects are
not just a combination of the physical environment with
engineering and infrastructure mitigation, but that
communities are also central to identifying and implementing
successful solutions. This shift towards less hierarchical planning
was evident in varying degrees following the devastating impacts
of Hurricanes Katrina and Harvey on the Gulf Coast and
extended to participatory modeling (Hemmerling et al., 2020),
appreciation for multi-stakeholder participatory planning efforts
(Dunning 2020), and the critical value of local and traditional
ecological knowledge in prioritizing data collection and modeling
and decision-making frameworks (Nichols et al., 2019).
Stakeholder engagement that reaches “hard-to-reach” and
underrepresented communities is particularly important to
avoid unintended consequences of NNBF. For example, there
are now several high-profile examples of “green gentrification,”
such as East Boston Greenway (Anguelovski and Connolly 2021),
Chicago’s 606 rails-to-trails (Rigolon and Németh 2018), and
New York High Line (Wolch et al., 2014). These projects led to
rapid commercial and property development, escalating property
values and eventual displacement of vulnerable community
members. NNBF solutions can be more equitable when
engagements reach vulnerable communities, infrastructure is
designed with these communities’ input, and funds are
distributed among these communities along with other
tangential communities (Heckert and Rosan, 2016). The
examples presented here highlight the growing role of
stakeholder engagement in disaster preparedness and planning,
even though examples of community involvement are more
limited in the case of NNBF focused projects.

In this study, we analyze three case studies of innovative
NNBF coastal resilience projects on different US coastlines
and coming from widely contrasting initiatives and sources of
funding. These examples showcase the diverse ways that NNBF
projects are imagined and implemented, with different features,
designs, engineering strategies, funding sources, and stakeholder
engagement. Our goal is to synthesize insights and lessons
learned from these projects to inform future efforts and add to
a growing knowledge base for NNBF implementation (e.g.,

Narayan et al., 2016; Morris et al., 2018; Vuik et al., 2018)
similar to guidance for gray infrastructure.

The case studies were presented at a series of web panels from
which we developed the case study descriptions and assessed keys
to success and remaining challenges. The three case studies are 1)
Living Breakwaters in New York (NY) Harbor, 2) the Coastal
Texas Protection and Restoration Feasibility Study (Coastal Texas
(TX) Study), and 3) South Bay Salt Pond Restoration Project in
San Francisco Bay, California (CA) (Figure 1). We begin by
summarizing these innovative projects, all of which have created
or will create in-water habitat within coastal natural/human
resilience projects. We focus on the innovations to coastal
design, the important role of stakeholder engagement in all
three projects, and funding implementation for each project
and then assess common themes that emerged. Within each
theme, we discuss tips for success and/or areas of progress, as
well as remaining challenges and knowledge gaps for future work.

2 METHODS

A series of web panels was held in October and November 2020
entitled “Innovations in Nature-Based Systems for Coastal
Protection” as part of Coastlines & People (CoPe) Research
Coordination Network (RCN) funded by the US National
Science Foundation. The web panels were recorded and can be
accessed at https://www.umces.edu/cope/events. The final list of
web panel titles and panelists, and Steering Committee members,
is provided in Table 1. The focus of these panels was initially
developed by the Steering Committee, with the intention of
featuring one project along each of the continental US’s ocean
coastlines (East, West, Gulf) and one international project.
Steering Committee members identified potential projects in
each geographic region and contacted relevant partners to help
select panelists. The goal was to select large-scale projects with
diverse approaches that were not yet completely constructed and
had willing panel participants. While there are many other
projects we could have selected, we feel that the insights
gained from three case studies selected highlight emerging
themes that are broadly applicable to other NNBF projects.

The Steering Committee and panelists co-developed the focus
and initial content of each panel, which followed the same structure
of ~30min of introductory presentations by panelists followed by
~45min of discussion moderated by a Steering Committee member
and including attendees as active participants. We focused these
discussions on implementation and design, funding, and stakeholder
engagement; from our perspective, these aspects make NNBF
projects unique relative to gray infrastructure and are often the
most challenging.We used a structured analysis approach and asked
panelists to comment on these aspects, highlighting successes and
challenges, as well as lessons learned from their experiences. More
than 700 people registered for the series, with ~200–300 attending
the live sessions, from a variety of fields (e.g., academia; local, state,
and federal agencies; non-profits; private industry) and geographies.

Using content shared prior to and during the panels, the
Steering Committee developed descriptions for each case study
and synthesized lessons learned across all panels. These were

FIGURE 1 | Overview map of project locations.
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refined during a meeting that included all panelists and the
Steering Committee and informed the rest of the paper. The
first panel focused on the Sand Motor project in Netherlands,

which is well described in the first volume of the EWN Atlas
(Bridges et al., 2018) and other publications (e.g., Stive et al., 2013;
Brière et al., 2018; Luijendijk and van Oudenhoven 2019; de

TABLE 1 | Steering Committee Members: Cindy Palinkas [University of Maryland Center for Environmental Science (UMCES)]; Philip Orton (Stevens Institute of Technology);
Michelle Hummel (University of Texas at Arlington); William Nardin, Matthew Gray, Ming Li, Lora Harris (UMCES); Ariana Sutton-Greir (University of Maryland College
Park).

Date Title Moderator Panelists

8 October 2020 Beach replenishments in sand motor
(Netherlands)

William Nardin (University of Maryland Center for
Environmental Science)

Matthieu de Schipper (Delft University of Technology
Alexander van Oudenhoven (Leiden University)
Marcel Taal (Deltares)
William Veatch (US Army Corps of Engineers)

20 October
2020

Wetland restoration in San
Francisco Bay

Cindy Palinkas (University of Maryland Center for
Environmental Science)

Dave Halsing (South Bay Salt Pond Restoration Project)
Donna Ball (San Francisco Estuary Institute, South Bay Salt
Pond Restoration Project)
Heidi Nutters (San Francisco Estuary Partnership)
Doug George (NOAA)

5 November
2020

Living breakwaters in NY Harbor Philip Orton (Stevens Institute of Technology) Kate Orff (Columbia University)
Joseph Marrone (Arcadis)
Kyle McKay (US Army Corps of Engineers)

17 November
2020

Texas Coastal Spline in Houston/
Galveston

Michelle Hummel (University of Texas at Arlington) Coraggio Maglio (US Army Corps of Engineers Galveston)
Kelly Burks-Copes (US Army Corps of Engineers
Galveston)
Tony Williams (Texas General Land Office)
Meri Davlasheridze (Texas A&M University-Galveston)

FIGURE 2 | (A) The Living Breakwaters project will construct a series of breakwaters in Raritan Bay, offshore of Staten Island. (B) The breakwaters are designed to
provide habitat for marine life, including oysters. (C) Sample breakwaters (shown in gray) include a main breakwater plus “reef streets” angled outward. These were
tested using computational fluid dynamics modeling to evaluate and optimize designs for avoiding scour and sedimentation.
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Schipper et al., 2020). Rather than repeating those details, we have
chosen to omit it as a specific case study and instead focus on the
other three projects. These three projects (described below) are in
different phases of development. The Living Breakwaters project
in New York Harbor has obtained funding and worked with
stakeholders to refine the design plan; its construction began in
August 2021. The Coastal Texas Protection and Restoration
Project in the Gulf of Mexico is still in the study phase,
awaiting submission to Congress for authorization of federal
funding. If authorized, it will then proceed to the design and
implementation phases. South Bay Salt Ponds in San Francisco
Bay is the most mature project, having completed the initial phase
of implementation in 2014. This project has a robust adaptive
management plan, so that results from the first phase informs
project designs and the science program for subsequent phases,
including an established program for stakeholder engagement
and long-term plans for monitoring and performance
assessments.

3 CASE STUDY DESCRIPTIONS

3.1 Living Breakwaters—New York Harbor
The Living Breakwaters project is being built in the waters of
Raritan Bay (Lower New York Harbor) along the southernmost
part of Staten Island’s eastern shoreline (Figure 2). The project
area is a shallow estuary that has historically supported
commercial fisheries and shell fisheries. The area was heavily
impacted by Hurricane Sandy in October 2012, which damaged
or destroyed an unprecedented number of homes and businesses
and caused loss of life and significant harm to the local economy.
In response, a design competition, Rebuild by Design, was
launched by the Hurricane Sandy Rebuilding Task Force to
“couple innovation and global expertise with community
insight to develop implementable solutions to the region’s
most complex needs” (Grannis et al., 2016) (http://www.
rebuildbydesign.org/our-work/sandy-projects). The Living
Breakwaters project resulted from a winning entry to this
competition, with the competition and initial design phase
occurring in 2013–2014.

3.1.1 Innovative Coastal Design
The Living Breakwaters project innovates by integrating risk
reduction, ecological enhancement, and social resilience
(Tschirky et al., 2018). The project consists of approximately
2,500 linear feet (~760 m) of nearshore “breakwaters,” or partially
submerged rubble-mound structures located between 790 and
1,800 ft (~240 and 550 m, respectively) from shore (Figures
2A,B). With regards to risk reduction, the project addresses
both event-based and long-term shoreline erosion to preserve
or increase beach width and provides wave attenuation to
improve safety and prevent damage to buildings and
infrastructure. The breakwaters are designed to reduce the
height of wind-driven waves reaching buildings and roads to
less than 3 ft (~1 m) during a 100-year storm event with up to
18 inch (~45 cm) of sea-level rise (SLR). They are not designed to
reduce storm surge but instead cause wind waves to break further

offshore, reducing wave run-up onto land and potentially also
reducing the effect of waves on the surge (termed “wave setup”).
Even as the breakwaters are more frequently submerged by storm
surges with higher SLR, hydrodynamic modeling indicates that
they will continue to provide wave attenuation (Marrone et al.,
2019). The project also includes one-time sand replenishment to
enhance beach width along the narrowest stretch of shoreline.
Extensive computational fluid dynamics modeling and scaled
physical laboratory modeling was utilized to optimize design,
ranging from evaluation of the effectiveness of the entire set of
breakwaters to reduce erosion and accrete beach over time, down
to design of individual breakwaters to avoid scour and sediment
accretion (Figure 2C; Marrone et al., 2019).

In addition to risk reduction, the project is also meant to
increase the diversity of aquatic habitats, especially hard-
structured habitats that can function much like the historical
oyster reefs that once existed in Raritan Bay. In particular, the
breakwaters were designed as rubble-mound structures with
outer layers consisting of armor stones of varying sizes and
ecologically enhanced concrete armor units that provide
textured surfaces to promote biological activity and species
recruitment. The structures also include “reef streets,”
narrowly-spaced rocky protrusions on the ocean side of the
breakwaters, to increase habitat diversity (Marrone et al., 2019).

The benefits of detached breakwaters for coastal protection
have been known for decades (e.g., Chasten et al., 1993), and
oyster reefs have been gaining appreciation as a new NNBF
option (e.g., Piazza et al., 2005; Reguero et al., 2018).
However, their combination, the urban setting, and the social
components of LB are innovations on these concepts. The project
uses education, outreach, and workforce training to spread
awareness about harbor restoration activities and to encourage
stewardship of the harbor. It also aims to increase physical and
visual access to the shoreline and nearshore waters for enhanced
recreational use.

3.1.2 Stakeholder Engagement
The community-based design process engaged a range of
stakeholders such as regional experts, government entities,
elected officials, issue-based organizations, local groups and
individuals. Stakeholder engagement during the Rebuild by
Design Competition led to improved understanding of current
vulnerability and future threats, while at the same time raising
public expectations about grantees meeting grand challenges with
constrained budgets (Grannis et al., 2016). After LB was selected
as winner of the Rebuild by Design Competition, the Citizens
Advisory Committee (CAC) formed in 2015. The CAC intended
to serve in a community-based advisory role to the project while
leaving additional input from the public during public
engagements and workshops. The NY Governor’s Office of
Storm Recovery “encouraged applications from all variety of
individuals and organizations in order to represent the diverse
community of Staten Island and the region who the project will
serve” (https://stormrecovery.ny.gov/LBWCAC). There were
nine CAC meetings between July 2015 to July 2018.

Stakeholder input led to many adjustments to the project,
including the project location, breakwater height, and an initial
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land-based “water hub” concept evolved and eventually changed
form altogether to become a floating hub. Moreover, stakeholder
input also informed project priorities and helped ensure the
retention of critical features of the project, including ecological
elements, through the design process when budgetary concerns
often lead to loss of non-protective features of NNBF projects.
Additionally, the iterative process of reviewing and updating
designs with public input garnered greater public support for
the projects over time.

3.1.3 Funding and Implementation
The project was implemented using $60M of Community
Development Block Grant Disaster Recovery (CDBG-DR)
funding as well as $14M of funding from the State of New
York. An environmental impact statement (EIS) was
completed in 2018, and necessary state and federal permits
were secured soon thereafter. The project construction began
in August 2021 with a projected completion date of Fall 2024.

3.1.4 Ecosystem Services and Connectivity
Given that a fundamental goal of the project is ecological
enhancement, several ecosystem service benefits are part of the
design. Ecosystem service values for the project were estimated
using a biome-based spatial approach, using the net change in
habitat area with areal habitat dollar values obtained from
published literature sources (NYS-GOSR 2021). Biomes with
positive net change in value included oyster habitat/reef
sustainability, increased productivity of commercial finfish and
crustaceans, shoreline stabilization, water quality improvements
(nitrogen removal and SAV enhancement), and refugia. The only
negative (gross) ecosystem services were related to loss of

relatively lower-value sandy subtidal habitat under the
footprint of the breakwater structures (NYS-GOSR 2021).
Also, there were hopefully limited negatives with regard to
ecological connectivity, since the breakwaters could cause
increased long-term sedimentation and reduced circulation
behind them.

3.2 Coastal Texas Protection and
Restoration Study—Gulf of Mexico
The Coastal Texas Study was undertaken to address habitat loss
and the range of hazards faced by coastal areas in the state,
including erosion, sea-level rise, and storm surge (Figure 3). It
seeks to determine the feasibility of Coastal Storm Risk
Management (CSRM) and Ecosystem Restoration (ER)
measures to protect the state’s communities, critical economic
functions, and environmental assets (US Army Corps of
Engineers and Texas General Land Office, 2020; https://
coastalstudy.texas.gov). The scope of the project covers the
entire Texas coast, from the Sabine River to the Rio Grande
River, including all coastal areas and interconnected ecosystems
in the state’s 18 Gulf Coast counties.

3.2.1 Innovative Coastal Design
The project aims to minimize economic damage from coastal storm
surge, inland and Gulf shoreline erosion, and restore threatened and
endangered critical habitats hydrology to key lagoons. This is
accomplished through a multiple-lines-of-defense strategy that
combines structural, nature-based, and non-structural features to
provide coastal resilience through implementation of robust and
redundant protective features similar to the “double-insurance”

FIGURE 3 | (A) Overview of the Coastal Texas Study area. (B) The study proposes a multiple lines of defense approach for Galveston Bay that includes gulf
defenses along the outer barrier island coast as well as bay defenses to provide residual risk reduction within the bay. The gulf defenses include (C) restored beach and
dune systems along Bolivar Peninsula and (D) a gate system at Bolivar Roads, the primary connection between Galveston Bay and the Gulf of Mexico.
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framework of Andersson et al. (2017). A tentatively selected planwas
identified in May 2018, followed by draft reports integrating
feasibility and environmental impacts for public, policy, and peer
review, with the goal of advancing the project to Congress for
authorization of construction funding in 2022. The
comprehensive plan consists of 1) an ER component that covers
6,600 acres (~27 km2) of the coast to restore fish and wildlife habitat,
improve hydrologic connectivity, and create and restore oyster reefs,
marshes, dunes, and islands that provide protection for communities
and infrastructure; 2) a CSRM component for 2.9 miles (~4.7 km) of
beach nourishment on South Padre Island along the lower Texas
coast; and 3) a final CSRM component for the Houston-Galveston
region spanning 63miles (~101 km) of the upper Texas coast to
reduce storm surge entering Galveston Bay. This largest component,
referred to as the Galveston Bay Storm Surge Barrier System, deploys
a multiple-lines-of-defense approach intended to offer redundancy
with the goal of mitigating storm surge impacts and improving the
resilience for residents, industry, and ecosystems in the Houston-
Galveston region. It includes a 2.8-mile (~4.5-km) long gated surge
barrier system across the Galveston Bay entrance, improvements to
the existing Galveston Seawall, and 43miles (~69 km) of beach and
dune systems on Galveston Island and Bolivar Peninsula, as well as
strategies to mitigate residual risk from bay water surges, including
additional gate closures and pumping stations at Clear Lake and
Dickinson Bay on themainland, a ring barrier for the backside of the
City of Galveston, and additional nonstructural improvements on
the mainland including floodproofing and raising of at-risk
structures. The ER components target eight locations along the
coast and include the construction of 114miles (~183.5 km) of
breakwaters, 15.2 miles (~24.5 km) of bird rookery islands,
2,052 acres (~8.3 km2) of marsh, 12.3 miles (~19.8 km) of oyster
reef, and 19.5 miles (~31.4 km) of beach and dune restoration (US
Army Corps of Engineers and Texas General Land Office, 2020).

3.2.2 Stakeholder Engagement
The scoping process included federal, state, and local agencies and
tribal nations, which met monthly to discuss study details and
progress. Additional interagency and international workshops
were held to discuss alternatives, performance metrics, and
adaptive management approaches, among other aspects. Prior to
the COVID-19 pandemic, a series of face-to-face public hearings and
outreach meetings were held to solicit public comments on the plan
and to inform the public regarding project updates (recordings are
available at https://coastalstudy.texas.gov/get-involved/public-
meetings/index.html). Community feedback led to changes to the
plan, which originally included a floodwall over 17 ft (~5.2 m) high to
protect the barrier islands along Galveston Bay’s Gulf of Mexico
shoreline. Local communities objected to this floodwall solution for a
variety of reasons. After the USACE received more than 13,000
negative comments to this effect, they revised their plans and moved
toward a more nature-based solution of beach and dune systems on
the fronts of the barrier islands. It should be noted that this
modification came with an increase of potential residual risks, but
the tradeoffs offered an opportunity to better balance engineering
performance, costs, benefits (i.e., returns on investment), and fewer
environmental impacts resulting in a more socially acceptable
solution. During the COVID-19 pandemic, the study team could

not host face-to-face public outreach activities, and as a fallback
developed an interactive GIS-based driven StoryMap system to offer
the public an opportunity to engage with the study team virtually and
explore the recommended plan through an interactive experience
medium (https://coastal-texas-hub-usace-swg.hub.arcgis.com/).

3.2.3 Funding and Implementation
The US Congress appropriated $20.6 million to USACE over
the course of the study in cooperation with the Texas General
Land Office (TGLO), the non-federal cost-share sponsor, to
complete the study effort. The estimated construction first-
cost (in 2021 dollars) for the recommended plan is $28.9
billion, with 69% of the cost for Gulf Coast defense in
Houston-Galveston and South Padre Island, 22% for
bayshore defense in Houston-Galveston, and 9% for
ecosystem restoration. The estimated average annual
operation, maintenance, repair, replacement, and
rehabilitation costs are $131 million, which must be
shouldered solely by the construction sponsor. Recent
scholarly research demonstrated economic benefits of a
coastal barrier for the communities along the upper Texas
coast to outweigh its engineering costs (Davlasheridze et al.,
2019) and also looked at its significance in terms of buffering
negative ripple effects on the economies of other states and the
nation as a whole (Davlasheridze et al., 2021). To proceed to
construction, funding must be authorized and appropriated
by Congress, and cost-share sponsors must be identified. The
recent Senate Bill 1160, passed on 16 June 2021, authorized a
creation of the “Gulf Coast Protection District,” a five-county
taxing authority (https://legiscan.com/TX/drafts/SB1160/
2021) and corresponds to the latest developments towards
realization of the coastal-defense system for upper Texas coast
communities. The bill creates a formal mechanism for the
district to partner with USACE and contribute towards
funding, construction, and maintenance of a coastal barrier
by taxing, issuing bonds, and other financial instruments. In
addition, the Texas General Land Office will serve as an
additional cost-share sponsor for the ER and South Padre
Island components.

Design is expected to take 2–5 years to complete (per
component), and construction is expected to take an
additional 10–15 years after that. The project will be
maintained for a minimum of 50 years by local sponsors. The
average annual costs for operation, maintenance, repair,
rehabilitation, and replacement during this period are
estimated at $131 million. This includes funding for periodic
nourishment of restored beaches and dunes on Bolivar Peninsula
and West Galveston Island every 6–7 years. As the project moves
into the next phase, the project team will continue to engage with
stakeholders and the public at large through the interactive
StoryMap tool.

3.2.4 Ecosystem Services and Connectivity
A main goal of the Coastal Texas Study is to improve
hydrologic connectivity while restoring or creating fish and
wildlife habitat and natural features to provide coastal
protection for communities and infrastructure. Specifically,
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this includes a designed system to reduce storm surge entering
Galveston Bay. The full project incorporates several types of
restoration actions including marsh restoration, island
creation/restoration, dune and beach restoration, oyster reef
creation/restoration, and hydrologic restoration. Each
proposed ER action was evaluated by simulating the change
in number of habitat units available for target species,
compared to the no-project condition. Tools such as the
Habitat Evaluation and Assessment Tool (HEAT), Habitat
Suitability Index (HSI), and the Wetland Value Assessment
(WVA) were used based on the ecosystem type and species.
Average annual habitat units calculated across the project
planning period were then used to develop the final suite of
ER actions described in Section 3.2.1.

Together, the ER components of the project are designed to
provide a range of ecosystem services for Texas coastal
communities. They contribute to the primary risk-reduction
goals of the project by preventing shoreline erosion and
reducing inundation of populated areas. In addition, these
projects can enhance local water quality and provide habitat
for a variety of species of commercial and recreational value,
including brown shrimp, brown pelican, Kemp’s Ridley sea turtle,
oyster, and spotted seatrout.

3.3 South Bay Salt Ponds—San Francisco
Bay, California
This panel had a wider focus than the others, since restoration in
San Francisco Bay often occurs within a regional context. The
panel included experts from the NOAA National Estuarine
Research Reserve System (NERRS), San Francisco Estuary
Partnership, California State Coastal Conservancy, and San
Francisco Estuary Institute, providing perspectives from
federal, state, local, and non-profit stakeholders. Many San
Francisco Bay projects take regional strategies into
consideration as part of their planning and implementation.
These strategies include the San Francisco Bay Subtidal
Habitat Goals Project (Subtidal Goals 2010), Baylands Habitat
Goals Update (Goals Project 2015), Comprehensive
Conservation and Management Plan for the San Francisco
Estuary (2016), the San Francisco Bay Shoreline Adaptation
Atlas (Beagle et al., 2019), and the recent effort to establish a
regional monitoring program through the Wetlands Regional
Monitoring Program (WRMP; https://www.sfestuary.org/wrmp).
The WRMP Program Plan was released in April 2020, with the
intention of full program implementation by 2022. The
development of the WRMP included a process that engaged
hundreds of experts around the Bay Area in designing the

FIGURE 4 | Map of the South Bay Salt Pond Restoration Project in San Francisco Bay.
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overall plan and the science framework. We focus on one specific
project for the case study—South Bay Salt Pond Restoration
Project (SBSP; https://www.southbayrestoration.org)—and
provide insights from regional collaborations in the discussion
of common themes below (Figure 4). While the SBSP Restoration
Project has been featured in other publications (Chapple and
Dronova 2017; Gies 2018; DeAngelis et al., 2020; also see https://
www.southbayrestoration.org/news-items), the project continues
to evolve and has entered its second phase of construction.

3.3.1 Innovative Coastal Design
The SBSP Restoration Project is the largest tidal wetland
restoration project on the US West Coast (15,100 acres,
~60.7 km2), seeking to restore multiple former salt-production
ponds back to natural conditions like tidal marshes and other
aquatic habitats (Valoppi 2018). In addition to restoration, the
project will provide regional flood risk reduction by absorbing
tidal energy instead of reflecting it, reducing tidal amplitudes far
beyond the project, to varying degrees across all of San Francisco
Bay (Holleman and Stacey 2014).

The project integrates three main goals: 1) habitat restoration
that focuses on a range of special-status species, primarily tidal-
marsh species but also species (mainly birds) that used ponded
areas during the salt production era; 2) protection from tidal
flows brought closer to developed areas as leveed salt ponds are
opened up; and 3) addition of wildlife-compatible public access
features to connect people with the Bay while providing wildlife
access and habitat. The SBSP Restoration Project is implemented
on lands within a state ecological reserve (Eden Landing
Ecological Reserve) and a national wildlife refuge (Don
Edwards San Francisco Bay National Wildlife Refuge), and it
is located in three counties, underscoring the importance of a
regional approach to coastal management. Phase 1 occurred from
2007–2014, restored 3,000 (~12.1 km2) acres of tidal marsh, made
improvements to >700 acres (~2.8 km2) of managed ponds to
target pond-dependent wildlife, built islands and installed water
management structures, and added 7 miles (~11.3 km) of trails,
mostly on levees, viewing platforms, a kayak launch, and
historical exhibits. The project is in the earliest phases of
Phase 2, which seeks to return tidal flows to additional areas,
enhance pond habitat in other places, add trails, and integrate
flood-protection projects with several external partner agencies.
The SBSP Restoration Project includes an adaptive management
program that uses a “restoration staircase” concept to address
questions of adaptation and resilience, inserting intentional
pauses to evaluate how habitats are evolving and how wildlife
are responding. For example, before moving to Phase 2, the
program worked with scientists to evaluate past performance and
suggest possible adaptation measures to adjust project designs
and refine the science program for Phase 2. These measures
include anticipated effects of climate change and emerging
technologies, as well as potential funding and communication
mechanisms. Insights from this process and other regional
planning efforts such as the Adaptation Atlas (developed by
the San Francisco Estuary Institute; Beagle et al., 2019) help to
identify types of adaptation strategies for consideration at
specific sites.

Both the regional WRMP and the SBSP Restoration Project
face potential challenges to success. For the WRMP, the biggest
challenge is serving such a broad community of interest while
remaining technically rigorous. There is a constant driving need
to produce great science, but the process can overpower a
Program like this one if all interested parties are at the table.
For example, balancing trade-offs of serving such a broad
community of stakeholders and of inclusion and focus when it
comes to program development can be difficult. For the SBSP
Restoration Project, challenges include climate change and other
environmental changes that affect flooding and sediment supply
to sustain the establishing tidal marshes. Project actions have the
potential to increase bioavailable mercury and negatively impact
the food web, as well as invasive species expansion. South Bay Salt
Pond Restoration Project Adaptive Management Plan, (2007) is
specifically designed to address these, and many other,
uncertainties as the project continues, directly informing
design and implementation of each phase of the project.

The marsh restoration areas are meant to have an indefinite/
permanent useful life, as they are primarily habitat features in an
obviously dynamic and ever-changing environment. They are not
necessarily intended to provide any specific degree of coastal
resilience or flood protection on their own. The public access
features such as levee-top trails, boardwalks, viewing platforms,
etc. have useful lives of 30–50 years, with the 30 being the official
“intended” useful life of those features. The water control
structures and pond levees/berms used in the managed pond
enhancements usually need constant maintenance and/or repair/
replacement on the order of a decade or so.

3.3.2 Stakeholder Engagement
The Wetland Regional Monitoring Plan (WRMP) uses a
collaborative, consensus-based approach for regulators, land
managers, and scientists making decisions together, starting
with management questions that drive monitoring down to
the level of metrics, protocols, and indicators, then bringing in
new questions to update metrics and protocols. It is a prime
example of combining the technical foundation for the work with
public engagement, listening to the underserved communities
that are adjacent to restoration projects and any other interested
community members. Indeed, extensive community engagement
is becoming a basic foundational practice for designing
restoration projects and is one of the core best management
practices.

For the SBSP Restoration Project, outreach and stakeholder
engagement efforts are led by the California State Coastal
Conservancy and the Consensus and Collaboration Program at
California State University Sacramento. Outreach is a critical part
of the entire project, since it is one of the largest restoration
projects in the US and takes place in one of the most densely
populated regions of California with many different user groups,
interests, neighboring landowners, and stakeholders. The major
venue for the public to provide advice and recommendations to
the Project Management Team is through the Stakeholder
Forum, a group of 25 individuals representing local businesses,
advocacy groups, elected officials, recreational groups, and others.
Input from extensive interviews with a wide range of stakeholders
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prior to implementation resulted in the current stakeholder
process that provides opportunities for input at each phase of
planning (California State University Sacramento, 2003). This
feedback, and recognition of the additional challenges of climate
change on this system, led to recent recommendations to increase
regional coordination and engagement to enhance adaptive
management moving forward. This is recognized as an
important theme for all regional planning. Indeed, the
Baylands Goals Science Update for the San Francisco Bay area
(Goals Project 2015; https://www.sfei.org/projects/baylandsgoals)
made several recommendations for climate planning in the region
that included centralizing data for better coordination and
facilitating dialogue to promote information diffusion among
stakeholder groups.

3.3.3 Funding and Implementation
In 2003, 15,100 acres (~61.1 km2) of commercial salt ponds were
acquired from Cargill, Inc. for $100 million, funded by federal
and state resource agencies and several private foundations.
Funds for implementation of the South Bay restoration, flood
management, and public access plan to date have come from a
mix of sources, including local, state, and federal funds, as well as
private funds from foundations or other non-governmental
organizations. The largest sources of ongoing funding for
restoration planning, design, permitting, and construction are
competitive federal, state, and regional grant programs, matched
by in-kind contributions from the project partner agencies.

The South Bay project is being implemented in multiple
phases over 50 years, using a robust adaptive management
plan (AMP) to determine how far the system can move
toward full tidal action and associated tidal habitats, while still
meeting the other Project Objectives (Trulio et al., 2007). The
AMP identifies restoration targets as well as triggers that may
necessitate management actions. The organizational strategy
includes an Executive Project Manager and Executive
Leadership Group and a Project Management Team that
regularly interacts with the Science Team, Regulatory and
Trustee Agency Group, and Stakeholder Forum to ensure
oversight and coordinate planning and implementation
throughout the project (https://www.southbayrestoration.org/
page/who-we-are-collaborative-team).

3.3.4 Ecosystem Services and Connectivity
The SBSP Restoration Project highlights the need to make sure
habitats are not created for a single species but rather consider
competing species’ needs. Indeed, one of the main goals of the
SBSP Restoration Project is habitat restoration for a range of
special-status species. While the focus is mostly on tidal marsh
species, there is also a need to protect the many types of wildlife
(mainly birds) that used the ponded areas during salt production.
So, the project design needed to restore tidal marsh species while
also providing for pond-dependent wildlife species and while
connecting habitat via wildlife corridors. Another goal is to add
wildlife-compatible public access features like trails and viewing
areas to connect people with SF Bay and help them understand
why restoration is needed. These goals and associated ecosystem
services are not always compatible, making some trade-offs

potentially necessary. For example, opening up the salt ponds
and restoring tidal flows brought water closer to developed areas,
resulting in a need to maintain or improve current levels of flood
protection for those areas. This has entailed working with local
flood protection agencies to incorporate their projects into the
landscape with the restored sites.

Beyond the challenge of managing the competing goals for the
project and the challenges of predicted effects of sea-level rise, the
project provides an array of ecosystem services and greatly
improved connectivity along the shoreline. The restoration
supports baseline services and functions such as
photosynthesis, nutrient cycling and provides habitat and
nursery areas, increases biodiversity, and the transition zones
designed into the project provide high tide refugia. Much of the
habitat along the shoreline of San Francisco Bay has been reduced
in size and suffered from fragmentation due to urban
development. Increasing the area of tidal marshes is an
important part of the design and will help to create larger,
more connected patches of marsh habitat in the South Bay to
allow movement of not only wildlife species, but of water,
sediment and nutrients between the Bay and ponds that were
previously restricted by berms and levees. Social and economic
services are services that are especially important to people for
cultural and social development and the Bay area will benefit
from increased access to trails for hiking and biking, and
birdwatching. This is a key issue for the region, and so it
follows that evaluating how wetland restoration provides
benefits to humans is one of the five guiding questions of the
regional WRMP. This task will work to ensure that diverse voices
are at the table in the WRMP process, and their interests are
reflected in the suite of indicators monitored by the WRMP.
Enhancing community engagement and ecosystem services
evaluation will improve the ability of the WRMP to advance
environmental justice and improve environmental conditions for
communities disproportionately impacted by climate change and
the loss of wetlands.

4 DISCUSSION OF EMERGING THEMES

Several common themes emerged from the three case studies that
highlight factors contributing to and/or hindering success of
innovative coastline management projects, depending on the
context. We have organized the themes into two
sections—areas of progress and remaining challenges. It is
important to note that there have been advancements and
challenges in every theme; the groupings are intended to guide
readers rather than represent a hard boundary. Our goal is to
glean lessons learned within each theme to inform future NNBF
coastal resilience projects.

4.1 Areas of Progress
4.1.1 Moving Beyond Single-Benefit Projects
Historical approaches to coastal protection have focused on
reducing potential damages from hazards such as flooding and
erosion via gray infrastructure (e.g., levees, seawalls, and
bulkheads) (Griggs 2005; Spalding et al., 2014). Despite the
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immediate and often substantial risk-reduction benefits provided
by these structures, they offer minimal co-benefits and can even
cause loss of coastal habitat and associated ecosystem services
(Sutton-Grier et al., 2015). NNBF and hybrid approaches to
coastal protection represent a promising alternative to gray
infrastructure because of the many co-benefits that can be
achieved, including wildlife habitat, recreation, water quality,
and carbon/nutrient sequestration (Bridges et al., 2015).
Additionally, the USACE has determined that NNBF projects
that involve very collaborative, multi-disciplinary partnerships
including landscape architects, engineers, and applied scientists,
not only result in improved NNBF projects, but also improved
communication and support for these types of projects (King
et al., 2022). Hence, projects with multiple goals and multiple
collaborators have many benefits.

Each case study started with an innovative framing, enabled
through the funding sources themselves. The Rebuild by Design
competition that resulted in the Living Breakwaters project
encouraged innovation and broad interdisciplinary teams, with
the goal of “promoting innovation by developing regionally
scalable but locally contextual solutions that increase resilience
in the region” (https://stageipk.es.its.nyu.edu/initiatives/rebuild-
by-design/). The competition awarded projects that included
strong engagement of local communities and government
stakeholders, driving projects to target a wider range of
benefits than simple flood-damage reduction. In the case of
the Coastal Texas Study, the authorization for the study was
explicitly for “flood damage reduction” and “ecosystem
restoration,” in contrast to other more typical feasibility
studies (e.g., US Army Corps of Engineers, 2015; US Army
Corps of Engineers, 2019) that were only authorized for
damage reduction. The SBSP Restoration Project initiative
sought co-benefits from the initial stages of planning for
restoration, flood reduction and wildlife-friendly public access.

By leveraging nature-based and hybrid infrastructure, all three
case studies move beyond a sole focus on safety and flood
reduction to include multiple functions and benefits (Van
Veelen et al., 2015; O’Shaughnessy et al., 2020). Complete
elimination of risk is not the goal, nor is it realistic given
anticipated increases in the rate of sea-level rise and storm
intensity; instead, each project provides meaningful risk
mitigation while also enhancing ecological and/or social
resilience. For example, in addition to providing wave
attenuation and erosion reduction, the Living Breakwaters
project also aims to increase biodiversity, enhance shoreline
recreational opportunities, and raise awareness of coastal
resiliency and ecological health. The Coastal Texas Study
includes numerous components aimed at creating or restoring
natural features that provide habitat in addition to acting as
barriers to storm surge or waves. The SBSP Restoration Project
and other regional projects in San Francisco Bay are focused on
ecological restoration rather than an explicit risk reduction
component, although projects do include measures to ensure
that flood risk for adjacent communities and infrastructure does
not increase as a result of restoration actions. Also, enhancing
recreation opportunities can be an important aspect for
community buy-in and obtaining funding from multiple

sources. For example, the SBSP Restoration Project has public
access as one of its main goals and includes trails and viewpoints
in almost all of the project sites.

Multi-functional projects such as these can address the needs
of a variety of stakeholders and enable multiple pathways for a
project to be successful, even if some aspects of the project do not
end up working as well as others. For example, there has been
increasing awareness by the public that the restoration of ponds at
the edge of SF Bay may provide some protection against sea level
rise for critical infrastructure, global technology companies, and
other Silicon Valley businesses. As these case studies
demonstrate, communities and stakeholders value natural
habitats and the services they provide and may be more
willing to support coastal resilience projects that include co-
benefits such as maintaining ecosystem integrity and recreational
access. An example of increased public awareness and support of
wetland restoration includes the passage of Measure AA (San
Francisco Bay Clean Water, Pollution Prevention and Habitat
Restoration Measure)—the nine counties of San Francisco Bay
voted for a 20-year, $12/year parcel tax that will raise $500million
for restoration projects in the Bay. The personal connection to the
Bay by voters was one of the major factors for its success (https://
www.sfbayrestore.org/overview). Given the multifaceted and
interdisciplinary nature of NNBF projects, successful design
and implementation requires expertise and cooperation across
a variety of fields and sectors. Local system knowledge is critical to
apply successful strategies from other projects, adapting them to
address site-specific conditions. The projects described here
include teams spanning a broad range of participants from
architecture, engineering, ecology, economics, and/or social
science representing state/federal agencies, consulting firms,
and academia. These multidisciplinary teams reflect the
importance of integrated thinking that considers the physical
hazards alongside ecological and social responses.

4.1.2 Creating Opportunities for Natural and
Nature-Based Features Through Co-Production of
Project Designs
Input from the public is critically important since coastal
resilience projects not only affect local communities and the
environment but also people’s lives. As a result of the potential
negative side effects of protecting coasts with gray infrastructure,
including degraded habitat, loss of shoreline access, and impacts
on neighboring properties, gray projects have faced opposition
from stakeholders and the public in the past (Griggs 2005). For
example, a project in Ventura, California to prevent shoreline
erosion by constructing a seawall was opposed by local
stakeholders, including the Surfrider Foundation and the
California State Coastal Conservancy, in the 1990s. Instead,
the interested parties agreed upon a managed retreat approach
(Surfer’s Point Managed Shoreline Retreat; https://ventura.
surfrider.org/surfers-point/) that allowed for habitat restoration
and did not interfere with local hydrodynamics (Judge et al.,
2017).

In contrast, coastal resilience projects that have stakeholder
engagement as one of their explicit goals can incorporate
feedback early and often as the project progresses. The Coastal
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Texas Study is an excellent example of feedback shifting the
project design from a more traditional, gray approach to a more
natural/hybrid solution. That project initially proposed a
floodwall that was opposed by local residents, who sent
thousands of negative comments to USACE. As a result, the
project was redesigned to use a beach and dune system to reduce
flooding from the Gulf instead. This solution provides fewer risk-
reduction benefits but is more acceptable to the local community
and provides more NNBF co-benefits.

Frequent and effective communication between the project
team, stakeholders, and the public can contribute to a more
transparent process that includes opportunities for input and
adjustments, helping to build trust and buy-in (Paul et al., 2018).
The case studies here, especially Living Breakwaters and the
Coastal Texas Study, highlight the importance of clear
communication. For example, in the Living Breakwaters
project, being transparent in the process about what the
project could and could not do was critical for developing
trust with everyone involved. This project made it clear from
the beginning that the goal was not to keep flood waters out of the
area but rather to restore ecological systems, reduce the risk of
erosion and wave damage, and enhance social outreach and
education. The project team specifically engaged with
stakeholders before truly beginning the design to establish
project goals and trade-offs, ultimately producing hundreds of
pages of information for the Environmental Impact Statement
(EIS). For the Coastal Texas Study, following the release of the
first Draft EIS, there was widespread misunderstanding among
locals about the proposed plan, and misinformation was spread
on social media. The project team learned from this experience
and conducted a much more extensive outreach and public
education campaign prior to the release of the revised Draft
EIS, which resulted in more productive exchanges between the
project team and the public.

4.1.3 Managing Uncertainty in Project Performance
Unlike engineered structures that have a set of well-defined
design criteria, there are uncertainties in quantifying the
capacity of nature-based systems to withstand extreme events
and determining the breakpoints at which such a system is
expected to either fail to provide its required engineering
service or itself be destroyed due to the environmental
conditions. This requires a flexible design approach that can
not only satisfy short-term needs but also allow for future
adjustments to meet long-term goals. It also requires a post-
construction monitoring program to document the performance
of these systems and may require a greater commitment to
ongoing maintenance to achieve a desired level of protection
than traditional approaches. Since these systems are innovative,
guidance on expected outcomes (e.g., amount of sediment
accretion that will occur over time) is lacking, especially
compared to decades of experience with gray infrastructure,
and engineers may have more comfort with materials that
have documented factors of safety. It can also be a challenge
to predict the long-term evolution of NNBF and to scale up from
small-scale to larger-scale applications. For example, in the Sand
Motor project in Netherlands, the uncertainty in the predicted

evolution is a mixture of both uncertainty in model formulations
in current state of the art models and the uncertainty in future
(wave) forcing (Kroon et al., 2020). This is especially important
since there is a large natural variability in ecology and still many
unknowns on how habitat attributes result in changes in
biodiversity and species richness.

Thus, it is critical that learning from NNBF projects also be
one of the multi-functional goals, so that we can learn as much as
possible from every project. For example, because there is no
“one-size-fits-all” natural infrastructure design for all contexts
(Sutton-Grier et al., 2015) and the coastal resilience ecosystem
services provided by natural infrastructure vary by geomorphic
setting and event conditions (Saleh and Weinstein 2016), one
main research focus that is still greatly needed is better
understanding of what approaches and strategies work well in
which conditions (Smith et al., 2020). Additionally, we need to
know how to effectively implement NNBF projects for coastal
resilience, and how projects can address uncertainties and
evaluate or weigh different components (e.g., using Ecosystem
Services framework). Projects should define goals for long-term
adaptability in the planning of the project and establish specific
performance metrics and clearly defined goals (Arkema et al.,
2017; Bayulken et al., 2021). In the Living Breakwaters project,
modeling of waves, storm surge, and sediment movement in
water and then onshore was a critical component to developing
the design, and monitoring the project will be key to
understanding how well the project is functioning for both
ecological and risk reduction goals. In the SBSP Restoration
Project, understanding how salt pond restoration would
impact flooding and flood risk to human development has
been key to planning to maintain or improve flood protection
for those communities as part of the restoration design.

There is a general focus on “no-regrets” strategies by assessing
adaptability to climate change via stress tests under higher sea
levels. The Coastal Texas Study evaluated project alternatives
under low, intermediate, and high SLR scenarios through 2,135
and includes a plan for monitoring and adaptively managing the
ecosystem restoration components of the project to ensure that
project objectives are met across the lifetime of the project. It also
utilizes a multiple-lines-of-defense approach to provide
redundancy in coastal protection and address possible failure
modes. For example, possible breaching of the dune barrier
system during large storms is addressed by including bay-side
defenses and by elevating structures. The SBSP Restoration
Project explicitly includes adaptive management, so that
lessons learned from Phase 1 can be incorporated into Phase 2
plans and future phases along with new insights from emerging
science and technology. Adaptive management via engaging
scientists and stakeholders is a key part of the WRMP in San
Francisco Bay, in which lessons learned from designing,
implementing, and monitoring for one project will inform
other projects at local and regional scales.

4.1.4 Expanding Beyond the Project Scale to a
Regional Perspective
Possibly because of the stakeholder engagement and the focus on
multiple benefits of each project, as well as the need to design
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multiple features to achieve many aspects of resilience, NNBF
projects are often part of a suite of projects to build resilience
across a broad region. This is a strength of the NNBF approach,
because there can be a larger focus on how individual projects fit
together into a coastal system designed for resilience.
Connectivity of multiple projects along a coastline can be part
of the design of NNBF projects particularly in urban settings in
order to counter past loss of coastal ecosystems and biodiversity
(Aguilera et al., 2020). For example, in the Coastal Texas Study,
there are many different resilience approaches across an entire
region that are combined into one larger project with multiple
goals—restoring fish and wildlife habitat; improving hydrologic
connectivity; creating and restoring oyster reefs, marshes, dunes,
and islands that provide protection for communities and
infrastructure; renourishing beaches; installing a new tidal
gate; and improving a seawall. In the SF Bay, once developed,
the WRMP would integrate monitoring, reporting, and data-
sharing across a wide range of projects to improve uniformity,
consistency, currency, and other aspects of data. The project itself
is also taking into account that as a result of the restoration of
tidal flows, flood risk on different parts of the landscape is
changing, and so maintaining and improving flood protection
is part of the design of the project to help address the changes
taking place across the landscape as restoration reconnects parts
of the landscape that were previously separated by the salt ponds.
Taking a regional approach to resilience and incorporating NNBF
projects is a critical, forward-looking step in improving coastal
resilience.

4.2 Remaining Challenges
4.2.1 Navigating Permitting and Policy Barriers
A significant barrier to the widespread implementation of
innovative NNBF projects is the permitting process for new
designs, which is often complex and may need quite a lot of
lead time. Permits may be required at the local, state, and/or
federal level. There may be many steps, and regulators may be
seeing this type of innovative project for the first time. Again, the
importance of being transparent and doing outreach and
education as part of these projects applies to getting regulatory
and community buy-in. For example, a key to facilitating the
permitting process for the Living Breakwaters project was to have
a clear purpose and need statement that included all of the project
benefits (risk reduction, ecological enhancement, and social
resilience) and to have a robust and transparent dialog with
the regulatory community early and often to help craft a
permitting path that was appropriate for the project’s
innovative approaches.

Many panelists described the frustrations and challenges with
regulatory barriers that made projects more difficult. Oftentimes
the policies are well-meaning environmental regulations that aim
to protect people and ecosystems, and yet make it challenging to
be innovative in the coastal resilience setting. For example,
regulations around the use of “fill” (e.g., sand or silt dredged
from a location often for maintenance needs such as navigable
shipping channels) in wetlands were initially designed to protect
wetlands and generally did not include anticipated effects of
climate change or potential opportunities to use fill to enhance

or restore coastal environments when they were implemented.
Because they are legal requirements, regulatory agencies may
have to undergo a lengthy legal process to grant permits to allow
use of fill in wetlands. Even given the challenges of addressing this
barrier, it is important to change the conversation on fill from
seeing it only as a pollutant to considering it as a possible asset to
NNBF projects. Restrictions on fill use was a challenge to the
Living Breakwaters project design. In San Francisco Bay, the Bay
Conservation and Development Commission, the regional body
charged with managing the Bay coastline, is doing just that and
changing its policy to allow the use of fill for restoration and
environmental enhancement projects while still maintaining
restrictions on the use of fill for development projects. At the
federal level, USACE is increasingly exploring opportunities to
incorporate NNBF into coastal risk-reduction projects, as
evidenced by the Coastal Texas Study and EWN efforts,
including the use of fill for beneficial reuse. However, there
are still limitations in the use of dredged material across
multiple projects that will require innovations in policy and
blending of funds. Thus, more research on the appropriate use
of fill is needed to inform potential changes in regulations that
could facilitate more NNBF projects. This type of innovation in
the policy space is going to continue to be needed to support more
NNBF projects.

Successful permitting and implementation of multi-objective
projects may also require a rethinking of how project planning is
conducted within and between mission-focused agencies, as
projects that move outside of the stated mission may be
difficult to justify and fund. This siloing of projects within
existing agency boundaries to avoid “mission creep” may miss
out on opportunities to achieve multiple benefits across a range of
objectives. Thus, while there has already been some progress to
address these barriers, they will likely continue to be a challenge
for innovative coastal resilience projects until these innovations
become more of the “norm.”

4.2.2 Funding
Several panelists identified funding as a critical need for both
project development and long-term monitoring after
implementation. This is a continuing challenge, especially in
the US, where funding for resilience projects is primarily often
tied to the disaster-response cycle (NRC, 2014). The Living
Breakwaters project is an excellent example of a project that
arose after a major disaster; if it had been implemented before
Hurricane Sandy, it may have protected the coastline from some
damages. It is important as a society that we start making
investments in resilience projects that are not tied to the
disaster-response cycle. We need to be anticipatory and fund
the development and implementation of these projects during
“blue-sky” periods before the next big storm (e.g., Reguero et al.,
2020). This would allow projects to not be rushed and to have
more certainty about funding opportunities.

When NNBF projects are funded in a post-disaster context,
there is often a firm and short timeline on funds, prohibiting post-
installation monitoring. Yet such monitoring can help define
“success” of a project and inform other projects or other phases of
the existing projects. In response to a vacuum of long-term
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monitoring of NNBF projects after Hurricane Sandy, a New York
State-funded team and stakeholders recently co-created a state-
level monitoring program (Wijsman et al., 2021).

An ongoing monitoring program can be planned during
project design that is rigorous but not so much that it
becomes onerous or burdensome to fund and/or conduct over
the years. For example, the Living Breakwaters project was
designed to enable long-term monitoring to learn more about
which specific breakwater designs and parameters are more likely
to be effective to help inform adaptive management efforts and
future projects. However, future funding will still be required for
the actual research and measurements in this project. The SBSP
Restoration Project offers a success story in which the investment
of funding for long-term monitoring in the first phase of the
project has informed the planning for the next phase, as well as
providing valuable insights for other projects in the region.

Cost-sharing requirements can also place a limitation on the
long-term maintenance and monitoring of NNBF projects. For
example, in the Coastal TX Study, the ecosystem restoration
alternatives were initially meant to include funding for
nourishment if needed in response to changing conditions and
sea-level rise. However, the cost of maintaining ecosystem
restoration measures, which are required to be self-sustaining,
could not be cost-shared, so this was later removed from the
recommended plan. If nourishment is deemed necessary during
the post-project monitoring period, the required work will have
to be authorized separately at that time. Without proper funding
to maintain ecosystem restoration components, the long-term
survival and performance of these systems may be constrained. In
contrast, features that also included a risk-reduction component,
such as the beach and dune restoration, do include funding for
periodic nourishment to maintain protective benefits.

4.2.3 Defining and Assessing Project Costs and
Benefits
There is also a need to broaden the thinking on cost-benefit
analyses. These studies are commonly used to assess options and
trade-offs for project alternatives, and yet have traditionally only
included the costs of construction and the benefits of reducing
flood risks provided by projects (e.g., Aerts 2018; Reguero et al.,
2018; Waryszak et al., 2021). With the burgeoning of innovative
NNBF projects with multi-functional goals, it is key that cost-
benefit analyses include all the benefits these projects provide,
including ecological, recreational, and other benefits, although
these co-benefits can be hard to quantify in monetary terms
(Sutton-Grier et al., 2015; Seddon et al., 2020). Each of our case
studies addressed more than benefit-cost ratios for risk reduction,

often in response to community input. In the Coastal Texas Study
for example, the cost-benefit analysis included benefits to wildlife
in addition to risk reduction benefits. For Living Breakwaters, the
project team is specifically planning to monitor fish productivity
on the underwater portions of the breakwaters to quantify the
ecological benefits. In some cases, data may be lacking or very
limited to inform cost-benefit analyses of these multiple benefits;
however, this is one of the reasons why monitoring many aspects
of these NNBF projects is key. We will learn from these projects
and that new understanding of co-benefits can help inform cost-
benefit analyses of future projects and address some of the
hesitancy to give permits.

One of the unique elements of the Coastal Texas Study and
Living Breakwaters project is a focus on co-benefits in the
provision of dune habitat and oyster reefs, respectively.
Without the context of serving as engineering structures,
these elements alone might be considered ecosystem
restoration. Here, the NNBF context reimagines a practical
approach to incorporating these elements into levees and
breakwaters and asks us to consider the phenomenological
roots of “restoration” (see Hilderbrand et al., 2005; Hobbs
et al., 2009; Hertog and Turnhout 2018). Certainly, these
efforts are not restoring the system back to some historical
state, but they replace lost restoration functions, and in this
way, they lie in a grey area of restoration (e.g., “novel
ecosystems”; Hobbs et al., 2013).

One recommendation for future projects and efforts in coastal
resilience is to think specifically about what we can learn from
each of these innovative projects because additional data on the
performance, community outreach/stakeholder engagement, and
socioeconomic components of NNBF projects is key to improving
future projects (Smith et al., 2020; Bayulken et al., 2021).
Collecting similar types of data from these and future projects
would enable us to learn as much as possible from each project.
We have included recommendations for the types of benefits or
ecosystem services that NNBF projects should consider including
in their monitoring plans (Table 2).

This is not a comprehensive list by any means, but is a good
starting point for thinking about the types of data we should
collect across projects to help with project comparisons and to
inform future planning and analyses. Considering a consistent
and more complete set of services across NNBF projects could
facilitate the evaluation, selection, and permitting of similar
future projects. The goal of this case-study analysis, as well as
the suggestions for data collection for future projects, is to
facilitate additional innovative coastal resilience projects across
the US and around the world.

TABLE 2 | Potential services provided by NNBF (Bridges et al., 2015).

Type of service Example

Risk reduction Erosion control, storm surge reduction, wave attenuation, flood peak reduction
Economic Fisheries, property values, raw materials production, tourism/recreation
Social Aesthetics, cultural heritage, educational/scientific opportunities
Environmental Biodiversity, carbon sequestration, water quality, wildlife habitat, sediment management, nutrient sequestration,

groundwater storage, hazard material reduction, threatened and endangered species protection
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Experimental Study of Wave
Attenuation Across an
Artificial Salt Marsh
Scott Baker1*, Enda Murphy1, Andrew Cornett 1,2 and Paul Knox1

1Ocean, Coastal, and River Engineering Research Centre, National Research Council, Ottawa, ON, Canada, 2Department of Civil
Engineering, University of Ottawa, Ottawa, ON, Canada

Scaled laboratory experiments were conducted to investigate the effectiveness of marsh
vegetation in dissipating wave energy and reducing wave overtopping discharges at the
crest of a dyke located immediately landward of the marsh. Model dyke and marsh
platform features, loosely based on archetypes found in Atlantic Canada, were
constructed in a wave basin at 1:20 scale and exposed to a broad range of waves
and water level conditions. The 2D experiments were conducted using idealized surrogate
vegetation (both rigid and flexible), and the model setup featured four parallel flumes which
enabled four alternative configurations to be investigated simultaneously. The experiments
investigated the sensitivity of wave attenuation and overtopping to the length of the
vegetation field, vegetation characteristics (stem density, height, and flexibility) and varying
water levels and wave conditions. The study outputs have helped to address knowledge
gaps and provide evidence to support and inform broader use of hybrid marsh-dyke
systems and managed dyke realignment to help manage flood and erosion risk and
improve coastal resilience in Canada and internationally. This research confirmed the
benefit of tidal flats hosting coastal marshes for attenuating waves, reducing overtopping
volumes and lessening damage to dyke structures. As expected, taller and denser
marshes were more effective in attenuating wave energy for a given marsh width.

Keywords: wave attenuation by vegetation, salt marsh, physical modelling, artificial vegetation, flood and erosion
risk

1 INTRODUCTION

The global risk associated with coastal flooding and erosion has increased substantially over the past
several decades, as a consequence of population growth, development in coastal zones and climate
change effects including sea-level rise (Jongman, 2018). Projections for the 21st century suggest that
these trends will continue (Muis et al., 2020), and, in the absence of intervention or adaptation, the
exposure of people and valued assets to episodic coastal flooding could increase by nearly half
(Kirezci et al., 2020). There is a large and growing body of evidence surrounding the benefits of
natural and nature-based solutions (NBS) as viable alternatives or complements to conventional
(hard) engineering shore protection measures (Browder et al., 2019; Bridges et al., 2014; Spalding
et al., 2014; Sutton-Grier et al., 2015; Moudrak et al., 2018; Sutton-Grier et al., 2018; Bridges et al.,
2021). In particular, the value provided by coastal wetlands or marshes in supporting flood and
erosion risk management objectives has been well demonstrated (Costanza et al., 2008; Arkema et al.,
2013; Narayan et al., 2017; Piercy et al., 2021).
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Coastal marsh systems deliver flood and erosion risk
management benefits by attenuating waves and storm surges
(Barbier et al., 2011), attracting and retaining sediment (Shepard
et al., 2011), and by providing hydraulic storage (Barbier et al.,
2011; Shepard et al., 2011; Webb et al., 2018); while at the same
time providing a host of co-benefits (Spalding et al., 2014; Pontee
et al., 2016; Piercy et al., 2021). Unlike hard structures, coastal
marshes can self-adapt to rising sea levels under the right settings
(Spalding et al., 2014; Piercy et al., 2021). For example, if sediment
supply and accretion rates exceed sediment losses caused by
erosion or other mechanisms, marsh growth can offset relative
sea-level rise (Barbier et al., 2011; Pontee et al., 2016). Nature-
based solutions for coastal hazard risk management that
incorporate marsh systems can be implemented through
conservation and restoration of existing or degraded marsh
systems, landward realignment of hard defences resulting in
restoration or generation of new marshes (e.g., managed dyke
realignment), and construction of new wetland features (Piercy
et al., 2021). The latter two forms of intervention (managed
realignment and marsh construction) typically involve hybrid
solutions (Spalding et al., 2014; Sutton-Grier et al., 2015; Pontee
et al., 2016; Vuik et al., 2016; Jongman, 2018; Vuik et al., 2018),
whereby hard structures are integrated with marsh and other
vegetation features to provide flood and erosion risk management
function. In the case of hybrid dyke-marsh systems, the presence
of a foreshore salt marsh can reduce the failure probability of a
landside dyke (Vuik et al., 2018), and reduce the costs of dyke
maintenance and upgrades (Jongman, 2018). However, the lack
of data and rigorous analyses demonstrating the performance and
limitations of such hybrid NBS under a variety of environmental
settings and metocean conditions remains a barrier to uptake
(Sutton-Grier et al., 2015; Morris et al., 2018).

Coastal communities and infrastructure in Canada are
vulnerable to flooding and erosion caused by water level and
wave extremes (Lemmen et al., 2016), and the risks are expected
to increase over the coming decades due to urbanization, rising
sea levels, declining sea ice cover, and shifting weather patterns
associated with climate change (Bush and Lemmen, 2019). The
risk to coastal communities, including damage to infrastructure,
is one of the top climate change risks facing Canada (Council of
Canadian Academies, 2019). Some coastal regions of Canada
have a legacy of dyke construction, which has facilitated
settlement, population growth and agricultural activities in
low-lying coastal regions (van Proosdij et al., 2013; Sherren
et al., 2019). Many of these older dykes now provide a certain
level of protection to communities, valued land and assets from
coastal hazards (Barron et al., 2012; van Proosdij et al., 2013;
Doberstein et al., 2019), although many have been poorly
maintained and are in need of repair (van Proosdij et al.,
2013). The resources demanded to maintain and upgrade this
ageing infrastructure stock are substantial (Barron et al., 2012;
Doberstein et al., 2019; Sherren et al., 2019), particularly in the
face of rising relative sea levels. In some places, the dykes have
contributed to loss of valued salt marsh ecosystems (Virgin et al.,
2020). Over-reliance on dykes as a sole flood protection strategy
can also introduce vulnerabilities, for example by creating a false
perception of risk and encouraging development in flood-prone

areas, or leading to catastrophic consequences in the event of a
dyke breach or failure (Jongman, 2018). Natural or nature-based
features, such as marshes and barrier islands, can act in concert
with dykes as part of multiple-lines-of-defence strategies to
increase engineering redundancy, enhance the level of flood
protection provided, and reduce the costs of dyke maintenance
or upgrades (Barron et al., 2012; Jongman, 2018). Empirical field
evidence of the effectiveness of hybrid dyke-marsh systems is
being developed for a number of managed realignment pilot
projects in Atlantic Canada, which were typically implemented
by: (i) constructing new dykes landward of legacy agricultural
dykes, and (ii) breaching the old dykes to restore tidal flows and
facilitate marsh restoration (Sherren et al., 2019; Virgin et al.,
2020). Although managed dyke realignment and hybrid-dyke
marsh systems are common approaches to flood and erosion risk
management in many of the world’s coastal regions, such
solutions still pose some risk in the Canadian context. This is
due, in part, to uncertainty surrounding the performance of these
nature-based solutions in diverse Canadian coastal
environmental settings, which are characterized by extreme
variability in regional climates, tidal ranges, rates of relative
sea-level rise, and exposure to wave energy. An improved
understanding of the performance of hybrid dyke-marsh
systems under a broad range of conditions is needed to guide
applications in Canada, and in other regions where uptake has
been relatively low.

This paper describes a series of scaled laboratory experiments
conducted to investigate the hydraulic performance of hybrid
marsh-dyke systems, and in particular examine the effectiveness
of coastal marshes in dissipating wave energy and reducing wave
overtopping under a broad range of wave and water level
conditions representative of Canadian coastal regions. The
experiments used physical modelling to investigate dyke and
marsh platform features typically found in the Tantramar
Marsh on the Chignecto Isthmus in the upper Bay of Fundy,
shared by the Canadian provinces of New Brunswick and Nova
Scotia, which features Spartina alterniflora (smooth cordgrass)
vegetation. It is worth noting that the upper Chignecto Bay can be
characterized as a macro-tidal environment where high tide
typically reaches from 9.5 to 14 m above chart datum. In these
experiments, the marsh vegetation was represented using both
rigid and flexible artificial or surrogate vegetation designed to
approximate the effect of real vegetation on wave attenuation.
The experimental study is unique in several respects:

• Testing was conducted with identical wave conditions in
four identical flumes arranged side-by-side, so that the effect
of controlled changes in various marsh properties including
surrogate plant density, stem height, stem flexibility and
marsh width (in the direction of wave propagation) could be
directly assessed by comparing data and observations
obtained at the same time from neighbouring flumes.

• In contrast with many previous studies which focused on
wave-plant interaction at full scale or near full scale, this
study focused on assessing the changes in wave properties
across a 4.75 m wide (95 m wide at full scale) artificial
coastal marsh and their interaction with a dyke located
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immediately landward of the marsh. The effect of various
marsh properties and characteristics on the wave
attenuation, the volume of wave overtopping and extent
of damage (to the dyke) was assessed.

• The artificial marsh’s effect on wave attenuation was
investigated over a broad range of significant wave height
(Hm0), peak period (Tp) and local water depth (h) or plant
submergence.

• Although the experiments were conducted at 1/20 scale, the
wave conditions included significant wave heights and
periods up to 0.15 m and 3.35 s, representing full scale
conditions with Hm0 = 3 m and Tp = 15 s, which are
believed to be more energetic than those considered in
previous experimental research involving coastal marshes.

This study used an artificial marsh to provide new information
on the performance of marsh-dyke systems in a broad range of
wave and water level conditions, and the sensitivity of wave
attenuation, wave overtopping and damage to variables such as
plant density, plant height (submergence), stem flexibility, marsh
width, significant wave height, peak period and local water depth.
The methods and results described in the paper may be useful to
others interested in representing coastal marshes in physical or
numerical models of coastal processes and shoreline
developments incorporating natural and nature-based features.

Section 2 summarizes the results from a literature review on
how marsh vegetation has been represented in past laboratory
experiments, while Section 3 introduces the existing theory and
formulae for predicting wave attenuation by marsh vegetation.
New 2D experiments conducted at 1/20 scale with coastal
marshes comprised of surrogate vegetation fronting dyke
structures are described in Section 4. Section 5 presents an
analysis and discussion of the new experimental data, in which
many of the formulae presented in Section 3 are used, while the
main conclusions from this work are summarized in Section 6.

2 PAST REPRESENTATION OF MARSH
VEGETATION IN PHYSICAL EXPERIMENTS

The experiments discussed in the present work were conducted
using idealized surrogate vegetation representing S. alterniflora.
The stem densities, heights and diameters of the model vegetation
were selected based on findings in literature (Percy, 2000;
Lightbody and Nepf, 2006; Cranford et al., 2008; Anderson
and Smith, 2014; Nepf et al., 2017; Feagin et al., 2019; Pinsky
et al., 2021). For this study, the average stem diameter and height
of S. alterniflora was taken as 8.7 mm and 1.80 m respectively,
though these values depend on the season, the geographic
location, and a number of environmental factors.

Some species of vegetation may be successfully represented
using rigid elements such as aluminum rods (mangroves) or
wooden dowels (salt marsh), despite demonstrating some degree
of flexibility in reality (Wu et al., 2011; Arkema et al., 2013; Maza
et al., 2019; van Veelen et al., 2020). A combined field-numerical
study demonstrated that S. alterniflora can be reasonably
modelled as a rigid cylinder (Jadhav et al., 2013). Similarly,

Augustin et al. (2009) modelled S. alterniflora using both rigid
and flexible elements and found that the two models produced
similar attenuation effects for the tested flow conditions. Thus,
the appropriate selection of rigid versus flexible elements may
depend on the experimental hydrodynamic conditions.

These elements are often selected to mimic the geometric
parameters of the target vegetation, including stem/blade length,
width, diameter and planting density (Arkema et al., 2013;
Anderson and Smith, 2014; Ozeren et al., 2014; Maza et al.,
2019). For small-scale physical models with surrogate vegetation,
stem diameters should only be downscaled if flows remain in the
rough-turbulent range, as overly small stem diameters can lead to
overly small stem Reynolds numbers and significant distortions
in drag coefficient (Blackmar et al., 2012).

Table 1 presents a concise summary of previous
experimental studies conducted with both real and
surrogate marsh vegetation.

Markov (2021) conducted an extensive review of state-of-the-
art physical and numerical modelling research in the use of
vegetation for coastal protection. Based on the reviewed body
of literature, a number of knowledge gaps and recommendations
for future research were identified, in particular: developing
knowledge of species-specific attenuation capacity considering
seasonal variation in biomass and plant characteristics;
comparing small- and large-scale models to quantify scaling
effects, addressing uncertainties associated with modelling NBS
at a small-scale and thus allowing practitioners to better interpret
the results of small-scale testing for the design of NBS; testing a
wider ranger range of hydrodynamic conditions to determine the
impact of wave period on attenuation capacity, with the aim to
address presently conflicting results from previous experimental
works; perform further testing on stem density and arrangement.

In summary, although there have been numerous previous
experimental studies of wave-vegetation interaction, the
majority of studies were conducted at prototype or near-
prototype scale, and therefore considered processes over a
rather limited spatial extent and with a narrow range of
conditions (waves and water levels). In addition, much of
the previous work dealt only with the effect of vegetation
itself, without looking at the broader application of
combined systems (e.g., vegetation fronting coastal dykes).
While this approach limits or eliminates model scaling effects,
knowledge gaps remain surrounding application of the results
to real-world situations and larger spatial extents. The absence
of studies covering a broad range of environmental conditions
and longer sections of marsh is a barrier to understanding how
salt marsh creation or restoration can be practically
implemented to provide optimal flood and erosion risk
management function. As described above, a number of
challenges exist for using live vegetation in experimental
studies. Real vegetation cannot be used for assessing
performance at model scale, whereas the use of surrogate
vegetation provides the ability to change the model scale as
needed and study processes over larger areas. In this work, a
scaled physical modelling approach in a large wave basin
facility is used to address some of these gaps and better
inform design of hybrid marsh-dyke systems.
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TABLE 1 | Summary of previous experimental studies with marsh vegetation.

Study Species, model material Testing variables Observed variables Key findings

Anderson and Smith
(2014)

Spartina alterniflora, polyolefin
tubing

• Stem density • Wave attenuation • Wave attenuation appeared most
dependent on stem density and ratio of
stem length to water depth

• Submergence
• Wave height

• Wave attenuation increased slightly with
wave height, no clear trend with respect to
wave period

• Wave period

Lightbody and Nepf
(2006)

Spartina alterniflora • Field measurements • Stem frontal area • Vegetation volumetric frontal area peaked
~10 cm from bed• Velocity

• Vertical diffusion • Velocity profile varied inversely with
canopy drag (i.e., velocity is min. where
frontal area is max.)

• Longitudinal dispersion

Augustin et al. (2009) Spartina alterniflora, wooden
dowels, polyethylene foam tubing

• Water depth • Wave attenuation • Laboratory data analyzed using linear
wave theory to quantify bulk drag
coefficients and with nonlinear
Boussinesq model to determine
numerical friction factors to better
represent wetland vegetation

• Stem density
• Wave height
• Wave period

Koftis et al. (2013) Posidonia oceanica, PVC stem and
leaves

• Stem density • Wave attenuation • Calculated vs. measured wave heights
found to be in agreement• Submergence • Wave-induced velocities

• Wave orbital velocities shown to be
significantly attenuated inside the
meadow and just above flume bed

• Submerged vegetation attenuated mostly
longer waves

Pinsky et al. (2013) Kelp, mangrove, marsh and
seagrass species

• Re-analysis of existing
wave attenuation
studies

• Wave attenuation • Much of the variation in wave attenuation
explained by differences in vegetation
characteristics and change in bulk drag
with flow conditions

• Vegetation can exert substantial drag on
passing waves, but bulk drag coefficient
declines in flow conditions characterized
by high Reynolds numbers

Ozeren et al. (2014) Spartina alterniflora and Juncus
roemerianus, live plants, wooden
dowels, EPDM foam-rubber cords

• Vegetation type • Wave attenuat ion • CD did not depend significantly on the
relative submergence• Stem density

• Drag coefficients were higher for live
vegetation species than for rigid and
flexible surrogate vegetation

• Plant height • Vertical variation of plant density strongly
influenced the drag coefficient• Wave height

• Wave period

Lara et al. (2016) Puccinellia maritima and Spartina
anglica, live plants

• Wave height • Wave attenuation • Challenges of employing live vegetation:
selection of appropriate species; source,
quantity and survivability of selected
plants; suitability of substrate;
experimental setup to simulate natural
conditions; plant degradation throughout
the experiment; hydraulic characteristics
to be tested and measurement
techniques; plant response to hydraulic
loading; plant characteristics; logistics
and operation to conduct a large-scale
experiment using real vegetation

• Wave period
• Currents
• Water depth
• Stem density

(Continued on following page)
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TABLE 1 | (Continued) Summary of previous experimental studies with marsh vegetation.

Study Species, model material Testing variables Observed variables Key findings

Houser et al. (2015) Thalassia testudinum, wooden
dowels, cable ties, polyethylene
ribbon

• Blade rigidity • Wave attenuation • Dragcoefficient exhibited strongdependency
on the flexibility of individual blades• Wave height

• Flexible vegetation had relatively small drag
coefficient compared to rigid vegetation

• Wave period

• Flexible vegetation provides little to no
shoreline protection, except where the
vegetation field is extensive and high
density

• Water depth

Wu and Cox (2015a);
Wu and Cox (2015b)

wooden dowels (no specific
species)

• Vertical variation in
vegetation density

• Wave attenuation • Damping factor dependent on the wave
steepness

• Wave nonlinearity • Damping factor can increase by a factor of
two when the wave steepness
approximately doubles

• Highlighted the effect of vertical biomass
distribution which can result in changes
in CD

Losada et al. (2016) Spartina anglica and Puccinellia
maritime, live vegetation

• Wave height • Wave attenuation • New analytical formulation for evaluation
of wave damping under combined effect
of waves and both following and opposing
currents, suggested for implementation in
phase-averaged and phase-resolving
numerical models of wave propagation

• Wave period
• Plant density
• Water depth
• Currents

Vuik et al. (2016) Spartina anglica and Scirpus
maritimus

• Field measurements • Wave attenuation • Numerical model appeared capable of
reproducing the observed decay in wave
height over the salt marsh, applied to
compute the reduction of incident wave
height on a dyke for various foreshore
configurations

• Numerical modelling

• Vegetated foreshores can be considered
promising supplement to conventional
engineering methods for dyke
reinforcement

Sonnenwald et al.
(2019)

rigid cylinders (no specific species) n/a • Evaluated several practical
engineering functions for
estimating bulk drag coefficient

• Estimates of CD were compared to a
range of experimental data from previous
studies wherein a frontal area approach
was used for selecting the stem diameter
and spacing

• Estimates of CD utilizing the re-
parametrization presented match the
experimental data better than estimates of
CD made using the other functions
evaluated

Lei and Nepf (2019) Various seagrass species,
LDPE film

• Plant morphology • Wave attenuation • Validated new model to predict
dissipation of wave energy over
submerged meadow of flexible plants

• Plant flexibility
• Stem density
• Water depth • Vegetation drag and thus wave decay are

diminished relative to that for a fully rigid
blade of the same geometry

• Wave height
• Wave period

Keimer et al. (2021) rigid PVC rods (no specific species) • Wave height • Wave attenuation • Vegetated foreshores contribute to a
mean wave attenuation of 9%• Wave period

• Wave run-up reduction up to 16.5%
observed with decreasing water depths
and increasing vegetation heights

• Water depth

• Wave run-up • Authors noted a number of topics for
further investigation regarding the eco-
hydraulic effects of foreshore vegetation

• Plant height
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3 PREDICTIONOFWAVEATTENUATIONBY
VEGETATION

As described in many previous studies [e.g., 1,35,44], the prediction
of wave attenuation over a coastal marsh can be based on the energy
conservation equation. Assuming a flat bed, linear wave theory,
invariant quantities with depth, and rigid vegetation (no swaying
motion), the regular wave height profile along the vegetation field
can be written as (Dalrymple et al., 1984):

H

Hi
� 1
1 + βx

(1)

whereHi is the incident wave height;H is the wave height within the
vegetation field (at location x); and β is the damping coefficient for
regular wave trains. Mendez and Losada (2004) extended this
formulation for non-breaking random waves over constant depth
assuming a Rayleigh distribution and deriving the wave height
evolution as a function of the root-mean-square wave height as :

Hrms

Hrms,i
� 1
1 + β′x (2)

And

β′ � 1
3

��
π

√ Hrms,iCDakp
sinh(kpsh)3 + 3 sinh(kpsh)

sinh(kph)[sinh(2kph) + 2kph] (3)

whereHrms,i is the root-mean-square (RMS) height of the incident
waves;Hrms is the RMS wave height inside the vegetation field (at
location x); CD is the depth-averaged spatial mean bulk drag
coefficient; a � DvNv is the total frontal plant area per unit
volume; Dv is the stem diameter; Nv is the vegetation stem
density; hv is the vegetation height; kp � 2π/Lp is the wave
number; Lp is the wavelength associated with the peak period
(Tp); h is the water depth; and s � hv/h for submerged (hv < h) and
unity for emergent (hv > h) vegetation.

Drag coefficients, energy dissipation and wave attenuation are
a strong function of Reynolds number and Keulegan–Carpenter
number (Keulegan and Carpenter, 1958). The stem Reynolds
number is calculated as :

Re � ucDv

υ
(4)

where υ is the kinematic viscosity of seawater (1.44 E−6 m2/s at
8°C, the average temperature of Atlantic Canadian waters); and uc
is the characteristic velocity acting on the plant. The characteristic
velocity is defined as :

uc �
�Hrms

2
ωp

cosh(ksh)
sinh(kh) (5)

where �Hrms is the average root-mean-square wave height across
the vegetation field; and ωp is the peak wave angular frequency.

The Keulegan–Carpenter number :

KC � ucTp

Dv
(6)

Describes the relative importance of drag forces versus inertia
forces for objects in an oscillatory fluid flow. For relatively small
values of KC, the water particle displacements become

comparable to the stem diameter, and inertia force dominates.
For larger values of KC, water particle displacements are much
larger than the stem diameter, leading to flow separation and
vortex shedding, and drag force becomes increasingly important.
Some researchers (Ozeren et al., 2014; Wu and Cox, 2015b) have
shown dependence on the KC number. Following Sonnenwald
et al. (2019), the drag coefficient can be written as :

CD � 2(6475Dv + 32
Re

+ 17Dv + 3.2ϕ + 0.50) (7)

where ϕ is the solid volume fraction � aDvπ/4.

4 EXPERIMENTAL METHODS AND
MATERIALS

4.1 Experimental Setup
The present studywas conducted in theNational Research Council of
Canada’s (NRC) 63m long by 14m wide by 1.5 m tall Coastal Wave
Basin (CWB). The CWB is equipped with a computer-controlled
wavemachine capable of generating irregular long-crestedwaves with
significant wave heights up to ~0.35m (at model scale). The active
wave absorption feature was not enabled during this study.

A length scale of 1/20was adopted for the experiments, and Froude
scaling was used to relate most (but not all) conditions in themodel to
corresponding conditions at full scale. The 1/20 scale factor, together
with the chosen wave conditions and the fact that the surrogate plant
stems in the model were purposely over-sized, ensured that the wave-
driven flows around the model vegetation and model armour stones
on the dyke surface remained rough-turbulent at all times, as in nature.
Preserving rough-turbulent flow in the model was essential to
minimizing scale effects and preserving the realism of the wave-
plant and wave-structure interactions in the physical model.

The 14m wide CWB was subdivided into four separate 1.22m
wide flumes by erecting parallelmasonry blockwalls (see Figure 1).
This setup created four identical test flumes and allowed four
different marshes to be built and evaluated at the same time, one
per flume, with identical incident wave conditions in front of each
marsh. Each flume included an identical scaled reproduction of the
typical sloping foreshore along the edge of the Tantramar Marsh
on the Chignecto Isthmus, as well as an idealized model dyke
structure (see Figure 2). A ~1V:11H foreshore slope followed by a
4.75m long (95 m at full scale) horizontal tidal flat was created by
rigidly securing thick plywood sheets to the flume walls.

The floor of the wave basin at the toe of the sloping foreshore was
assigned an elevation of −0.18 m (corresponding to −3.50m at full
scale), while the tidal flat elevation was +0.27 m (+5.40 m at full
scale).Water depths on the tidal flat in this study ranged from 0.05 to
0.12m (1.0–2.4 m at full scale). The bathymetry helped to ensure
that wave conditions at the edge of the marsh in the physical model,
including the distribution of wave heights and the percentage of
breaking and broken waves, was similar to head-on wave conditions
at the edge of typical marshes in upper Chignecto Bay.

Marshes comprised of S. alterniflora were simulated on the
4.75 m long tidal flat using idealized surrogate vegetation fixed to
the plywood. During the study, several different marshes with
different plant characteristics could be modelled in each flume by
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swapping the vegetated plywood panels between tests. The sensitivity
to plant density, plant height (and submergence), stem stiffness and
marsh cross-shore width were investigated in this way.

4.2 Idealized Vegetation
These experiments were conducted using idealized surrogate
vegetation representing S. alterniflora. Several configurations of
rigid (cylindrical birch dowels) and flexible (Tygon polymer
tubing) model vegetation were used during the experiments.
The birch dowels were 3/8 inch (9.5 mm) in diameter, while
the flexible tubing had outer and inner diameters of 5/16 inch
(7.9 mm) and 1/4 inch (6.4 mm) respectively. It should be noted
that vertical variability in stem diameter (tapering) or frontal area
was not captured in this study. A tensile strength test indicated
that Young’s modulus of the Tygon tubing was approximately
4.5 MPa, equivalent to ~90 MPa at full scale.

Vegetated meadows were constructed by inserting dowels or
tubing into 19mm thick plywood sheets following a staggered
arrangement. These vegetated panels were pre-constructed and

easily interchangeable so that different vegetation conditions could
be investigated during the experiments. The staggered arrangement
of model plant stems shown in Figure 3 corresponds to the
following relationship between stem spacing, λ, and the
vegetation density [from Ozeren et al., 2014]:

Nv � 2�
3

√ λ−2 (8)

Scaling the stem diameter according to the model length scale
was impractical since it would involve replicating hundreds of
thousands of wire-thin stems. Moreover, this approach would
cause the stem Reynolds number in the model to be
significantly smaller than in prototype. Previous studies suggest
wave attenuation is predominately associated with vegetation drag,
which is proportional to the vegetation frontal area. Therefore the
stems were scaled to maintain an equivalent solid volume fraction,
ϕ, where ϕ � adπ/4, d is the cylinder diameter and a is the frontal
facing area (the cylinder area perpendicular to the direction of flow
per unit volume, m2m−3). Following this approach, three different

FIGURE 1 | Simultaneous parallel testing of wave attenuation across four coastal marshes with different densities of surrogate vegetation (onshore view).

FIGURE 2 | Definition sketch of the experimental setup (Scale 1V:0.5H).
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meadows of S. alterniflora stems were simulated in the experiments
using a reduced number of oversized cylinders. The stem densities
of these scaled meadows were Nv = 125, 295, and 450 stems/m2,
representing meadows with low-, medium-, and high-densities,
equivalent to 150, 350, and 550 stems/m2 of live vegetation (see
Figure 4). Two stem heights, hv = 0.090 and 0.025 m were
investigated in the experiments, representing S. alterniflora
meadow heights of 1.8 and 0.5 m respectively, nominally
representing two different periods of the growth season.

4.3 Dyke Design and Construction
The performance of four different dyke designs located at the
leeward end of the model test flumes was examined in these
experiments (see Figure 5). The first design was considered
typical for dykes throughout Atlantic Canada and featured an
impermeable dyke core with two layers of riprap on the seaside
only (herein referred to as a simply reinforced dyke). Three
additional designs, representing various potential methods for
upgrading the simply reinforced dyke, were also studied. The
second design (armoured dyke) was created by adding two layers
of riprap on the crest and leeside of the structure while
maintaining the same crest elevation. The third design

FIGURE 3 | Arrangement of vegetation stems.

FIGURE 4 | Comparative 1 m2 sections of surrogate meadows with 125, 295, and 450 stems/m2.

FIGURE 5 | Cross-section drawings for the four dyke structures investigated.
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(widened reinforced dyke) was created by doubling the thickness
of the seaside armour layer. The fourth design (simply reinforced
dyke with berm) was created by adding a berm of armour stone
on the seaside that was half the height of the structure and four
armour stones in thickness. All four model dyke designs featured
a crest elevation of +0.43 m (corresponding to +8.6 m above
mean sea level at full scale), a typical crest elevation of older dykes
in the Tantramar area (Lieske and Bornemann, 2012).

Each model dyke was constructed using carefully prepared
stone materials and construction methods. The dyke cores were
constructed using a fine gravel with low permeability, but also
included impermeable wooden barriers which prevented water
from seeping through the dykes into the inland areas.
Furthermore, a thin, flexible plastic membrane was placed
between the core and armour materials to prevent water
from flowing into the core. This method of construction
allowed overtopping flows to pass through or above the
armour stone on the dyke crest as would occur in the
prototype situation. The landward end of each test flume was
sealed off so that the water level behind each model structure
could be kept lower (using submersible pumps), thereby
simulating the situation where the inland area behind the
dyke structure is not flooded, which is expected to be the
most critical condition for rear slope stability.

The sizing of armour stone was based on Hudson formula
calculations and also informed by Nova Scotia Department of
Transportation Guidelines. The required armour stone massM50

was calculated as 136 kg at full scale. The armour stone was
assumed to have a wide gradation such that M15 � M50/2 and
M85 � M50 × 2. The corresponding values ofM15,M50, andM85

at model scale, accounting for the density difference between the
freshwater used in the model and the seawater in prototype, were
7.5, 15.1, and 30.2 g. Model stone materials were prepared to
closely replicate the gradation and characteristics of the prototype
material. During construction of the various dyke structures, due
care was taken to ensure that stones with aspect ratios greater
than 3:1 were not used (i.e., stones where either the length, width
or height was more than three times larger than any other
dimensions). This was important since flatter stones are more
likely to move or overturn under wave action.

4.4 Test Conditions and Instrumentation
Particulars of the marsh-dyke system in each test flume during
each test series are given in Table 2. Each setup was chosen in
order to obtain results needed to independently assess the
influence of key variables including: vegetation density,
vegetation (stem) height, cross-shore marsh width, type of
vegetation (rigid or flexible), and dyke structure type. For Test
Series 2, the dyke structures were replaced with gently sloping
gravel beaches featuring less than 5% wave reflectance, so that
wave conditions across the artificial marshes could be
measured with minimal influence of reflected waves. Hence,
much of the analysis concerning wave attenuation presented in
the following Section is based on data gathered during Test
Series 2.

The wave conditions and water levels selected for testing
were generally representative of conditions along the Canadian
Atlantic coast where marsh-dyke systems exist (see Table 3),
with a particular focus on storm conditions (higher water levels
and energetic waves) that could overtop and/or damage the

TABLE 2 | Experiment setup for Test Series 1–5.

Test series Flume Structure type Marsh width,
Lv (m)

Vegetation density,
Nv (stems/m2)

Vegetation height,
hv (m)

Vegetation type

TS1
41a

1 Armoured dyke 4.75 (95) 0 0 No Veg
2 125 0.090 (1.8) Rigid
3 295
4 450

TS2
17a

1 Gravel beach 4.75 (95) 0 0 No Veg
2 125 0.090 (1.8) Rigid
3 295
4 450

TS3
21a

1 Armoured dyke 4.75 (95) 295 0.090 (1.8) Rigid
2 Simply reinforced dyke
3 Simply reinforced dyke with berm
4 Widened simply reinforced dyke

TS4
31a

1 Armoured dyke 0 0 0 No Veg
2 2.30 (46) 295 0.090 (1.8) Rigid
3 Simply reinforced dyke with berm 4.75 (95) 0.025 (0.5)
4 Armoured dyke 125 0.090 (1.8) Flexible

TS5
31a

1 Armoured dyke 2.30 (46) 0 0 No Veg
2 450 0.090 (1.8) Rigid
3 Simply reinforced dyke with berm 295 0.025 (0.5)
4 Widened simply reinforced dyke 4.75 (95) 125 0.090 (1.8) Flexible

aIndicates the number of wave height, wave period, and water level combinations per test series. Values in brackets indicate corresponding full scale values.
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dykes. Table 2 specifies the number of wave height, wave
period, and water level combinations investigated in each
test series. Overall, the testing program consisted of 141
unique tests.

The wave signals for tests with irregular waves were
synthesized from a family of JONSWAP-type spectra with a
3.3 peak enhancement factor approaching from a single
direction. However, due to the shallow water conditions in
the CWB and the natural growth of sub- and super-
harmonics, the spectral shapes, and the distribution of energy
with frequency in the experiments were typical of shallow water
conditions. The test program included significant wave heights
(Hm0) ranging from 0.05 to 0.15 m (corresponding to 1.0–3.0 m
at full scale) and peak wave periods (Tp) ranging from 0.63 to
3.35 s (corresponding to 3–15 s at full scale). These conditions
respect the guidance of Hughes (1993) and Heller (2011) for
minimizing scale effects on wave propagation caused by surface
tension. Water depths on the tidal flat ranged from 0.05 to
0.12 m (corresponding to 1.0–2.4 m at full scale). Each wave
signal featured a non-repeating sequence of approximately
1,000 irregular waves, thus the duration of each wave signal
and test varied depending on the peak wave period, ranging
from ~10.9 to 38.9 min long (corresponding to ~0.8–2.9 h at full
scale). One-thousand waves was selected to ensure that each
signal included a statistically representative distribution of
larger wave heights and crest elevations, since wave
overtopping and armour stone stability are typically sensitive
to the few largest waves in a sea state. Water levels were adjusted
in the model by filling or draining the basin until the desired
level was reached.

Twenty-two capacitance-type probes were used to measure
water surface displacement at several locations of interest in each
test flume. Two probes were located in deeper water near the wave
generator to measure offshore wave conditions, while the others
were positioned such that five probes were deployed inside each
flume as shown in Figure 2 (one above the sloping foreshore and
the other four distributed across the artificial marsh). The probes

were configured to record water levels at a sampling frequency of
50 Hz and were (re)calibrated before each test series by changing
their elevation with respect to a fixed (known) water level. The
wave probes featured a highly linear and stable response, with
calibration errors typically less than 0.5% over their calibration
range. Comprehensive time-domain and frequency-domain
analysis algorithms were applied to analyze the wave
conditions measured in the model in detail.

Four simple, accurate and reliable overtopping measurement
systems were deployed, one in each test flume. Each overtopping
measurement system consisted of a collection tray positioned to
collect water passing over the dyke crest and convey it to a water
storage reservoir fitted with a capacitance water level gauge
located on the leeside of the dyke. Wave overtopping was
quantified as a volumetric flow rate per unit width passing
over the top of the dyke crest. This overtopping measurement
system was best suited for measuring moderate-to-heavy
overtopping flows (e.g., greater than 1 L/s/m at full scale);
measuring smaller volumes of splash and spray was less
precise. The overtopping collection trays were positioned at
the rear slope break of the dyke crest atop nominally two
layers of armour stone. Small overtopping events in which the
wave runup reached the crest elevation, generating overtopping
flows through the armour stone on the dyke crest, were not
captured by the overtopping measurement system. It is noted that
typical dykes have a drainage ditch along their leeside which can
handle some degree of overtopping flow. Only larger overtopping
events featuring green water flowing over the crest and reaching
the rear slope break were captured by the overtopping
measurement systems in these experiments.

A photographic damage analysis system comprising four
remotely-operated digital cameras was used to monitor the
stability of the armour stones on each of the four dyke
structures. Since each camera remained fixed throughout a test
series, by comparing photographs taken before and after each test
segment, damage could be assessed and quantified based on the
number of individual stones that were displaced during each test

TABLE 3 | Range of irregular wave parameters.

Water depth at tidal
flat, d (m)

Significant Wave Height, Hm0

(m)
Peak wave period, Tp

(s)
Keulegan-Carpenter # Reynolds #

0.05 (1.0) 0.05 (1.0) 0.67, 1.34, 2.01, 2.68 (3, 6, 9, 12) 12–152 1,133–3,553
0.075 (1.5) 1.34, 2.01, 2.68 (6, 9, 12) (243–3,044) (5,067–15,889)
0.10 (2.0) 1.34, 2.01, 2.68 (6, 9, 12)

0.075 (1.5) 0.05 (1.0) 0.67, 1.34, 2.01, 2.68 (3, 6, 9, 12) 13–212 1,249–4,959
0.075 (1.5) 1.34, 2.01, 2.68 (6, 9, 12) (268–4,248) (5,587–22,176)
0.10 (2.0) 1.34, 2.01, 2.68 (6, 9, 12)

0.10 (2.0) 0.05 (1.0) 0.67, 1.34, 2.01, 2.68 (3, 6, 9, 12) 14–173 1,273–4,432
0.075 (1.5) 1.34, 2.01, 2.68 (6, 9, 12) (273–3,464) (5,694–19,821)
0.10 (2.0) 1.34, 2.01, 2.68 (6, 9, 12)

0.12 (2.4) 0.05 (1.0) 0.67, 1.34, 2.01, 2.68 (3, 6, 9, 12) 12–168 1,124–5,170
0.075 (1.5) 1.34, 2.01, 2.68, 3.35 (6, 9, 12, 15) (241–5,359) (5,026–23,121)
0.10 (2.0) 1.34, 2.01, 2.68 (6, 9, 12)
0.15 (3.0) 1.34, 2.01, 2.68, 3.35 (6, 9, 12, 15)

(Values in brackets indicate corresponding full scale values).
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segment. The effect of marsh vegetation on armour stone stability
will be discussed briefly in the next section.

5 RESULTS AND DISCUSSION

5.1 Effect of Vegetation Density
Previous research has identified a strong correlation between
vegetation density and wave damping, and this correlation was
further confirmed in these experiments. Not only did the rate of

wave attenuation increase with increasing vegetation density, but
the amount of wave overtopping recorded at the dyke, and the
damage to the dyke itself was reduced as well. Figure 6 shows
relative wave heights (wave height with vegetation normalized by
corresponding wave height without vegetation) measured across
the tidal flat comprised of medium-density vegetation for a range
of wave conditions and water levels. Measurement locations are
shown in Figure 2. This normalization of wave height is necessary
to isolate the effects of vegetation, since the wave conditions
across the artificial marshes in these experiments were generally

FIGURE 6 | Wave attenuation across the artificial marsh for medium-density vegetation only. Data is normalized by the case with no vegetation to remove the
effects of wave transformation and breaking due to the sloping foreshore and shallow depths, and highlight the role of vegetation in wave attenuation. Open symbols (◇)
show the observed attenuation across a wide range of wave heights, periods, and water depths, while filled symbols (◆) denotes the average with fitted damping
coefficient β’. Refer to Figure 2 for the location of the measurement stations.

FIGURE 7 |Wave attenuation across the artificial marsh for different vegetation densities. Data is normalized by the case with no vegetation to remove the effects of
wave transformation and breaking due to the sloping foreshore and shallow depths, and highlight the role of vegetation in wave attenuation. Data points denote average
measurements across a wide range of wave heights, periods, and water depths. Dashed lines denote predicted (fitted) curves and corresponding β′ values. The bold X
denotes the distance from the leading edge of the model vegetation canopy encompassing 700 surrogate stems for each vegetation density. Refer to Figure 2 for
the location of the measurement stations.
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strongly influenced by the effects of shoaling and depth-limited
wave breaking, and, to a lesser extent, flume friction effects (Maza
et al., 2019). For test flumes with vegetation, measured significant
wave heights at each probe were normalized by Hm0 values
measured at corresponding locations in the flume with no
vegetation (i.e., Flume 1 in Test Series 2; refer to Table 2).
Figure 6 shows the spread of observed wave attenuation for
individual tests spanning a broad range of significant wave
heights, peak wave periods, and water depths. For each test,
the damping coefficient β’ (Eq. 3) was evaluated by least squares
regression to the significant wave heights measured across the
model marsh canopy. Values from individual tests were averaged
to permit comparison across different vegetation densities
(discussed below).

Similarly, Figure 7 shows relative wave heights (wave height
with vegetation normalized by corresponding wave height
without vegetation) measured across the tidal flat as a function
of vegetation density. Average β’ values (derived by averaging
results from multiple tests with different wave conditions and
water depths) for the three different artificial marshes considered
in these experiments are shown in Figure 7. Although different
plant species were investigated by Maza et al. (2015), the β’ values
derived from the present experiments (0.149–0.346) are similar to
those observed byMaza et al. at lower water depths (0.124–0.286),
which involved submergence ratios similar to the present study
(1.0 in Maza et al. compared to an average of 0.92 in the present
experiments).

As shown in Figure 7, significant wave heights in the low-
density, medium-density and high-density vegetation were 28, 40
and 46% lower (respectively) than those in the flume with no
vegetation for the same test conditions. Therefore, higher
vegetation density does lead to increased wave attenuation, as
expected, but there appears to be a diminishing return on

additional bio-mass leading to additional wave attenuation, at
least for the range of densities tested in this study.

Looking at the data points along each individual curve in
Figure 7, the majority of the wave damping occurs in the first
third of the marsh (i.e., between Stations 2 and 3). Averaging over
the full range of water level and sea state conditions investigated,
there was a 19% reduction in significant wave height across the
first 1.5 m of the low-density marsh, compared to a further 9%
reduction across the following 3.25 m of marsh. For the high-
density marsh, there was a 27% reduction across the first 1.5 m
long section versus a further 19% reduction across the remainder.

Stakeholders looking to make use of vegetated tidal flats to
augment shore protection should consider creating expansive
marshes wherever possible, not only from a wave attenuation and
flood risk reduction perspective but also for the environmental
co-benefits they bring.Where expansive marshes are not possible,
this data suggests that denser vegetation is preferred from a wave
attenuation perspective, as opposed to sparser vegetation.
Figure 7 shows that narrower denser marshes can be
considered roughly equivalent to wider marshes with sparser
vegetation. For example, 700 dowels placed in the low-density
configuration (denoted by the blue ✕ in Figure 7) spans X =
4.55 m and yields ~28% wave attenuation on average. However,
700 dowels placed in the medium-density configuration (denoted
by the red ✕) occupies X = 1.95 m of horizontal distance and
yields ~29% attenuation on average across a broad range of wave
conditions and water depths, while the same number of dowels in
the high-density configuration (denoted by the green ✕) spans X
= 1.25 m and yields ~25% attenuation on average.

Figure 8 shows the observed variation in wave attenuation
factor β’with peak wave period based on the present experiments.
In this figure, symbols denote results for individual tests and
dashed lines connect average wave attenuation factors for each
wave period. For the range of conditions investigated in these

FIGURE 8 | Variation in wave attenuation factor β′ with wave peak period for artificial marshes with different vegetation densities. Symbols denote results from
individual tests spanning a range of wave heights and water depths. Dashed lines connect average β’ values at each wave period.
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tests, no clear dependence of attenuation factor on wave period
was identified. While some wave period dependency was
identified for specific test conditions (particular combinations
of water depth and wave height), the trend was not consistent
across all test conditions.

Contrary to the findings of Wu and Cox (2015b), no
significant correlation between wave steepness and wave
attenuation was observed across the range of conditions
investigated in this study.

Based on a study by Maza et al. (2019), damping coefficients
determined for various water depths, wave heights and wave
periods indicated that, in general, higher damping coefficients
are associated with higher wave heights and shorter wave
lengths (i.e., smaller wave periods). In addition, higher
correlations were found between the damping coefficient and

wave height than with wave steepness, indicating that wave
height has greater control than wave period in terms of
attenuation capacity.

Figure 9 shows the variation in wave attenuation factor (β’) with
incident wave height based on data from Test Series 2, where the
dykes in each flume were replaced by absorbing gravel beaches with
low wave reflectance. The results show that wave attenuation is, on
average, greatest (largest β’) for the highest incident waves
investigated in this study, which is consistent with the results of
Maza et al. (2019). However, further analysis (presented and
discussed below) makes it clear that submergence ratio plays a
more significant role and helps to explain the degree of scatter seen
inFigure 9. Analysis to detect correlations betweenwave attenuation
factor and wave steepness were undertaken, but no clear trends were
evident for the range of conditions in Test Series 2.

FIGURE 9 | Variation in wave attenuation factor β’with significant wave height for artificial marshes with different vegetation densities. Symbols denote results from
individual tests spanning a range of wave periods and water depths. Dashed lines connect average β’ values for each significant wave height.

FIGURE 10 | Variation in wave attenuation factor with submergence ratio for artificial marshes with different vegetation densities. Symbols denote results from
individual tests spanning a range of wave conditions. Dashed lines connect average values for each submergence ratio.
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The relationship between wave attenuation factor (β’) and the
ratio of submergence derived from the present experiments is
presented in Figure 10, where symbols denote results from
individual tests spanning a range of wave conditions, while
dashed lines connect average values for each submergence
ratio. As seen in many previous studies, wave attenuation
clearly increases as plant height (submergence) increases
relative to the local water depth. Although results for only
three submergence ratios are available from this dataset, the
data suggests that the rate of increase with submergence ratio
is greater for submergence ratios less than 0.9, decreasing as the
vegetation becomes emergent in still water.

Using data from Test Series 2, the bulk drag coefficient, CD,
was calculated according to the formula proposed by
Sonnenwald et al. (2019), see Eq. 7. Figure 11 shows the
resulting relationship between the bulk drag coefficient and the

KC number defined in Eq. 6. These results suggest that for
larger KC number (KC > 80), the low-, medium-, and high-
density marshes studied in these experiments are associated
with bulk drag coefficients of approximately 1.47, 1.55, and
1.63, respectively, and that bulk drag coefficients for all three
marshes increase gradually as KC number decreases towards
KC ~ 10. These results are generally consistent with the
findings of Ozeren et al. (2014), who found that CD was
dependent on KC when KC < 10. In these experiments,
12 < KC < 268, suggesting all were in the range where drag
forces dominate and the drag coefficient is weakly dependent
on KC. At field (full) scale, 268 < KC < 2,351 would be typical
for the same range of wave and water level conditions,
assuming stem diameters of 9.5 mm, and therefore bulk
drag coefficients observed in the present experiments are
expected to slightly over-predict field conditions.

FIGURE 11 | Bulk drag coefficient versus Keulegan-Carpenter number for artificial marshes with low, medium, and high vegetation densities.

FIGURE 12 |Wave attenuation across similar artificial marshes comprised of rigid and flexible vegetation. Data is normalized by the incident wave height at the edge
of the marsh (@ Station 2). Note that this figure includes wave height attenuation due to depth-limited breaking.
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5.2 Effect of Vegetation Flexibility and
Submergence
Test Series 4 was conducted to investigate the effects of vegetation
height (or submergence ratio) and stem flexibility on the resulting
wave attenuation. Figure 12 compares wave attenuation across
the model marsh for otherwise identical marshes comprised of
rigid and flexible vegetation. In this figure, the wave height
attenuation across the marsh platform for the no vegetation
(NoVeg) case is primarily due to depth-limited wave breaking.
Across the wide range of significant wave heights, peak wave
periods and water depths investigated, the additional wave
attenuation due to flexible vegetation is roughly 90% of the
additional attenuation due to comparable rigid vegetation.

Although plant stiffness was not the main focus of these tests,
and plant flexibility was not modelled with strict parametric
specificity, these results are consistent with the findings of
Maza et al. (2015), where increased plant rigidity was shown
to correlate with increased wave attenuation.

The influence of plant submergence ratio on wave height
attenuation is plotted in Figure 10 and discussed briefly in the
previous section, where it is shown that wave attenuation capacity
increases with increasing submergence ratio. In a similar vein,
Figure 13 shows the effect of plant submergence (or height) on
wave attenuation across otherwise similar model marshes. As in
Figure 12, the wave height attenuation curves in this figure are
based on averaging results from several tests with different wave

FIGURE 13 |Wave attenuation across similar artificial marshes featuring different vegetation heights. Data is normalized by the incident wave height at the edge of
the marsh (@ Station 2). Note that this figure includes the effect of wave transformation and breaking due to the sloping foreshore.

FIGURE 14 | Comparison of damage to identical dykes built behind a salt marsh platform; without vegetation (A) and with vegetation (B). Waves approached from
the top in these images.
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conditions, and include the effects of depth-limited wave
breaking. Stems in the tall marsh were simulated using 0.09 m
tall rigid dowels, whereas 0.025 m tall dowels were used in the
short marsh (28% of the tall plant height). Figure 13 shows that
the additional wave height attenuation due to the short stems
(relative to the NoVeg case) was roughly 1/3rd of the additional
attenuation due to the taller ones. These results are consistent
with the results shown in Figure 10 and the findings by other
authors (Arkema et al., 2013; Anderson and Smith, 2014) who
investigated the effect of water depth on wave attenuation
capacity and found a significant influence on wave height
decay, specifically that emergent conditions led to higher
amounts of wave attenuation. Wave attenuation due to
shorter, broken stems is an important topic, particularly for
higher latitude regions where marsh plants tend to die off
following the summer growing season, thus reducing their
capacity to dissipate wave energy and limit flood risk.

5.3 Effect of Vegetation on Dyke
Performance
The presence (or absence) of vegetation was a strong function of
dyke performance. Figure 14 shows a comparison of two
identical dykes built in the lee of salt marsh platforms subject
to the same series of increasingly harsh sea states and water levels.
At the end of the test series, the dyke without protective
vegetation (shown on the left) suffered significant damage,
exposing the core at the seaside crest and causing significant
scouring on the leeside. In stark contrast, the dyke fronted by a
4.75 m length of low-density marsh (shown on the right)
sustained only minor damage to the leeside crest. Identical
dykes protected by medium-density and high-density marshes
(not pictured) showed effectively no damage following exposure
to identical test conditions. Figure 15 shows a comparison of the
overtopping measured at four identical dykes fronted by varying
vegetation fields. Out of the 41 sea states examined in Test Series
1, the dykes typically only experienced overtopping as a result of

the largest wave heights in combination with extreme water levels.
From Figure 15, it is clear that the NoVeg case not only saw
overtopping in a greater number of these sea states, but that the
overtopping volumes were also significantly larger. It is noted that
these overtopping results are notably smaller than predicted by
Equation 5.11 from EurOtop (Van derMeer et al., 2018), however
this formula likely does not consider a dyke fronted by a long tidal
flat. These results emphasizes the potential effectiveness of coastal
salt marshes in dissipating wave energy, lessening overtopping
and reducing damage of adjacent coastal infrastructure in storm
conditions, provided that the marsh itself is able to survive the
storm without being damaged.

5.4 Effect of Dyke Structure Design
A detailed investigation of wave overtopping and damage to the
dyke structures was not the primary focus of this study; however,
some general commentary based on observations made during
the testing program is presented herein. Four different dyke
structure designs (see Figure 5) were modelled and
investigated in Test Series 3 with identical foreshore marshes
to help inform decisions concerning potential upgrading of older
dyke structures. Analysis of the wave data measured on the tidal
flats suggests that the level of wave reflection was similar in each
flume, and that the degree of wave attenuation across the model
marsh was also similar in each flume.

However, clear differences in overtopping flowrates (and
damage) were measured in each flume, depending on the dyke
design (see Figure 16). The armoured dyke (requiring a rock
armour volume of 15.4 m3 per linear metre of full-scale
structure), will be considered as a base case for comparison.
The mean overtopping discharge for the armoured dyke,
averaged across a broad range of test conditions, was 1 L/s/m.
Despite this overtopping, the armour on the leeside crest and
slope sustained negligible damage. In comparison, the simply
reinforced dyke, with a slightly wider crest but requiring only
7.5 m3/m of rock armouring, saw a 36% reduction in overtopping
discharge. However the unprotected leeside crest and slope saw

FIGURE 15 | Wave overtopping at four identical dykes for different vegetation densities.
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comparatively greater damage, though not serious enough to
jeopardize the overall integrity of the dyke.

In comparison, significantly fewer overtopping events and
smaller flowrates were measured at the simply reinforced dyke
with berm and the widened simply reinforced dyke (74 and 86%
reductions in mean overtopping discharge, respectively). Each of
these dyke designs requires 15.0 m3 of armour stone per linear
metre of structure. The berm was observed to trigger earlier wave
breaking, and the additional volume of porous rock in the
widened dyke was effective at reducing run-up and
overtopping. In both cases, despite the lower overtopping
volumes, damage to the leeside crest and slope was similar to
that observed on the simply reinforced dyke (without berm),
which may point to the high mobility of the impermeable core
material under the conditions tested. Overall, the widened simply
reinforced dyke was most effective in reducing mean overtopping
discharge, however the armoured dyke provided the best
protection in terms of leeside stability.

In all four cases, the seaside armouring saw only minor
damage, in the form of rocking and/or small displacements. It
should be noted that all four dykes saw effectively zero
overtopping (or damage to the leeside) in all but the most
energetic test conditions featuring the highest water levels
combined with the largest wave heights. These results provide
information on the relative ability of the upgraded structures to
reduce overtopping and limit damage in extreme conditions. The
relative benefits of each potential dyke upgrade must be balanced
against the relative cost of implementation, which can be assumed
to be roughly proportional to the volume of armour stone
required.

6 CONCLUSION

A series of scaled laboratory experiments were conducted to
investigate the function of coastal salt marshes as part of a coastal
marsh and dyke system, and to determine the effectiveness of

marsh vegetation in dissipating wave energy and reducing wave
overtopping and damage under a broad range of wave and water
level conditions, including harsh conditions, representative of
Canadian coastal regions. A secondary goal was to assess the
feasibility and efficacy of using simple, low-cost scale model
surrogates to represent salt marsh vegetation in scale model
testing. The model dyke and marsh platform features
investigated in this study were based on archetypes found in
Atlantic Canada, in particular the Tantramar Marsh on the
Chignecto Isthmus between New Brunswick and Nova Scotia
where Spartina alterniflora (smooth cordgrass) dominates.

This study addressed several of the research knowledge gaps
highlighted by Markov (2021). In particular, two different plant
heights were investigated as a proxy to the seasonal variation in
marsh plant posture and stature typical of higher latitude regions,
and tests were conducted across a much broader range of wave
heights, periods, and water levels than previously seen in full scale
(or near full scale) experiments using live or surrogate vegetation.

This research confirmed the benefit of tidal flats hosting
coastal marshes for attenuating waves, reducing overtopping
volumes and lessening damage to dyke structures. As
expected, taller and denser marshes were more effective in
attenuating wave energy for a given marsh width. From a
wave attenuation perspective, the study results show that
narrow, densely vegetated marshes (i.e., 25 m wide marsh with
~450 stems/m2) provide similar wave attenuation capacity as
wider marshes with sparser vegetation (i.e., ~90 m wide marsh
with ~150 stems/m2). Of course, stakeholders looking to make
use of vegetated tidal flats to augment shore protection should
consider creating expansive marshes wherever possible, not only
from a wave attenuation perspective but also for the ancillary
environmental co-benefits they bring.

This study is certainly limited by the use of artificial plants to
represent coastal marshes. As noted by Tinoco et al. (2019), several
authors have shown that simplifications in experimental setup, such
as the use of rigid elements, a single stem diameter, a single element
height, and a regular or staggered layout, can bias study outcomes, by

FIGURE 16 | Wave overtopping at four different dyke structures with identical marsh platforms.

Frontiers in Built Environment | www.frontiersin.org June 2022 | Volume 8 | Article 89366417

Baker et al. Wave Attenuation Across Artificial Marsh

82

https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles


either hiding or amplifying some of the relevant physical processes
found in natural conditions. However, representing coastal marshes
in a simple manner at reduced scale made it possible to study wave
interaction with entire marsh-dyke systems in controlled laboratory
conditions, efficiently study the effect of numerous changes inmarsh
properties and dyke characteristics, and study relatively high-energy
wave conditions; investigations that would be impractical or highly
demanding and expensive using live plants at full scale. Despite its
limitations, it is believed that the present study contributes useful
new information leading to greater understanding of the behaviour
of marsh-dyke systems, the wave attenuation over wide marshes in a
broad range of depths and wave conditions, and the sensitivity of
these processes to various marsh characteristics and properties, such
as plant density, plant height (submergence), stem flexibility and
marsh width. Moreover, results from the present study can be used
to inform the representation of coastal marshes in physical and
numerical models.

It is noted thatWebb et al. (2018) highlighted that S. alterniflora
marsh vegetation in southern Alabama was stable when significant
wave heights are less than 0.2 m 80 percent of the time and less
than 0.3 m 95 percent of the time. In comparison, some of the wave
heights investigated in this study were considerably larger (up toHs

= 3 m at full scale) and may have been sufficient to cause erosion
and/or damage in natural settings. In reality, it is likely that at least
the seaward edge of the marsh may have experienced some erosion
as a result of these energetic conditions, though conceivably some
sort of soil stabilization measures could be applied to reduce
erosion in vulnerable areas. When reviewing the results of this
study and assessing the performance and efficacy of salt marshes, it
is important to consider the potential for soil erosion, plant damage
and loss of wave attenuation capacity in high-energy conditions,
although these processes were not included in the present study.

Although several researchers have conducted experiments with
live plants in test facilities, further research is required to better
understand wave attenuation caused by vegetation. Topics where
further research is needed include examining wave attenuation
capacity over the plant life cycle (spring growth, summer, and
winter dormancy periods), understanding erosion and plant
damage processes in high-energy wave conditions, and

understanding how to best protect and establish young plants
early in their life cycle or in more exposed locations. Additional
research, especially in connection with field studies, is
recommended and encouraged. Future work by the authors will
focus on extending the analysis of the data obtained in the current
study (particularly with respect to overtopping and stability of the
dyke structures), developing and validating improved approaches
for representing other types of coastal vegetation in scale model
studies and investigating the behaviour and performance of other
types of nature-based coastal infrastructure.
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The Emerald Tutu: Floating Vegetated
Canopies for Coastal Wave
Attenuation
Julia Hopkins1*, Nicholas Lutsko2, Gabriel Cira3, Louiza Wise3 and Jena Tegeler3

1Northeastern University, Boston, CA, United States, 2University of California, San Diego, San Diego, CA, United States, 3The
Emerald Tutu, Boston, MA, United States

Nature-based solutions (NBS) have been broadly defined in coastal resilience as the
restoration of natural environments or as civil infrastructure with natural elements, with
examples ranging from marsh restoration and new oyster beds to artificial reefs and living
shorelines. The multiplicity of NBS types makes it difficult to quantify and model their
effectiveness as a whole in coastal flood reduction and environmental co-benefits. Specific
types of NBS operate under a variety of physical and ecological regimes: oyster beds care
about the benthic environment and can be modeled as bed roughness elements, while
living shorelines are a combination of emergent/submerged vegetation elements located in
the dynamic swash zone. As such, NBS cannot be investigated as a monolith and their
evaluation will be intervention-specific. Here, we present the evaluation of an engineered
NBS called the Emerald Tutu, a series of interlinked vegetated mats which leverage known
physical and ecological properties of marsh environments and combine them in networked
formats for rapid deployment around shoreline environments. The Tutu takes inspiration
from marsh canopies, but aims to transport the physical protection of these canopies to
urban areas using the wave attenuation properties of floating vegetation elements and
network effects. Prototype Tutu units were deployed in the OH Hinsdale Wave Lab at
Oregon State University in summer 2021 to test the physical efficacy of the mat networks.
The results show the effect of network arrangement, mat canopy size, and Tutu unit
density on wave attenuation. We show how these results can be used to design the Tutu
for a variety of coastal environments, and discuss the impact of submerged vegetation
dynamics on Tutu effectiveness and what research gaps remain for the implementation of
these kinds of engineered NBS.

Keywords: coastal resilience, nature-based solutions, vegetated solutions, wave attenuation, floating canopy,
climate change

INTRODUCTION

Coastal environments and coastal communities are vulnerable to climate change impacts such as sea
level rise, higher rates of erosion, and more intensified storms. These effects will increase flooding
and expose more inhabited land to the ocean, damaging livelihoods, infrastructure, and ecological
systems. Historically, issues of erosion and flooding have been mitigated in populated areas using
“hard” infrastructure such as seawalls, groins, jetties, and other concrete- or steel-based structures
(Smallegan et al., 2016; Morris et al., 2018). Eroding beaches along more natural coasts have been
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managed with nourishments as well as hard structures to
encourage sand accumulation (van Duin et al., 2004; Stive
et al., 2013; de Schipper et al., 2020). These traditional
measures are being challenged by the uncertain impacts of
climate change both in terms of sea level rise and weather
patterns, as hard infrastructure is difficult to design or adapt
to uncertain climate futures (Sutton-Grier et al., 2015). Nature-
based solutions (NBS) offer alternative coastal resilience
measures which have the potential to adapt to a changing climate.

NBS leverage aspects of the natural environment to buffer
against negative effects of climate change. Coastal examples
include efforts to restore marshes and mangrove forests
(Quartel et al., 2007; Howard et al., 2017), and designs to
deploy oyster reefs near urban areas (Morris et al., 2018).
These examples attempt to build natural barriers of vegetation
and benthic organisms between ocean forces (e.g., storm waves)
and coastal communities. The physical premise for the
effectiveness of these NBS is reasonably well-understood.
Research into seagrass and mangrove forests shows that their
effectiveness at damping wave energy comes from forcing
complex vortical structures in the landward flow (Quartel
et al., 2007; Crooks et al., 2011; Howard et al., 2017;
Bergstrom et al., 2019; Menendez et al., 2020). Similarly,
submerged oyster reefs and even submerged artificial reefs
operate under the principle of enhanced bed roughness,
increasing the friction between the bed and incoming waves or
surge and reducing the energy of the flow before it reaches the
shoreline (Morris et al., 2018). NBS are organic, living entities and
as such have the potential to adjust to, and mitigate, climate
change effects like sea level rise and storm intensity.

These natural types of NBS require a significant amount of
space to be effective: mangrove forests and marshes demand
shoreline real estate and the research into the footprint of an
oyster reef needed to fully damp a storm wavefield is ongoing, but
likely in the range of hundreds of meters to kilometers. In urban
environments, the necessary real estate may not be readily
available. This presents both a challenge and an opportunity
to develop new types of NBS which are engineered to incorporate

natural features in infrastructure designed for urban
environments and flexible enough to evolve as the climate
changes. The research presented here focuses on one such
engineered NBS, the Emerald Tutu, as a model for how these
types of solutions may operate and be evaluated for effective
deployment in urban environments.

The Emerald Tutu consists of floating vegetated mats that are
interlinked and anchored to the seafloor to provide a modular
network of protective canopies encircling urban coastlines
(Figure 1). The Tutu was developed through collaboration
between landscape architects, coastal engineers, climate
scientists, and water resource specialists to provide flood
mitigation as well as ecological and social co-benefits to
coastal communities. Floating wetlands similar to the Tutu
have been used thus far as individual elements in quiescent
water bodies such as wastewater treatment plants, rivers, and
lakes to improve water quality (Faulwetter et al., 2011; Hwang
and LePage, 2011; Bi et al., 2019). Isolated vegetated canopies
seeded with emergent and submerged vegetation have also been
tested in laboratory conditions, showing that vegetated canopies
have the potential to damp incident wave energy (Chen et al.,
2016; Zhu et al., 2021). The Tutu extends the floating canopy
concept to increase robustness for exposed coastal conditions,
and adds the element of network effects to damp storm wave
energy.

The modular, floating nature of the Tutu design makes it ideal
for deployment in areas where land real estate is difficult to use for
coastal resilience. Its structural reliance on vegetation provides
benefits to native plants and animals. However, the efficacy of the
Tutu, or any similarly engineered NBS, needs to be carefully
evaluated to determine its optimal design and deployment. At
present, there are few site-specific examples of NBS performance
and few studies which dive into the physical underpinnings of
NBS operations to the extent that coastal scientists could use
them to improve existing numerical models or create new models
which accurately predict and quantify NBS effects (Chen et al.,
2016; Sarabi et al., 2019; Chausson et al., 2020; Zhu et al., 2021).
The Emerald Tutu is an opportunity to begin to bridge this
knowledge gap between NBS ideation and performance.

In this paper, we report on initial tests of the physical
effectiveness of the Tutu system. The objective of the study
was to evaluate the efficacy of an interlinked network of
floating mats in attenuating nearshore waves. We designed
and built scaled physical analogues of the Tutu and observed
their behavior under a variety of wave conditions in the Natural
Hazards Engineering Research Infrastructure (NHERI) O.H.
Hinsdale Wave Basin at Oregon State University. In particular,
we tested the hypothesis that the attenuation of waves owing to a
network of Tutu mats is a function of mat network geometry,
wavelength, and mat density. Our results show the existence of a
relationship between network geometry and incident wavelength,
as opposed to network density and incident wave conditions.
Further, our results support the idea that a truly effective NBS
requires a significant footprint along either the shoreline or the
nearshore environment, suggesting that approaches to NBS
which incorporate multiple, tiered solutions may be optimal
for urban coastal communities in the face of climate change.

FIGURE 1 | Aerial view of a rendering of the Emerald Tutu (green circles)
surrounding East Boston, MA. The white strips represent walkways through
the mat which can be used by community members during calm weather.
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METHODS

Experimental Setup
This initial study tests the physical behavior of the Emerald Tutu,
focused on the abilities of individual mats and the network as a
whole to damp incident wave energy. The facility we used was the
NHERI O.H. Hinsdale Directional Wave Basin at Oregon State
University, a lab capable of simulating both regular and random
wavefields for a range of heights and directions. The basin is
48.8 m by 26.5 m in the horizontal, and 2.1 m deep with a 1:10
sloped steel beach for wave energy dissipation set opposite a series
of wave paddles (Figure 2). The basin’s capabilities, most
importantly its width, make it an ideal setting to focus on
understanding the wave dissipation properties of a floating
dense mat network.

We deployed a scaled physical replica of the Tutu network
according to the spatial limitations of the lab setup. The mats
were designed to be half the diameter of what we would expect in
a field deployment (thus 1.5 m diameter in the lab). We built and
deployed 44 mats in the basin (Figure 2) to allow for sufficient
space between the wavemaker, the network, and the beach slope

for wave development. The mats consisted of canvas shells,
stuffed with discarded wood fragments from a nearby forestry
service in Corvallis, OR, and a large piece of pink insulation foam
(cut into a hexagon with 1.4 m length diagonals) for buoyancy
(Figure 3). The wood fragments are used in the Tutu design
because they are an abundant, reliable, cheap, and ubiquitous
biomass sources (and wood lignin takes longer to break down
than biomass alternatives). The wood fragments also have a large
surface area, which for the field means that they get covered with
slime and algae and jumpstart the food chain to encourage
vegetation. In the real mat design, we mix sharp wood
fragments with coconut fiber (Figure 3), which makes a
substrate able to hold its shape and encourages Spartina roots
to grow in these nooks.

For the lab prototype, the canvas shells had two components, a
top and a bottom circular piece stitched together at the edges by
hand. The outer canvas shell and the inner wood fragments are
identical to the proposed field design. The buoyant insulation
foam made the draft of each unit (0.3 m draft for 150 lbs) such
that only the top of the yellow canvas shell was exposed once
water had soaked into the mats (see Figures 3, 4E,F).

FIGURE 2 | Aerial view of the “sparse” Tutu network in the wave basin, with the wavemaker on the right and the beach on the left. The 5 ft diameter Tutu mats are
show in grey, the dark blue lines are nylon connections between the mats and the anchors to the beach and side walls, empty circles with lines show bottom anchors,
and the red dots show the location of instruments measuring hydrodynamic properties. The 1:10 sloped beach begins to the left of the instrumentation bridge. The
instruments are labeled as shown in the legend to the bottom right.
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Material was sewn onto the canvas shells to represent light
vegetation, with a rigid and porous rain screen sewn on the top
and flimsier, more flexible strands of tulle sewn to the bottom
(Figure 3). The rains screen was chosen as an analog for
Spartina grass vegetation because: 1) its suppleness matches
marsh grass, 2) it is porous/fiber-based and dense (which makes
it omnidirectional), and 3) is available in a “surface” (roll)
format which made it easy to sew onto the top of the units.
The submerged vegetation (tulle) was chosen so it could move/
sway in a similar manner to actual seaweed strands. Also sewn to
each bottom piece were triangles of webbing that served as
anchor points for the network connections (blue in
Figures 3, 4E).

The mats were anchored together using nylon rope (blue in all
figures) that was spliced together at webbing anchor points on the
mats and eye bolts betweenmats set into the floor of the basin and
the basin walls. The webbing anchor points on the mats were
from three corners of webbing triangles that were otherwise sewn
into the bottom half of the canvas shell (the corners extended
beyond the shell diameter, see Figure 3). Nylon rope was chosen
to connect the mats and the wave basin anchors because it has
similar resistance to tension as rigid shipping line, which we used
in the field deployment, while being simpler to work with in
the lab.

We tested wave conditions within the range of what was
feasible given the facility and the strength of connections

FIGURE 3 | Flow chart of the components of the wave basin prototype and the field prototype. Both contain foam (purple) and wood fragments from local forestry
services (brown), but the Field Prototype (bottom) is made from burlap and coconut fiber to encourage natural plant growth (e.g., Spartina) while the Lab Prototype (top
right) is made from lightweight canvas, a rain screen sewn to the top (yellow), strands of tulle sewn to the bottom (green), and webbing also sewn to the bottom in a
triangle with the corners stick out (blue) to provide connection points to other mats and basin anchors.

FIGURE 4 | Construction of the individual mats and the network, from (A) cutting and marking canvas to 5 ft diameter, (B) sewing rain screen (yellow) to the top
canvas piece and tulle (light green) with a webbing triangle (light blue) to the bottom piece, (C) using wood discard fragments to stuff the units, (D) lifting a stuffed and
sewn unit into the basin where (E) it is tied to other units using nylon rope (dark blue) to finally set the (F) completed network in 1.37 m of water depth.
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between themats. The weak point in themat construction was the
hand-sewn canvas around the webbing anchors, where the bulk of
the force on the mats was being applied by incident waves. This
limited the intensity of waves andmeant we discarded our highest
wave height of 0.5 m over the duration of the experiment. Despite
this, we were able to test a representative range of waves (Table 1),
in both regular and random regimes. The conditions were
repeated for two mat network configurations, one where the
mats were spread out in a “sparse” configuration (S, Table 1 and
Figure 5) and another where the mats were pulled together to
eliminate the spacing between them in a “dense” configuration
(D, Table 1 and Figure 5). The networks are arranged in
hexagons according to the Tutu design for the field, intended
to accommodate multi-directional wave fields. We chose the
sparse configuration to fill the possible width provided by the
wave basin (0.915 m spacing between the mats), and the dense
configuration to test the extreme of no space between the mats
(0 m spacing between the mats).

The wave basin was outfitted with a number of instruments to
track mat behavior and hydrodynamic conditions before and

after the mat network (Figure 2). The primary measurements of
interest for this paper are: 1) the wave attenuation measured by
wave gages set before and after the mat network, and 2) the
pressure gages scattered within the network. As seen in Figure 2,
there were ten wave gages deployed between the mats and the
wavemaker, and ten deployed between the mats and the beach.
The first set of gages (wavemaker-to-mats) were deployed on steel
struts anchored to eyebolts in the bed of the basin. The second set
of gages (mats-to-sloped beach) were deployed on the gantry
(instrument bridge) above the basin and suspended in the water.
The eight pressure gages deployed within the network were
placed at the bed along the unistrut supports running
alongshore relative to the wave direction. All gages collected
data at 100 Hz.

In addition to the tests conducted with sparse and dense mat
networks (Table 1), we ran all of the “Dense” wave conditions for
a basin with no mats. This gave us a baseline for wave behavior
measured by the gages and the pressure sensors, and also allowed
us to determine wave reflectance from the sloped beach and the
side wall to remove any confounding factors in our analysis.

TABLE 1 | List of wave conditions tested on the 50% scaled Tutu mat network.

Wave Period (s)

Wave Height (m) — 1 1.2 1.4 1.6 1.8 2 3 4 6
0.1 S,D D D D D S,D S,D S,D S,D
0.2 — — — — — S,D,R S,D,R — S,D
0.3 — — — — — — S,D,R — S,D
0.4 — — — — — — — S,D S,D
0.45 — — — — — — — S,D S,D

S = sparse network, D = dense network, R = random waves, JONSWAP spectra with γ � 3.3

FIGURE 5 | Aerial view sketches of the two mat network configurations (Sparse, left, and Dense, right) inside the basin. The vertical lines represent divots in the
bottom of the basin where eyelets (light green) were placed as anchor points. The spacing between these lines is 1.22 m. The wavemaker is to the right, the beach is to
the left. The dark blue lines are interconnections between the mats (circles), with the light blue lines within the circles indicating the webbing sewn into the canvas.
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Experimental Procedure and Data Analysis
Initial results focus on the wave attenuation properties of the mat
network. Regular wave tests were about 3 min long to allow for
steady state in the basin. The timeseries of wave height and
pressure measured within these 3 minutes was analyzed at each
wave and pressure gage location to determine time-averaged wave
behavior in space around the mat network for the full set of tests.
The signals were analyzed with Fourier transforms to isolate the
wave height (water oscillation amplitude) and wave period.
Wavelengths were calculated using the intermediate depth
wave dispersion relationship ω2 � gktanh(kh), where h �
1.36m is the basin depth, the wave frequency is ω � 2π

T , the
wave period T is measured by the wave gages, the wave number
k � 2π

L where L is the wavelength, and g � 9.81m/s2 is
gravitational acceleration.

We calculated the time-averaged energy of the waves at each
gage location using E � 1

2 ρga
2, where E is the wave energy, ρ is

the water density (1,000 kg/m3), g is gravitational acceleration
(9.81m/s2), and a is the wave amplitude (12H whereH is the wave
height). We also calculated how the wave energy progressed
through the mats using the wave amplitude measured at the
pressure sensors embedded within the mat network. We
calculated the variance in wave energy between pressure
sensors (a variance in space) as a standard deviation around
the mean energy measured within the mat network. This value
shows how, and if, the wave energy changes between pressure
sensors as the wave propagates through the mat network.

RESULTS

Wave Gages
The wave gages before and after the mat network were compared
to determine the attenuation for the network as a whole. Figure 6
demonstrates the signal before and after the mats at the centerline
of the flume. The mat network performance depends on the
incident wave conditions.

To be consistent in the analysis despite the different spatial extents
of the network configurations (the sparse network extends to the
edges of the tank, dense does not, see Figure 5), and to reduce
erroneous measurements owing to wall effects, we focus on the gages
aligned with the center of the network in the cross-shore in this
analysis. The resulting wave attenuation patterns are shown in
Figure 7, averaged over the three gages closest to the centerline of
the basin in the direction of wave propagation. Figure 7A shows the
attenuation compared to the wave steepness, a non-dimensional
quantity calculated by dividing wave height by wavelength
(calculated using the dispersion relationship). Figure 7B shows the
same attenuation broken up between wavelength (x-axis, Figure 7B)
and wave height (colors, Figure 7B).

Pressure Sensors and Velocities
The pressure sensors were strategically located throughout the
mat network and occasionally returned a staccato signal
indicating that they were not measuring perfect wave shapes.
This signal is owing to the fact that the pressure gages were
measuring both pressure from the water and occasionally
pressure from a mat passing over the gage in response to wave
action. As a result, a point-by-point comparison in time between
the pressure gages was not possible, and we focused on relating
the incident wave conditions to the spatial variance in the average
wave measurements from the pressure sensors (how much the
wave energy kept moving through the network). A low variance
suggests that either the wave energy did not change throughout
the mat network, or that it was all dissipated by the initial line of
mats. Figure 8A shows that the variance in space has a
dependency on wave height more so than wavelength.
Similarly, the velocity measurements from the ADVs placed
before the mat network show a relationship between velocity
and wave height, as expected from linear wave theory since larger
waves generate higher wave orbital velocities (Figure 8B).

We used the pressure sensors and the wave experiments run
without Tutu units in the basin to calculate wave reflection for all
the regular wave conditions, following the method of using three

FIGURE 6 | Sample wave gage signals from the sparse network (A) and the dense network (B) for wave heights of 10 cm (top) and 20 cm (bottom). Incident wave
conditions (blue) are higher than wave conditions after the network (red) but the damping effect of the network changes depending on the wave conditions and network
configuration. The gages used here are located in the middle of the basin in the direction of wave propagation.
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gages in the direction of wave propagation as outlined in Isaacson
(1991). This method shows that reflection increases as the
wavelength increases, yet the reflection coefficient remains less
than 0.1 for most wave conditions tested. Experiments with
reflections over this threshold were not considered in our
analysis, hence the results presented here are not
contaminated by significant wave reflection either before or
after the mat network.

Random Wave Tests
The three random wave tests using the Dense configuration were
run for 10 minutes to allow for a fully random sea state. The
results from the wave gage measurements in the random tests

were analyzed in frequency space to determine the reduction in
wave energy before and after the mat network. The results show a
similar picture to the regular wave cases across the frequency
spectrum (Figure 9) with more detail of how the attenuation
behaves at different frequencies (lower frequencies = longer
wavelengths). We considered only frequencies which had
measurable wave energy density generated by the wavemaker,
excluding frequencies below 0.05 Hz and above 1.5 Hz.

DISCUSSION

These lab experiments show the potential for a modular network
of floating mats to reduce incident wave energy. We see a strong

FIGURE 7 | (A) Wave steepness (x-axis) versus wave attenuation (y-axis) where 0 is no attenuation and 1 is full attenuation. Symbols represent the network
configuration (square is sparse, circles are dense). (B) Wavelength (x-axis) versus wave attenuation (y-axis). Color indicates wave height (yellow is higher, blue is lower)
and symbol represents the network configuration (square is sparse, circles are dense). The red dotted lines indicate the size of the mat diameter and of the network
footprint in the direction of wave propagation (specifically for the dense network configuration).

FIGURE 8 | (A) The spatial variance of wave height within the mat network as measured by the pressure gages (y-axis), and (B)wave height (x-axis) versus velocity
(y-axis) measured before the mats by the ADV. Color shows the associated wavelength with lighter colors indicating longer waves, and darker colors indicating shorter
waves. Higher incident wave height translates to higher velocities before the mats, as expected, and higher variance of pressure within the mat network indicates greater
changes in wave height as the waves penetrate the network.

Frontiers in Built Environment | www.frontiersin.org June 2022 | Volume 8 | Article 8852987

Hopkins et al. The Emerald Tutu: Experimental NBS

92

https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles


relationship between the wave steepness and the attenuation,
where steeper waves are more attenuated than shallower ones
(Figure 7A). We divide this into wavelength and wave height
(Figure 7B) to better understand this relationship, and find that
wavelength is a primary indicator of wave attenuation. The test
conditions with both regular waves and random waves suggest
that the geometry of the network relative to the incident
wavelength drives wave attenuation. The majority of the wave
attenuation occurs at wavelengths shorter than or equal to the
length of individual mats, though wave energy continues to be
reduced until the wavelengths grow beyond the cross-shore
footprint of the entire mat network. Further, the results show
that wave attenuation is not appreciably different between sparse
and dense network layouts (Figure 7, squares versus circles).
Instead, the size of individual mats and the network footprint
relative to the wavelength (Figure 7, red dashed lines) have a
stronger impact on wave attenuation than the separation
between mats.

The mechanics of wave orbital velocity explains some of this
dependence. The dissipation of wave velocity in the vertical water
column scales with wavelength, with shorter (longer) wavelengths
losing energy at shallower (deeper) water depths. A generalization
from linear wave theory describes the depth of the wave velocity
dissipation as half of the wavelength. The Tutu network is
suspended at the surface with a draft of about 0.3 m
maximum, thus we would expect the Tutu canopies to impact
the shortest waves more than longer waves. To explain the
dependence relative to the network footprint (Figure 7B, red
dashed lines), we note that if a wave is shorter than the diameter
of the Tutu mats then the crest and trough of the wave encounter
a mat simultaneously which leads to dissipation. If the wave is
longer than an individual mat, but shorter than the network, its
crest and trough encounters two or more mats linked together,
and energy dissipates owing to tension between them as the wave
moves the mats in opposition. If the wave is longer than the entire

network, however, the network rides along the wave and
dissipation is negligible.

Our initial hypothesis was that the network spacing–sparse
and dense–would be a significant factor in wave attenuation, with
the denser cluster of mats dampening more wave energy than the
sparse cluster. Our results show that there is not a significant
difference between the mat spacing in the network for these two
configurations, suggesting that the mechanism of mats moving in
opposition to dissipate wave energy can work even if that tension
is transferred on a rope between them. We cannot generalize to
larger spacings between mats than tested here, though we
anticipate that at the extreme a Tutu design with too much
space between mats will not be in enough tension to dissipate
energy. The comparisons between sparse and dense networks,
however, do suggest that a field deployment of the Tutu could
attenuate waves while allowing space for light to penetrate the
water (a concern for ecological systems in the water column and
in the benthic region of shallow areas) and space for small craft to
move between the network (for maintenance and leisure).

Whether or not the wave energy dissipates at the initial row of
mats or after several rows appears to depend on wave height
rather than wavelength (Figure 8A). The spatial variance of wave
energy within the mat network, calculated using the pressure
sensors, shows how much the waves change in the direction of
wave propagation. A higher (lower) variance indicates that the
wave energy changes within (at the first row of) the network. In
this experiment, we found that smaller incident waves had little
energy variance within the mat network, suggesting that the first
row of mats dissipate the bulk of the energy. Higher energy waves
often had more energy variance within the mat network,
suggesting that the waves change as they moved through the
network. The wavelength does not appear to be as relevant as the
wave height in determining where within the network the waves
dissipate. Wavelength indicates whether dissipation will happen
at all, and wave height directly correlates to the wave velocity

FIGURE 9 | (A)Wave frequency (x-axis) versus wave attenuation (y-axis) for the three random cases (colors and legend) centered on varying peak wave heights and
peak periods around a JONSWAP spectra with γ � 3.3. (B) The resulting spectra measured by the wave gages located along the centerline of the mat network (in the
direction of wave propagation) are shown to peak at the prescribed frequencies (x-axis) and wave heights (y-axis), with the incident wave height (solid line) higher than the
resulting wave height (dashed line) in all cases. The distinction between solid and dashed lines is greater at higher frequencies (shorter waves), which aligns with
results using regular wave conditions (see Figure 7).
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(Figure 8B). the amount of energy in a wave, and thus likely the
number of mat rows the wave needs to encounter for that energy
to attenuate.

The results presented here are relevant for dense floating mats
with minimal, short, stiff “emergent vegetation” represented by
the rain screen, but not for mats with submerged vegetation. We
found that the strips of tulle sewn to the bottom were not
influencing the wave attenuation. We tested this by flipping
the mats and re-running the Dense network regular waves,
which produced similar results. At most 12 bunches of tulle
were sewn onto each mat, and the bunches extended down to less
than 20% of the water depth, so it is perhaps unsurprising that the
effect was small. Observations from cameras placed underwater
around the mats showed that the tulle was moving freely with the
waves, and thus had little rigidity to contribute to energy
attenuation. However, a concurrent full-scale prototype of a
Tutu mat deployed in East Boston in summer 2021 showed
dense vegetation undergrowth after 2 months in the water,
which would have translated to a column of vegetation at least
a meter deep in our wave basin experiments. Previous studies
with kelp suggest that this type of submerged vegetation will
enhance the dissipation of waves. These studies measured and
modeled the dissipation of waves by suspended canopies of
submerged kelp (fixed to a rigid platform above the water
surface) (Zhu et al., 2021; Zhu et al., 2022) and suggest that
the wave attenuation would improve with more realistic
submerged vegetation structures, possibly extending the
wavelengths at which the scaled Tutu is effective.

Our results build on previous work studying wave attenuation
by floating individual canopies, notably experiments simulating
floating shellfish farms in the field (Zhu et al., 2020). These
experiments focused on dense buoys tethered individually to the
sea floor and subjected to random wave attack. Attenuation
measured from these tests using random waves are similar to
Figure 9, with suspended canopies attenuating waves at higher
frequencies better than at lower frequencies and plateauing at
high frequencies. The plateau evident in Figure 9A occurs at wave
frequencies greater than 1 Hz, which for a basin water depth of
1.36 m translates to a wavelength of 1.5m, which is also the
diameter of our mats. The plateau appears to occur when the
wavelength is at or smaller than the mat diameter. Zhu et al.
(2020) further shows that the number of floating elements within
the canopy influences attenuation, with more floating elements
providing greater attenuation. This suggests that adding more
mats to a Tutu network will improve performance at longer
wavelengths.

In particular, Zhu et al. (2020) test the potential of combining
floating shellfish farms (buoyant elements on individual tethers)
with submerged seagrass or other vegetation patches anchored to
the seafloor. Their results suggest that the floating farms can
attenuate short waves and the submerged vegetation can
attenuate longer waves (whose wave orbital velocities are more
likely to penetrate the water column to the bed). This supports the
idea that a tiered NBS approach to coastal protection should be
used to protect against storm waves, with floating elements
tackling higher wave frequencies and submerged elements
tackling lower wave frequencies. The results presented above

suggest that we can extend the frequency range attenuated by
floating elements through interconnections between dense mats
and network geometry. Future work will investigate how dense,
suspended undergrowth from the mats impacts wave attenuation,
and will likely expand the range of wave frequencies that a
floating structure such as the Emerald Tutu can dissipate.

CONCLUSION

We tested the efficacy of a new NBS called the Emerald Tutu to
attenuate waves in nearshore environments. Physical analogues
of the mats were tested in the OH Hinsdale Wave Basin at
Oregon State University for both regular and random wave
conditions. Results from these tests show that wave attenuation
depends on the geometry of the mat system, notably mat size
and network size relative to the wavelength. These results are in
line with previous work studying wave attenuation in the field
owing to individually anchored floating shellfish farms. Both
results suggest that floating nearshore networks of mats have the
potential to protect the coastline from wave attack. Future
research into the Tutu will include testing the impact of
submerged vegetation, suspended from the mats, on
additional wave attenuation, and developing a non-
hydrostatic numerical model to replicate these lab results and
scale them to the field.
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Delft3D as a Tool for Living Shoreline
Design Selection byCoastal Managers
Thomas P. Huff *, Rusty A. Feagin and Jens Figlus

Texas A&M University, College Station, TX, United States

Coastal risk reduction features are often built to protect infrastructure and ecosystems
from damaging waves, sea level rise, and shoreline erosion. Engineers often use
predictive numerical modeling tools, such as Delft3D to help design optimal
intervention strategies. Still, their use by coastal managers for optimizing the design
of living shorelines in complex geomorphic environments has been limited. In this study,
the Delft3D modeling suite is used to help select the optimum living shoreline structure
for a complex inlet and bay system at Carancahua Bay, Texas. To achieve this goal, an
extensive array of sensors was deployed to collect hydrodynamic and geotechnical
data in the field, and historical shoreline changes were assessed using image analysis.
The measured data were then used to parameterize and validate the baseline Delft3D
model. Using this validated model, the hydrodynamics resulting from a series of
structural alternatives were simulated and compared. The results showed that the
mouth of this complex inlet has widened greatly since the 1800s due to wave erosion
and sea level rise. The analysis of the structural alternatives showed it was not advisable
to attempt a return of the inlet to its historical extent, but rather to create a hybrid design
that allowed for limited flow to continue through a secondary inlet. The numerical
modeling effort helped to identify how to best reduce wave and flow energy. This study
provides a template for the application of Delft3D as a tool for living shoreline design
selection under complex shallow-estuary and inlet dynamics.

Keywords: Delft3D flow, living shorline, erosion control, flow modeling, sea level rise

INTRODUCTION

Around the globe, many estuarine basins are adjustingmorphologically to maintain equilibriumwith
sea level rise (Morris et al., 2002; Passeri et al., 2015). Their adjustment often results in increases in
depth or width to inlets, changes to tidal prism, shoreline erosion, and changes to aquatic species
communities (Hoyt, 1967;White et al., 2006; Huff and Feagin, 2017). A commonmitigating response
is placement of erosion reduction structures such as sea walls, sand engines, or living shorelines
(Williams et al., 2018). However, selection of the appropriate structure is a complex task that requires
extensive knowledge of system dynamics.

One wave abatement structure that has gained popularity has been the living shoreline (Miller
et al., 2016; Smith et al., 2020). This building concepts seeks to balance erosion control with long term
habitat and sediment management goals. Often living shorelines are constructed in a manner to
promote self healing and vertical accretion by the continued growth of oysters. Weaver et al. (2017)
outlined eight ecosystem services living shorelines can provide: sediment accretion, self healing,
improved water quality, improved carbon sequestration, refuge habitat, improved recreational and
commercial fishing, wave energy reduction, and improved durability and resiliency over traditional
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structures during tropical events. These concepts have further
been supported by Smith et al. (2020) and Smith (2006).

Modern management goals for living shorelines often dictate
that such structures must provide aquatic habitat, reduce
sediment loss through scouring, allow for safe navigation, and
reduce shoreline erosion (Vona et al., 2021). Moreover, they can
be expensive to construct and demand extensive input from
stakeholders to appropriately balance objectives (Cooper and
McKenna, 2008; Williams et al., 2018). Delft3D gives scientists
a tool to quickly test potential erosion abatement designs using
computer modeling. Created by Deltares, Delft3D has proven to
be a powerful tool for modeling estuarine flow behavior (Elias
et al., 2000; Sutherland et al., 2004). One of its more recent
upgrades includes the option of flexible meshes (Deltares Flexible
Mesh Suite HM 2021.03) (Delft3D [computer software], 2021)
which was utilized in this study. This software allows for the
flexibility to work at various spatial resolutions and is now widely
used in coastal and estuarine environments (Horstman et al.,
2013; Bennett et al., 2020; Muñoz et al., 2022). However, its use
has been primarily restricted to traditional engineering structures,
and it has not yet been widely used within the context of living
shorelines.

As part of this study an attempt was made to balance between
two competing interests in living shoreline design—to protect
against wave erosion while avoiding an unnecessary restriction to
flow to surrounding aquatic habitats. The design that maximized
these two metrics was deemed to produce a positive outcome.
Other factors such as sediment entrapment or habitat creation
were still considered, however they were not directly quantified.
Thus, sediment entrapment and habitat creation were secondary
factors to wave reduction and flow velocity mitigation. To

improve the chances of a positive outcome, seven design
alternatives were compared in terms of their effects on
hydrodynamics. The main goal of this study was to answer the
following question: How will living shoreline designs alter waves
and flow velocities, within the context of a complex dual inlet
system that is adjusting to sea level rise?

METHODS

Study Area
The study area encompasses Carancahua Bay and parts of
Matagorda Bay which lies along the Central Texas Coast in
the Gulf Prairies and Marshes ecoregion. Carancahua Bay is a
secondary bay to the much larger West Matagorda Bay, with
distinct circulation patterns and biological production
(Figure 1A). The bay is fed by East and West Carancahua
Creeks. Redfish Lake and Salt Lake are tertiary geomorphic
basins that are located near the Carancahua inlet. During the
late 1980s a breach formed between Matagorda Bay and into
Redfish Lake. This breach was permanent and resulted in the
formation of a double inlet into Carancahua Bay (Figure
Figure1B).

Carancahua Bay is an ideal location to explore questions about
living shorelines and morphologic change, as it is at a tipping point
in its geological history. The bay inlet has more than doubled in size
over the last 20 years (ten-fold increase since 1872), critical habitat
has been lost due to ensuing wave erosion, and the bay will soon
cease to exist as a distinct circulatory unit from the adjacent
Matagorda Bay. As the mouth widens, the entire bay is
increasingly exposed to wave erosion and an altered hydrological,

FIGURE 1 | Study area map. (A) indicates the study area outlined in red with the blue box indicating the extent shown in (B).
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salinity, and biological regime. Its unique role as a nursery and
refuge, off-limits to commercial fishing and shrimping, is at great
risk.Moreover, the large oyster reef andmarsh complex at itsmouth,
supporting mountain laurel and migratory songbird habitat,
recreational anglers, and oyster production, is rapidly eroding.

Additionally, the widening at the Carancahua Bay inlet has
enhanced wave erosion and threatens public safety (Tompkins
and Tresaugue, 2017). As the bay mouth proceeds to widen, the
significant wave fetch across West Matagorda Bay will begin to
impact the community of Port Alto. A previous living shoreline
was placed at Schicke Point to mitigate erosion by an engineering
firm funded by a private landowner (Freese and Nichols, 2019).
This action proved to be effective at reducing shoreline erosion
and encouraged sediment accumulation behind the barrier. Due
to the success of the Schicke Point structure, similar structures
were proposed to help mitigate erosion at Carancahua inlet.
However, the placement of such a structure is complicated by
a breach fromWestMatagorda Bay into Redfish Lake that formed
in the late 1980s. This breach continues to widen and has resulted
in a dual inlet mouth of Carancahua. The dual inlet system
further complicates the hydrologic processes being measured and
modeled.

Historic Trends
We conducted both short-term and long-term shoreline change
analyses to examine the evolution of Carancahua Bay. All imagery
was obtained from the Texas Natural Resources Information
System (TNRIS, 2022), the US Geological Survey EarthExplorer
interface (USGS, 2022), or digitized nautical maps (NOAA,
2022a).

For the short-term analysis, the shorelines were digitized by
hand using aerial imagery for the dates of 1996 and 2018. The rate
of shoreline retreat over this date range was then estimated along
the entire shoreline. Because of the multi-directional and non-
linear nature of shoreline retreat around the geomorphic features
of the landscape, the rate was calculated by converting the line
data shapefiles into point data with a 10 m spacing. A nearest
neighbor analysis was employed to find the points in the direction
with the shortest distance.

The long-term analysis assessed change between 1872 and
2018. An 1872 nautical map was georeferenced to the 2018
imagery, and then digitized. Changes from the 1872 to 2018
shoreline were referenced only qualitatively.

The shoreline change data was further examined using related
bathymetric sounding datasets (NOAA, 2022a; NOAA, 2022b)
and a bathymetric dataset collected in 2020. Historical soundings
from 1872 to 1935 were manually entered into a Geographic
Information System (GIS) as point data, then interpolated into
raster using a standard Inverse Distance Weighting method. Inlet
cross-section comparisons were conducted between the years
1872, 1935, and 2020, respectively.

In-Situ Data Collection
In-situ hydrodynamic and sedimentary datasets were collected
for two purposes: 1) to understand the general principles of how
this multiple-inlet system works, and 2) serve as validation
datasets for modeling purposes.

Five sensor tripods were deployed across Carancahua Bay and
West Matagorda Bay (Figure 2; Table 1) to collect hydrodynamic
and environmental data. Tripods included conductivity temperature
and depth (CTD) sensors (VanEssen CTD), wave sensors [Ocean
Sensor Systems Sonic Xbees (XB)], and Acoustic Doppler Current
Profilers (ADCP) (Nortek Aquadopp Profilers). The sensors were
deployed continuously from 18 February 2020 to 2 June 2020.

The XB sensors were used to gather both wave and water level
data. An initial sensor deployment on 18 February 2020 was
followed up with two more deployments of radio relay stations to
improve sensor range and reliability. The sensors were set to
record data at 16 Hz for 2 minutes at the start of every hour.
Significant wave height (Hs) was extracted from the XB wave data
using the zero-up-crossing method over 120 s data segments to
determine individual waves before averaging over the largest
third of these waves. Tidal currents were simultaneously
monitored passing through the Carancahua inlet, the southern
inlet of Redfish Lake, and the connection between Carancahua
and Redfish Lake, thus a total of three ADCPs were deployed at
once (Table 2). ADCP1 was deployed in an upward-looking
configuration used to measure water velocity through the water
column. The barometrically compensated pressure transducer
data from CTD1 was used to reference the water level to ADCP1.
Both ADCP2 and ADCP4 were deployed horizontally, or side-
looking, allowing them to gaze across the mouths of their
respective channels and better sample a wider range of flow
behavior. The side looking ADCP’s were mounted on steel frames
which positioned the sensor head approximately 45 cm from the
bay bottom. The upward-looking ADCP was deployed on a steel
frame that set into the soft bay bottom, and positioned so that the

FIGURE 2 | The configuration of the sensor tripods and how the XB,
ADCP, and CTD sensors were arranged.

TABLE 1 | Sensors deployed on each tripod. See Figure 1 for placement
locations.

Tripod 1 2 3 4 5

XB X X X X X
CTD X X
ADCP X X X
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bottom of the ADCP casing just touched the bay bottom. All
ADCPs were set to sample at 1 Hz for 120 s, at the beginning of
every hour.

Sediment grab samples were collected from the upper 5 cm of
bed sediment for sensor stands one through 5. Each sample was
weighed in a dish of known volume, dried in an oven at 65°C, and
reweighed in its dry condition to obtain a measure of bulk density
(g/cm3). Each sample was then sieved by using sieves ranging
from 2 mm to 15.6 µm (from gravel granules to fine silt and finer).
Each subset of sieved particles was weighed and standardized by
the total weight of the sample. This procedure yielded the
percentage of each sample that was of a given grain size. The
mean sediment size was then compared to Hjulstrom-Sundborg
diagram to determine settling and erosion velocities (Earle, 2019).

Modeling
The flexible mesh for the Delft3Dmodel was created first as a grid
of varying density that acts as the foundation on which all

calculations are performed (Figure 3). All model input data is
either interpolated to, or applied to, this grid.

For inputs to the models, the bathymetry was measured using a
custom system composed of a linked depth finder (Matrix 12 by
Humminbird) and a survey-grade Global Navigations Satellite
System (GNSS) system (Trimble R10). This product was
integrated with a coarser Texas Parks and Wildlife Department
(TPWD) product, to retain the high resolution for the primary study
areas (Figure 3) (TPWD, 2022). The combined bathymetrywas then
imported into Delft3D and interpolated to the mesh grid.

The inputs to the models included wind direction and velocity,
water level, river and creek discharge, and salinity. Wind inputs
were sourced from NOAA (NOAA #8773259, Port Lavaca) and
applied consistently across the model (NOAA, 2022b). The winds
forced the wave generation, using the Hurdle-Stive Fetch/Depth
limited model available in Delft3D. Water level data were sourced
fromNOAA station #8775241 (Port Aransas) and used as forcing
condition from 24 January 2020 through 9 July 2020 (boundary E

TABLE 2 | ADCP configuration.

Model Hz Range in
meters

Sampling bins Bin size
(meters)

Deployment
orientation

ADCP1 Nortek Aquadopp HR 2 MHz 2 20 0.1 Up-looking
ADCP2 Nortek Profiler 600 KHz 40 40 1 Side-looking
ADCP4 Nortek Profiler 100 KHz 25 25 1 Side-looking

FIGURE 3 | (A) The initial salinity input map at the start date, and the integrated bathymetric map. Vertical units for bathymetry are meters (NAVD88). (B) Salinity
units are in parts per thousand. Flow model mesh. (C) Input forcing locations are shown for: (A) Lavaca River input boundary, (B) Carancahua Creek input boundary, (C)
Tres Palacios River input boundary, (D) Colorado River input boundary, and (E) Gulf of Mexico input boundary. The black box indicates the main area of interest were
observation points and barriers were placed.
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in Figure 3). Salinity was initially set at 35 ppt at the Gulf of
Mexico input location. Salinity for all freshwater inflows was set
to 0 ppt. River and creek discharge volumes were gathered from
USGS river flow gauges (USGS #08162501 for the Colorado river,
#08164000 for the Lavaca River, and #08162600 for Carancahua
Creek and Tres Palacios River) (USGS, 2022). In order to
properly model salinity, an initial version of the flow model
was run (with no structural designs) to properly distribute salinity
across the basin (Figure 3). This baseline salinity output was then
fed back into subsequent models to act as the starting salinity
value for each node of the mesh.

The flow model simulations were run to cover dates from 24
January 2020 to 9 July 2020. Model runs typically completed in
approximately 12 h on an Intel I9-10900F 10 core 20
thread CPU.

Several living shoreline designs were tested using the
numerical model to meet the overall objective of protecting
and enhancing habitat in Carancahua Bay, Redfish Lake, and
Salt Lake. Living shoreline performance was assessed based on the
structures effects on: significant wave heights, water velocity,
salinity, reduction of erosion, and potential for habitat creation.

Eight separate models were run, to include seven unique design
alternatives and one baseline scenario. The design alternatives can be
grouped into two general categories “enclosed” versus “hybrid” as
explained below and presented in Figure 4; Table 3. Unless
otherwise noted below, the structures’ vertical height was infinite,
they were immovable, and they were modeled as “Thin Dams” in
Delft3D. The purpose was to simulate the effects of wall-like
structures that extended above the maximum water level, at a
30% engineering design phase.

The enclosed alternatives sought to restore the historic nature
of the single inlet at Carancahua Bay inlet by extending a wall-like
structure across the inlet of Redfish Lake. The main goal was to
shelter Redfish Lake from southerly aspect waves and flow.
Considered alternatives included:

Alt 1: “Short”. This alternative tested the general effect of
protecting the Redfish Lake area by blocking the Redfish inlet
from waves entering from a southerly direction.
Alt 2: “Curved”. This tested effects of curving the structure and
more closely hugging the shorelines, while also protecting the
Redfish Lake area.

FIGURE 4 | Alternatives 1 to 4 are enclosed living shoreline designs and Alternatives 5 to 7 are hybrid living shoreline designs. See text for detailed descriptions of
each. Model observation points at tripods 2 and 5 are depicted as red triangles.

TABLE 3 | Major aspects of tested design alternatives.

Enclosed Hybrid

Alt 1 Alt 2 Alt 3 Alt 4 Alt 5 Alt 6 Alt 7

Redfish Lake inlet blocked X X X X
Redfish northern connection blocked X X
Redfish Island blocked X X X X X
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Alt 3: “Extended”. This tested benefits of extending the
structure around Redfish Island.
Alt 4: “Full”. This alternative tested benefits of fully blocking all
major entrances into Redfish Lake.

The hybrid alternatives sought to retain the dual inlet system
at the Carancahua Bay inlet and Redfish Lake by placing
perforated structures across the Redfish Lake inlet. The main
goal was to shelter Redfish Lake from southerly aspect waves,
while also allowing for continued tidal exchange through it.

Alt 5: “Full Perforated”. This alternative tested benefits of
protecting Redfish Lake from waves using a perforated
structure, through which tidal currents could flow.
Alt 6: “Full Perforated with North Open”. This alternative
tested benefits of a perforated structure, while the northern
entrance to Redfish Lake remained open.
Alt 7: “Full V-Notch with North Open”. This alternative tested
benefits of a V-shaped structure across Redfish Lake inlet, while the
northern entrance toRedfishLake remainedopen. The structurewas
emergent 100%of the time in front of Redfish Peninsula andRedfish
Island, but partially submerged across the Redfish Lake inlet, grading
down in aV-shape to the center of the inlet. Theminimumheight in
the center was 1m above the bathymetric depth.

RESULTS

Historic Trends
Shoreline retreat between 1996 and 2018 averaged 27 m (median
of 15 m) in Carancahua Bay, with a maximum of 293 m and a

standard deviation of 37 m. On average, Carancahua Bay
shorelines retreated at a rate of 1.22 m/yr. However, large
stretches of the southern portion of the bay exceeded this
erosion rate. Much of Redfish Peninsula averaged 7 m/yr
(Figure 5).

From 1872 to 2018, there visually appeared to be a significant
amount of change to Redfish Lake, Salt Lake, and at the
Carancahua Bay inlet. Most notably, Redfish Lake was fully
breached and created a southern entrance and the Redfish
Peninsula shoreline retreated northward. The width of the
Carancahua inlet grew from 160 m to 2,025 m (Figure 6). In
textual notes from a related 1935 survey, the surveyor remarked
that there had been significant changes in this area from the 1800s
to the 1930s (from 160 to 610 m, respectively; NOAA, 2022b). A
clear relationship was found between the width and relative sea
level rise (0.0065 m/yr from NOAA #8771450) over this time
period (Figure 7). The average widening rate was 12 m/yr.

Extrapolating the historical rate at which the bay mouth
widened using data points from 1872, 1935, and 2020, the
Carancahua inlet will erode all the way to its upland banks by
2082. This calculation used the historical relative sea level rise rate
since 1904 (0.0065 m/yr), which differs from the future rate used
by the model (0.0076 m/yr). The difference between these two
rates is only 17% (as this area had high relative sea level change in
the past due to hydrocarbon extraction-induced subsidence,
which has since slowed; counter to that, future eustatic change
is expected to accelerate; generally, the two offset, albeit with this
17% future increase).

Historically, the Carancahua inlet was narrower, but also
considerably deeper, than it is today (Figure 8). Initially it was
hypothesized that the inlet changes were the product of increased

FIGURE 5 | Shoreline retreat rates in the southern portion of Carancahua Bay.

Frontiers in Built Environment | www.frontiersin.org June 2022 | Volume 8 | Article 9266626

Huff et al. Delft3D for Living Shoreline Selection

101

https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles


FIGURE 6 | Shoreline change from 1872 to 2018.

FIGURE 7 | The width of the Carancahua Bay inlet and relative water level change over time.

FIGURE 8 | Cross-section of the Carancahua Bay inlet over time (NE-SW direction).
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flow velocities. After calculation of volumetric change over the
three dates using the bathymetry and the historical relative sea
level rise rate, it was found that the actual volume change could
not explain the magnitude of the increase in cross-sectional
opening. Additional support for the rejection of this
hypothesis is that the mouth shallowed—if the disequilibrium
was caused by the volume of tidal pumping alone, one would
expect the depth to also increase or at least remain the same.

In-Situ Data Collection
The in-situ data showed that waves were similar at both the
Redfish and Carancahua inlets during southerly winds (~0.3 m
for gauges XB2 and XB4) wile gauges XB1 and XB5 showed lower
wave heights at ~0.2 m. However, during northerly winds, gauge
XB1 and XB2 showed similar wave heights at 0.3 m while XB4
was more sheltered from the waves (Figure 9).

The ADCP data showed average flow velocities were 0.03 m/s
faster through Carancahua inlet and 0.007 m/s slower through
Redfish Lake inlet than through the northern connection of
Redfish Lake with Carancahua (Figure 9). We also found that
Redfish Lake inlet (ADCP4) experienced velocities 0.06 m/s
greater during the flood tide than the ebb tide. This is likely
the result of the unique behavior of the dual inlet system of
Carancahua Bay and Redfish Lake. Water often flowed out of
Carancahua inlet (ADCP2) and into Redfish Lake during ebb
tides, and the flow velocity was stronger going into Redfish
(ADCP4) than coming out (Figure 10). A temporal shift was
also seen with ADCP4 where northern flows started before and

extended later than the northern flows through Carancahua inlet.
This resulted in a circular flow south out of Carancahua and
north into Redfish (Figure 10).

The sedimentary data showed a mean erosion velocity of the
subtidal bottom sediments [0.35 m/s, mean grain size (mm) of
0.20] and along the unconsolidated shorelines [0.40 m/s mean
grain size (mm) of 0.08] are near the peak velocities seen during
the tidal cycle. Under the current wave and flow conditions at the
Carancahua inlet, the mean erosion velocity of 0.35 m/s was
exceeded 5.76% of the time.

Modeling
To validate the models, wave, flow velocity, water level, and
salinity predictions were compared against observations. The
focus was on validating the model performance against the
baseline in-situ data across 24 January 2020 to 9 July 2020.
Visual comparisons of the results at finer time scales, for
example from 15 March 2020 to 23 March 2020 indicated
acceptable model agreement with the field data (Figure 11).

Due to the tidal boundary input data not matching the
location of the modeled boundary, the baseline model was
tuned further using an iterative process. The tidal amplitude
and timing at the Gulf ofMexico boundary was adjusted to reduce
the mean error between the modeled and observed values to levels
below 10% (5.22% measured deviation, mean error of 0.022 m).
Mean water levels were the same between the model and observed
data with the model overpredicting mean significant wave height
by 0.03 m and underpredicting mean flow velocities by 0.003 m/s.

FIGURE 9 | Significant wave heights (H2) at XB1, XB2, XB4, and XB5; NOAA wind speed and direction; ADCP1 (upward-looking, depth averaged), ADCP2 (side-
looking, averaged over 20 m across bins 10–20), ADCP4 (side-looking but different model, averaged over 2 m across bins 10–20) flow direction and velocity in X and Y
components; and CTD1 water level. Subplot C and D are the Cartesian coordinate components of flow with the X component corresponding to east/west flow. Positive
values in subplot C indicate flow towards the east while positive values for subplot D indicate flow to the north.
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The largest discrepancies were found for maximum flow
velocities in the north-south direction, with the model under-
predicting values by 43%. At the Carancahua inlet (Tripod #2
location), the average velocities were 0.089 m/s slower in the
modeled product than the ADCP data in the Y direction and

0.041 m/s slower in the X direction (Figure 11). The apparent
differences were likely due to an incomplete representation of the
intersection of Redfish Lake, Carancahua Bay, and Matagorda
Bay in the Delft3D model resulting from the need for higher
resolution bathymetry.

FIGURE 10 | Temporal shifts in the water flow direction at the Redfish Lake inlet (ADCP4) are both delayed and lag behind those at the Carancahua inlet (ADCP2).
For several hours of the record, they flow in opposite directions.

FIGURE 11 | Comparison of measured and modeled hydrodynamics at Carancahua inlet.
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Compared to the baseline scenario, no alternatives reduced the
wave energy impacting Carancahua Bay or Redfish Lake by more
than 25%, in immediate terms for the year 2020 (Table 4).

Secondly, structures that blocked tidal flows at Redfish Lake
inlet proportionally increased flows through the other side of this
dual inlet. For example, Alt 2: “Curved” and Alt 3: “Extended”
increased the average north-south flow velocities at the
Carancahua inlet by 33% (Table 4).

Hybrid, perforated structures also increased velocities in the
Carancahua inlet, but to a lesser extent on average (Table 4), for
example Alt five increased them in the north-south direction by
20%. This partial blocking was deemed more acceptable in terms
of quantity of time that flow exceeded the erosion threshold.

Thirdly, alternatives that avoided blocking the northern
entrance to Redfish Lake relieved a portion of the energy
created when partially blocking the inlet to Redfish Lake. For
example, Alt six increased north-south velocities in the
Carancahua inlet by only 13%, while also reducing them in
Redfish Lake by −50%.

DISCUSSION

The shoreline change analysis and field datasets showed that
flows through the Redfish Lake inlet were primarily generated by
wave action, while those through the Carancahua inlet were
primarily tidal, and this behavior is related to both tidal flow
direction and wind-driven wave direction (Figures 9, 10). It is
likely that relative sea level rise promoted the conditions under
which the waves accessed and excavated the sediments on the
Redfish Peninsula; the perforation of the Peninsula was likely the
direct result of wave erosion as opposed to tidal current scouring
(Schwartz, 1967). Once the sediments were eroded by the waves,
tidal currents then moved them out into a submerged ebb tidal
shoal in West Matagorda Bay as well as entrained them into the
littoral drift moving to the southwest of the Redfish Peninsula.
Accordingly, it is likely the case that the widening and shallowing
over time of the inlet at the Carancahua inlet is indirectly related
to relative sea level rise, as waves gained access to higher sections
of shoreline. These waves then loosened the sediments and tidal
flow exported them.

Generally, a wall-like structure across the Redfish Lake inlet or
Carancahua Bay will not greatly reduce wave heights within these
basins in 2020. The fetch length within the Redfish Lake basin is

sufficient to re-build the maximum wave heights that are
allowable given its depths. Thus, adding a barrier to its mouth
will not materially change the ability of waves larger than these
heights to make it into the basin, at least in the present day under
existing conditions. The same effects can be seen for Carancahua
Bay (Table 4). However, as shown by the shoreline change
analysis, waves in these basins will completely erode the
Redfish Peninsula and Redfish Island by 2082. Although the
results are not shown here, further modeling work corroborated
this finding and showed that waves should be expected to increase
three-fold between 2020 and the year 2100 in Redfish Lake and
Carancahua Bay.

While many other studies examine much larger engineered
structures, it has been well demonstrated that placement of
hardened structures can cause unintended erosion (Toso et al.,
2019). Structure placement will alter flow velocities, and closing
the Redfish Lake inlet will result in a proportional increase in flow
velocities in Carancahua inlet. As velocities are already exceeding
the mean erosion threshold approximately 5% of the time at
Carancahua inlet, any increase in velocity will further accelerate
sediment transport. This situation presents challenges with any
‘enclosed’ design as increased scour at Carancahua is
unavoidable. Conversely the ‘hybrid’ structures allowed for
some flow relief while still providing protection long term
(Khojasteh et al., 2020). The hybrid structures showed only an
average of 20% increase in velocity at Carancahua inlet compared
to the 38% increase with the enclosed designs. The hybrid designs
offer a greater margin of safety especially when considering the
added erosive energy tropical events could exert on the bay
system. Moreover, our validation datasets showed that the
Delft3D models underpredicted the velocities that were
observed. Thus, it is likely that real-world velocities will
exceed our predictions. The “enclosed” designs have the
potential to cause erosion that is beyond the predictive ability
covered by the current research. For this reason, the safest
decision is for coastal managers to use a “hybrid” design
alternative. This narrows down the possible structures to
Alternatives 5–7. All three designs reduce wave heights and
water velocities in the center of Redfish Lake, however,
Alternatives 5 and 7 increase water velocities within
Carancahua inlet by 20% or more while Alternative 6 only
increased velocities 13%. A major goal was to not increase
erosive velocities, therefore Alternative 6 was selected for
further analysis.

TABLE 4 | The effect of various design alternatives on existing waves and flow velocities.

Change at the Carancahua bay Inlet (tripod 2 location) Change in the center of redfish lake (tripod 5 location)

Hs N-S velocity E-W velocity Hs N-S velocity E-W velocity

Alt 1 0% +67% +80% −9% −34% −67%
Alt 2 0% +33% 0% −9% −34% −67%
Alt 3 0% +33% 0% −9% −34% −67%
Alt 4 0% +20% 0% −25% −75% −75%
Alt 5 0% +20% 0% −17% −75% −50%
Alt 6 0% +13% 0% −8% −50% −25%
Alt 7 0% +27% 0% −8% −75% −50%

*Percent changes are based on the design effect relative to the baseline, at the location of Tripod 2 in the Carancahua Bay inlet and Tripod 5 in the center of Redfish Lake.
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CONCLUSION

Without intervention the Carancahua inlet will erode completely
to the edge of the uplands to the west of the Redfish Peninsula by
2082. Carancahua Bay will fully merge withWest Matagorda Bay,
with detrimental consequences for wave generation, shoreline
erosion, and impacts to properties and aquatic habitats.

A living shoreline structural design that allows the
maintenance of the existing dual inlet system will help
maintain acceptable flow velocities through the Carancahua
inlet, while still creating a barrier to wave energy and
reducing sediment export velocities out of Redfish Lake. For
this reason, we contend that Alt 6: “Full Perforated with North
Open” best mitigates wave heights, reduces erosion, and reduces
risks. The selected Alt 6 design will need to undergo further
analysis by a modeling specialist before implementation. The
future work should include the addition of morphology in the
evaluation of Alt 6 in addition to the utilization of a SWAN
model to drive the wave calculations. However, this study shows
the utility of Delft3D in helping to design living shorelines,
particularly within the context of a complex dual inlet system
that is adjusting to sea level rise.
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Assessing Wave Attenuation With
Rising Sea Levels for Sustainable
Oyster Reef-Based Living Shorelines
Reza Salatin1, Hongqing Wang2, Qin Chen1,3* and Ling Zhu1

1Department of Civil and Environmental Engineering, Northeastern University, Boston, MA, United States, 2U.S. Geological
Survey, Wetland and Aquatic Research Center, Baton Rouge, LA, United States, 3Department of Marine and Environmental
Sciences, Northeastern University, Boston, MA, United States

In densely populated coastal areas with sea-level rise (SLR), protecting the shorelines
against erosion due to the wave impact is crucial. Along with many engineered structures
like seawalls and breakwaters, there are also green structures like constructed oyster reefs
(CORs) that can not only attenuate the incident waves but also grow and maintain pace
with SLR. However, there is a lack of data and understanding of the long-term wave
attenuation capacity of the living shoreline structures under SLR. In this study, we used the
phase-resolving Boussinesq model, FUNWAVE-TVD, to examine the hydrodynamics
including wave height and wave-induced currents around the CORs in the Gandys
Beach living shoreline project area in the upper Delaware Bay, United States. Waves
were measured at six locations (offshore to onshore, with and without CORs) in the
Gandys Beach living shoreline project area for two winter months, during which four
nor’easters occurred. We selected three cases that represent prevailing wind, wave, and
tide conditions to examine the fine spatial and temporal changes in wave height and
current velocity by the construction of the reefs. Wave heights and wave energy spectra
generated from FUNWAVE-TVDwere then validated with field observations. It is found that
FUNWAVE-TVD is capable of simulating waves and associated hydrodynamic processes
that interact with CORs. The model results show that wave attenuation rates vary with the
incident wave properties and water depth, and wave-induced circulation patterns are
affected by the CORs. The wave attenuation capacity of CORs over the next 100 years
was simulated with the incorporation of the oyster reef optimal growth zone. Our study
found that sustainable wave attenuation capacity can only be achieved when suitable
habitat for COR is provided, thus it can vertically grow with SLR. Suitable habitat includes
optimal intertidal inundation duration, current velocity for larval transport and settlement,
on-reef oyster survival and growth, and other environmental conditions including salinity,
temperature, and nutrient availability. Furthermore, the model results suggest that it would
take CORs approximately 9 years after construction to reach and maintain the maximum
wave attenuation capacity in sustainable living shorelines.

Keywords: constructed oyster reef, current velocity, FUNWAVE-TVD model, living shoreline, optimal growth zone,
sea-level rise, wave attenuation
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INTRODUCTION

Wind waves are one of the critical forces that cause shoreline
erosion and retreat along coasts (Marani et al., 2011; Leonardi
et al., 2016). With climate change and increasing sea levels, the
threat of erosion and flooding along the coastlines is looming
(Morris, et al., 2018). To prevent coastal shoreline retreat,
traditional methods, such as seawalls, bulkheads, groins, and
revetments have been used. These structures may not be
sustainable because they are likely to be either overtopped or
submerged as the sea-level rises and consequently lose their
functionality as shoreline protection structures. An increasing
number of green infrastructure or living shoreline structures
(LSS) have been proposed and applied in coastal shoreline
protection (Manson et al., 2018; Chowdhury et al., 2019;
Morris et al., 2021; Polk et al., 2022). The specific LSS types
include coastal vegetation, oyster reefs, seagrass, and coral reefs.
These nature-based approaches can provide not only shoreline
protection but also improve habitat suitability for fish and native
wildlife species.

However, there is a lack of data on wave attenuation by LSS.
Our understanding of LSS effects on wave processes and the
controlling factors of sustainability remains incomplete, thus
limiting the effectiveness of living shoreline projects for
adaptive monitoring and management (Wang et al., 2021).
Such data gaps and incomplete understanding of wave
dynamics along living shorelines can be attributed to 1)
insufficient wave monitoring stations along the shoreline to
measure wave processes such as wave shoaling, reflection,
refraction, diffraction, and breaking across LSS and detect
local wave energy changes induced by individual structures
over the project area with varying topography and bathymetry,
and 2) short wave monitoring period (e.g., hours to a few days)
that may not cover the critical wind, wave, and tide conditions
(e.g., storms). Therefore, the project level and long-term effects of
LSS on wave attenuation, or the sustainable wave attenuation
capacity of LSS under climate change, could not be robustly
assessed.

Oyster reef-based living shorelines are becoming increasingly
popular because they can provide both wave attenuation and
suitable habitats for oysters, fish, and other species (Rodriguez
et al., 2014; Morris et al., 2019; Wang et al., 2021). They can
artificially be built by stacking concrete blocks and letting the
oysters grow on these blocks (Theuerkauf et al., 2015; Wang et al.,
2021). Moreover, they are believed to be an effective alternative to
the traditional and unsustainable coastal erosion defense
structures (Morris et al., 2018, 2019). However, a growing
number of coastal scientists and managers have noted the
value of both engineering and ecological benefits in the design
and implementation of living shoreline projects to achieve
sustainable living shorelines (Morris et al., 2019; Fivash et al.,
2021; Morris et al., 2021). Because, on one hand, constructed
oyster reefs (CORs) need to maintain their height at an emergent
elevation to ensure maximum wave attenuation, since wave
attenuation capacity is closely related to the freeboard (the
difference between water surface elevation and COR crest
elevation) (Wiberg et al., 2019; Zhu et al., 2020). On the other

hand, COR needs to grow vertically to maintain pace with SLR
and maintain its crest elevation in the optimal growth zone
(OGZ), which is the elevation range for oyster reefs with
inundation duration of 60–80% (or 20–40% exposure) of the
time (Ridge et al., 2015; Morris et al., 2021). Ridge et al. (2015)
found that oyster reef growth is unimodal, relative to emergence
with greatest growth rates occurring at 60–80% inundation
duration, and zero-growth at >90% and <45% inundation
duration. Thus, oyster life cycles including larval movement,
recruitment, on-reef growth, reproduction, and mortality are
considerations in these restoration plans (La Peyre et al., 2021).

In addition to the OGZ, current velocity is closely associated
with LSS and would affect the oyster life cycle from larval
transport, and settlement to on-reef survival and growth
Currents affect sediment transport, eventually leading to
sediment deposition and erosion along the shorelines. In
addition, current velocity was found to be a critical factor
affecting oyster larval transport and settlement, nutrient
availability, oyster filtration, and oyster growth and mortality
(Harsh and Luckenbach, 1999; Smith et al., 2009; Campbell and
Hall, 2019; Theuerkauf et al., 2019; La Peyre et al., 2021; Lipcius
et al., 2021). LSS-induced circulation patterns and current
velocity changes are rarely investigated in assessing the
effectiveness of oyster reef-based living shoreline projects.
Although the impact of current velocities on various oyster life
stages is still debated, it is found that a current velocity below
15 cm/s would be optimal for required nutrient delivery and
oyster filtration (Theuerkauf et al., 2019).

Overall, the effectiveness of CORs as an alternative to
traditional breakwaters is unclear due to the potential
disconnects between the ecological and engineering functions
of the reefs which may result in failure to optimize either of these
goals (Morris et al., 2019). Moreover, the processes and
mechanisms of oyster reef–induced wave attenuation are still
not clear and therefore put a constraint on the assessment of their
effectiveness for shoreline protection (Zhu et al., 2020; Wang
et al., 2021). Zhu et al. (2020) and Wang et al. (2021) conducted
field observations and analyzed the effectiveness of CORs based
on field data. They obtained valuable insights into the wave
attenuation capacity of CORs along a specific transect with a
few in situ measurements for 2 months in 2018. Wang et al.
(2022a) used the scientific machine learning techniques to extend
the 2-month field observations in Gandys Beach tomultiple years,
allowing for an estimate of annual wave power to correlate with
marsh edge erosion. No physics-based numerical model was used
in their study. This study investigates the effectiveness of CORs
through numerical modeling using FUNWAVE-TVD and
quantifies the wave height changes in the entire simulation
domain, including the area protected by CORs, under
representative wave conditions. Field measurements are
necessary and extremely valuable albeit at a limited number of
locations. However, the phase-resolving model results provide
insights into both the wave and current fields at any point of the
domain with and without the presence of CORs. The validated
numerical model can be used as a tool to isolate the effects of local
bathymetric changes or structures like CORs on wave processes
from other factors like wave shoaling and diffraction and thus,
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provide a holistic view of wave attenuation capacity of CORs
compared to field measurements.

In this study, our objectives are to 1) calibrate and validate a
numerical wave model with high spatial and temporal resolution for
wave and current simulations in the Gandys Beach living shoreline
area within upper Delaware Bay, United States; 2) quantify local
wave attenuation with and without CORs; 3) examine wave-induced
circulation patterns and current velocity changes with and without
CORs; and 4) determine if the wave attenuation capacity of COR can
be maintained under SLR by taking the OGZ and current velocity
into consideration. Data and information from this study could be
helpful for adaptive monitoring and management of the design and
implementation of sustainable living shorelines under climate
change and rising sea levels.

MATERIALS AND METHODS

Study Area
A total of 914m of living shoreline was constructed in 2016 to
withstand future storms and reduce erosion along the shoreline
between Money Island Marina and Gandys Beach, New Jersey, in
upper Delaware Bay, United States (Wang et al., 2021). The study site
is located near Gandys Beach as shown in Figures 1A,B. CORs (also
called oyster castles, made of prefabricated concrete blocks) were
constructed as a critical part of the living shoreline project. The CORs
provide a segmented line of protection (Figures 1C,D) for the
shoreline with blocks of 2.4–7.0 m in length, 0.5–0.9 m in width,
0.4–0.8 m in height, and an average gap of 3.9 m between the
segments (Zhu et al., 2020). Fortescue Creek, NJ (Station ID:

FIGURE 1 | (A)Map showing the location of Delaware Bay between New Jersey and Delaware in the United States, (B)map showing the location of Gandys Beach
and the Fortescue Creek station in Delaware Bay, (C) topography of Gandys Beach (NAVD88) and location of six wave gauges, and (D) detailed view of the CORs in
Gandys Beach. CORs are named COR 1 to COR 5 from the uppermost COR downward. Six additional numerical wave gauges are placed around the CORs including
Gap1–4, SeW, and ShW in FUNWAVE-TVD. Gap 1 to Gap 4 refer to the gaps between the COR segments, SeW is seaward of COR 2, and ShW is behind COR 2.
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8536931) is the closest tide station located 7 km to the southeast of the
site. Considering the mean low water (MLW) as the datum,
elevations of mean sea level (MSL), North American Vertical
Datum (NAVD88), and mean high water (MHW) are 0.92, 0.93,
and 1.78m, respectively. Thus, the mean tidal range at this site is
1.78m and the average elevation of the COR base is −0.01m (MLW),
meaning that CORs are emergent only in low tide conditions.

Field Data and Test Cases
Six wave gauges (Ocean Sensors Systems Inc., OSSI-010-003C)
were deployed on the bed at the study site in 2018 (Wang et al.,
2020). As illustrated in Figure 1C, wave gauge 3 (WG3) was the
most offshore wave gauge used as the offshore boundary
condition for the numerical experiment. Wave gauge 6 (WG6)
was midway between WG3 and concrete blocks. Wave gauge 5
(WG5) was immediately behind the COR and was lying on the
mud floor to assess the change in the energy of the waves passing
over the concrete blocks. Wave gauge 1 (WG1) was also located
shoreward of the concrete blocks on a marsh platform and was
the least submerged wave gauge at the site. Wave gauge 2 (WG2)
and wave gauge 4 (WG4) formed a reference transect parallel to
the monitoring transect across CORs. Topography of the study
area and the COR geometry were also surveyed during the
deployment, checkup, and retrieval phases with a static global
navigation satellite system (GNSS). The horizontal and vertical
accuracies of the survey are 0.015 and 0.03 m, respectively.

Water pressure was recorded in 20-min bursts once every
30 min with a sampling frequency of 10 Hz. The pressure data
were then converted to wave energy spectra using OCEANLYZ
(Karimpour and Chen, 2017). The spectra computed from the
measured data were used to obtain the zero-moment wave height
(Hm0) and peak period (Tp) of the waves during the selected
timestamps as follows:

Hm0 � 4
���
m0

√ � 4

�����������
∫

fmax

fmin

Sηη(f)df
√√

, (1)

Tp � 1
fp

, (2)

where m0 is the zero-moment or area under the wave energy
spectrum, fmin � 0.04Hz and fmax � 0.4Hz are the energy
spectrum frequency cutoffs, Sηη(f) is the energy spectrum
value corresponding to frequency f, and df is the frequency
discretization resolution. fp is also the peak wave period of the
output energy spectrum.

We selected three cases that represent prevailing wind, wave, and tide
conditions to examine the fine spatial and temporal changes in wave
height and current velocity by the construction of reefs. The three
representative cases are selected from the measured time series in 2018
with nor’easters and are provided inTable 1. The peakwave period (Tp),
zero-momentwave height (Hm0),MWL, freeboard (Rc), andmeanwave
direction (θm) of the representative cases at the offshoreWG3 are listed in
this table. Because the offshore wave direction was not measured, the
third-generation wind wave model, Simulating WAves Nearshore
(SWAN) (Booij et al., 1999) coupled with Delft3D-FLOW (Deltares,
2013) was employed to simulate the wave characteristics at WG3 and

provide the mean wave direction (θm) of the wave field and directional
spreading (σθ) in different frequency ranges for the selected cases.A three-
level nesting approach is implemented in the coupled models. The mesh
size gradually reduces from 40 km in deep basins and flat shelves in the
North Atlantic Ocean (in the first level mesh), to 1.8 km in the adjacent
continental shelf outside of Delaware bay (in the second level mesh), and
eventually to3mnearCORsat the study site (in the third levelmesh).The
computational domains of the Delft3D-FLOW and SWAN-coupled
model and the FUNWAVE-TVD model are provided in
Supplementary Figure S1. The time series of the modeled and
measured Hm0 and Tp is also plotted in Figure 2. At the selected
timestamps, modeledHm0 and Tp are, respectively, 0.19 m and 16 s for
Case 1, 0.46mand3.5 s forCase 2, and0.53mand3 s forCase 3.Overall,
the coupledmodel results achieve good agreementwithmeasurements for
the selected cases except that the Tp is overestimated for Case 1. The
measured wave spectrum at WG3 of Case 1, demonstrated in
Supplementary Figure S2, shows that the peak energy density of
swell and wind sea are close. It is very possible that SWAN modeled
larger swell energy at this timestamp and picked the swell peak frequency
to calculate the peak wave period.

The selected cases are from March 2018, where energetic waves
are due to nor’easters with heavy precipitation, destructive winds, and
coastal flooding. The cumulative distribution functions for the zero-
momentwave height as well as the peakwave period for the year 2018
are depicted in Figure 3. The selected Hm0 are in 46th, 92nd, and
97th percentile for the year 2018 for Cases 1–3, respectively. For
selected Tp in Cases 1–3, the percentiles are 98th, 99th, and 90th,
respectively. The freeboard, which is one of the main factors
impacting the COR-induced wave attenuation, is similar in Case 1
and Case 3, meaning that CORs in these cases are nearly emergent,
whereas in Case 2 the freeboard is lower, making the corresponding
COR completely submerged for Case 2. For all cases, COR 2, which is
the most adjacent COR segment toWG5 as marked in Figure 1D, is
submerged. However, all cases have different mean wave directions,
making each case unique. Waves propagate approximately from the
south in Case 1, from the west in Case 2, and from the southwest in
Case 3. In addition, the stability and accuracy of the Boussinesq
model, which depends on the offshore wave properties like wave
height, wave period, and water depth (Suanda et al., 2016), were also
considered in selecting the representative cases.

FUNWAVE-TVD
For living shorelines, wave processes interact with LSS (e.g.,
CORs), resulting in complex wave and current dynamics that
occur across multiple temporal and spatial scales. Previous
studies on wave attenuation along living shorelines (Wiberg
et al., 2019; Wang et al., 2020; Zhu et al., 2020; Wang et al.,
2021) did not provide detailed information on wave dynamics
and circulation patterns affected by the living shoreline (e.g., salt
marshes and oyster reefs). This is mainly due to the lack of data in
field measurements. In the current study, we provide high spatial
and temporal resolution information and analyses on nearshore
wave processes along the living shoreline in Gandys Beach to
understand the complicated flow field near CORs using the total
variation diminishing (TVD) version of the fully nonlinear
Boussinesq wave model, FUNWAVE-TVD (Shi et al., 2012).
FUNWAVE-TVD integrates high-fidelity Boussinesq-type
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modeling of wave transformation, interaction, and response with
a range of coastal structure properties; thus, it can be a robust and
computationally efficient tool for the design of LSS in the context

of wave and current energy attenuation. In this study,
FUNWAVE-TVD is used to simulate the three
representative cases.

TABLE 1 | Representative study cases.

Case Date and time Tp Hm0(WG3) MWLa Rc(COR 2)b Rc/Hm0 θ c
m

1 2018-03-07, 08:00 3.79 s 0.13 m 0.90 m −0.24 m (S) −1.85 194°

2 2018-03-13, 19:30 4.05 s 0.38 m 1.74 m −1.08 m (S) −2.84 273°

3 2018-03-15, 10:30 3.23 s 0.49 m 0.86 m −0.20 m (S) −0.41 232°

aMean water level (mean low water as the reference datum).
bCrest freeboard (vertical distance from the water surface to the crest of COR 2).
cMean wave direction (clockwise from true north).

FIGURE 2 | Time series of the measured and modeled (SWAN) Hm0 and Tp at offshore wave gauge (WG3). Three representative cases are denoted by the
blue lines.

FIGURE 3 | Cumulative probability distribution functions (CDF) for the (A) zero-moment wave height and (B) peak wave period for the year 2018 with the
representative cases marked on the figure.
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The depth-integrated continuity equation of FUNWAVE-
TVD is given as follows:

ηt +  ·M � 0, (3)
where η is the water surface elevation and M is the horizontal
volume flux. The depth-averaged horizontal momentum
equation is as follows:

uα,t + (uα · )uα + gη + V1 + V2 + V3 + R � 0, (4)
where uα,t and uα are the local acceleration and velocity at the
reference level (α), respectively, η is the surface elevation, g is the
gravitational acceleration, V1 and V2 are the dispersive Boussinesq
terms, V3 is a second-order term of vertical vorticity, and R
represents the diffusive and dissipative terms like wave
breaking, bottom friction, and subgrid lateral turbulent mixing
(Chen et al., 2003; Chen, 2006; Shi et al., 2012).

The outputs from FUNWAVE-TVD include high temporal
and spatial resolution water surface elevation, wave height,
and current field. The model inputs for this study were taken
from the offshore wave gauge (WG3) deployed in Gandys
Beach to record wave data over 2 months in the year 2018.
This nearly 2-month period from February to March had four
nor’easters (Zhu et al., 2020), allowing us to investigate the
wave processes in the presence of CORs under storm
conditions. Directional wave energy spectra for the
representative cases are shown in Figure 4. These spectra
are given as input to FUNWAVE-TVD. The input wave
spectra are discretized with the method described in Salatin
et al. (2021), which is a modified version of the Wei et al.
(1999) wavemaker to avoid longshore variation of wave height
due to wave coherence in the wave field.

In FUNWAVE-TVD, the simulation domain uses the
bathymetry surveyed during the deployment and retrieval
phases, which also includes the CORs as impermeable
bathymetric features. The bathymetry is discretized with a grid

size of 0.2 m in both directions. Lateral boundaries are set to
periodic and the offshore boundary behind the wavemaker is
equipped with sponges of 15 m length to dissipate the outgoing
waves and prevent them from reflecting into the domain. Friction
sponge with Cdmax � 1.0 and L-D type sponge (Larsen and Dancy,
1983) with free parameters γs � 0.85 and αs � 2.0 (Chen et al.,
1999) are used for wave absorption. To suppress the artificial
longshore currents forming at the wavemaker, a localized higher
bottom friction factor (Cd � 0.2) is used, as opposed to a lower
bottom friction factor (Cd � 0.002) used at the rest of the domain.
The eddy viscosity-based parameterization of wave breaking
(Kennedy et al., 2000) is used with C1 � 0.45 and C2 � 0.35.
The wavemaker width parameter (δ) is equal to 0.6 for all cases.
The CFL number for Case 1 and 2 is 0.3, and for Case 3 is 0.1,
which were selected through trial and error based on stability and
efficiency of the numerical simulations.

The numerical simulation of FUNWAVE-TVD is run for
30 min for each case. The first 10min of the simulation is
considered as the spin-up to let the high-frequency waves arrive
at the shoreline. Moreover, nearshore circulation also matures
within the spin-up interval as the wave field becomes fully
developed, thus giving a more accurate mean current field at
the end of the simulation. Then, mean properties are obtained
in the last 20min of simulation, and that is equal to 317, 296, and
371 peak periods for Case 1, 2, and 3, respectively. In addition, to
replicate the physical field setup of actual wave gauges, six
numerical wave gauges are also included in the numerical
model domain to obtain the water surface elevation and orbital
velocities at the same locations of WG1-6. Like the field wave
gauges, model wave gauges are also set to a sampling frequency of
10 Hz. The model results, including output wave energy spectra
and wave heights, are then compared to field measurements for
model validation. Since the current velocity in the field is composed
of tidal- and wave-induced currents, and FUNWAVE-TVD only
generates wave-induced currents, current velocity is not considered
in model validation.

FIGURE 4 | Wave energy spectra at the offshore boundary for (A) Case 1, (B) Case 2, and (C) Case 3.

Frontiers in Built Environment | www.frontiersin.org June 2022 | Volume 8 | Article 8848496

Salatin et al. COR’s Sustainability for Wave Attenuation

113

https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles


To investigate the effects of CORs on wave attenuation and the
wave-induced current fields upon model validation against the
measured field data, numerical experiments are conducted under
the same offshore wave conditions and modified bathymetries, in
which the CORs are intentionally removed. The two bathymetry
settings are analyzed and wave heights and current fields in both
bathymetry settings are compared. FUNWAVE-TVD’s ability to
resolve the CORs and the wave-structure interaction with high
resolution makes it possible to assess the wave height variations
around CORs. Because FUNWAVE-TVD outputs the wave
height and current field all over the domain with a high
spatial and temporal resolution, it helps to understand the
potential of CORs in wave height attenuation and nearshore
circulation variations in a way that is not possible through in situ
measurements with wave gauges and current meters deployed at a
few locations.

FUNWAVE-TVD provides the spatial distributions of water
surface elevation and wave-induced current in the whole domain.
Root mean square wave height (Hrms) can be obtained at each
grid point with the zero crossing of the water surface elevation
time series. The mean current field is also obtained by averaging
each horizontal component of the instantaneous orbital velocity
over the last 20 min of the simulations.

Optimal Growth Zone of Oyster Reefs
The OGZ is the best vertical elevation for the placement of COR
for a successful growth of the oysters (Ridge et al., 2015; Morris
et al., 2021). Figure 5 illustrates five cross-shore transects of the
bathymetry with the COR segments. The green-shaded area refers
to the OGZ (60–80% inundation duration) based on the water
level data in 2018 (Wang et al., 2020). Pink-shaded areas refer to
the range between the OGZ and critical exposure boundary
(CEB), beyond which no oyster growth is expected (Ridge
et al., 2015). CEB limits are 50 and 95% inundation time. MSL
and MLW are also depicted with dash and dash-dotted lines,
respectively. Based on the water level data in 2018, the upper half
of CORs 1–4 and the lower half of COR 5 are within the OGZ.

To assess the wave attenuation capacity of CORs in 100 years
with rising sea levels, multiple one-dimensional simulations using
FUNWAVE-TVD are carried out with the bathymetry transect
for COR 5 as shown in Figure 5. The simulations are carried out
with the offshore wave properties of Case 3, since it has the largest
wave height among the cases. Moreover, three water levels are
used for the simulations, MSL, MHW, and the water level
between MSL and MHW. Three different water levels help to
assess the wave height attenuation capacity of COR with different
freeboards. Since in one-dimensional simulations, waves would
be completely blocked by COR under MLW conditions, this
water level is not considered here. Then, to assess the effects of
SLR on wave attenuation capacity of COR, these water levels are
increased by the SLR rate of 0.5 cm/year (Rahmstorf, 2010) for
100 years. Each year’s simulation is run separately with constant
wave properties, but with increased static water levels.

In addition, an alternative design for COR 5 is also proposed. In
this design, COR 5 is removed from the bathymetry transect and a
low-lying COR base with a height of 15 cm and width of three times
COR 5’s width is placed in COR 5’s location. This alternative COR
base is completely within the OGZ. According to Rodriguez et al.
(2014), this alternative COR base would be an ideal location for the
larval settlement and will allow the oysters to grow and flourish by
itself. This COR base is designed to imitate the low-lying wide
natural reefs. The water level and the newCOR segment’s height and
width increase each year in 100 years in the new bathymetry
configuration. It is believed that the proposed oyster reef
configuration would grow fast with a vertical growth rate of
9 cm/year in the initial year of construction and would reach the
MSL in about 8 years (Rodriguez et al., 2014). Then, COR would
vertically grow at the rate of the SLR (Rodriguez et al., 2014).

RESULTS

Model Validation
To investigate the accuracy of the modeled result, measured wave
data are compared to the FUNWAVE-TVD outputs of the three
representative cases. The wave energy spectra obtained from the
measured data and FUNWAVE-TVD are illustrated in the
Supplementary Figures S2–S4 for Case 1–3, respectively.
Moreover, the wave height to offshore wave height ratio for
measured and modeled data in three cases are demonstrated in
Figure 6. These wave heights correspond to the swell (0.04 < f <
0.14 Hz) and wind sea (0.14 < f < 0.5 Hz) bands of the spectra. In
addition, the wave height to offshore wave height ratio for
infragravity (0.004 < f < 0.04 Hz), swell, and wind sea bands
of the spectra are also decomposed and shown in Supplementary
Figure S5. For Case 1, the simulated wave heights are
overestimated at WG1, 3, 5, and 6, by 19, 8, 29, and 16%,
respectively, due to higher swell energy in the numerical
model. Modeled wave heights at WG2 and 4 are
underestimated by 6 and 22%, respectively, because of
underestimated wind seas. For Case 1, the infragravity band is
underestimated for all wave gauges. In Case 2,WG1 andWG5 are
underestimated by 18, and 30%, respectively. WG2 and WG6 are
overestimated by 7 and 40%, respectively. The inaccuracy in the

FIGURE 5 |Cross-sectional view of the five COR segments, water levels
(MSL and MLW), OGZ (green area), and the interval between OGZ and CEB
(red area). Black dots denote the locations of WG5 (left) and WG1 (right).
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modeled results is mainly because of the wind sea energy band.
For Case 2, infragravity and swell band energies are
underestimated in all wave gauges. Finally, in Case 3, wave
energy in WG1, 2, 4, and 5 are underestimated by 16, 7, 13,
and 4%, respectively. In this case, WG3 and WG6 are also
overestimated by 4%.

It should be noted that the mean wave direction and
directional spreading of the input wave spectrum play an
important role in nearshore wave processes. For this study,
these properties were not gathered in the field work and thus,
they are obtained from the SWAN model and might not be
accurate. Recently, there have been some attempts to improve
SWANmodeling with artificial neural networks (e.g., Wang et al.,
2022b). The discrepancy between wave directions in field
conditions and SWAN outputs can be one of the reasons for
the difference between the measured and Boussinesq model wave
heights. Measuring the wave directional spreading during the
field work and using it as model inputs can increase the accuracy
of the model in simulating the measured wave data.

Effects of COR on Wave Field
The original bathymetry used in this study includes CORs as
impermeable bathymetric features. To better evaluate the effects
of CORs on nearshore wave processes, the original topography is
modified, and the CORs are removed from the bathymetry. The
model is run with both bathymetries (original bathymetry and
modified bathymetry without the CORs) and the results are
illustrated in Figures 7–9. Figures 7A–C demonstrate the
water surface elevation snapshots in the presence of CORs,
whereas Figures 7D–F depict the water surface elevation
snapshots in the absence of CORs at the end of 30-min
simulation. Dark red lines in water surface elevation snapshots
denote wave breaking. For Case 1, because wave height is small,
waves do not break in the vicinity of CORs, and therefore, there is
no significant difference between the two scenarios. In Case 2, due
to higher water levels, waves do not break before reaching the
shallower area close to WG4. Case 3 shows a notable difference
between the two scenarios. For Case 3 with the CORs, as
illustrated in Figure 7C, wave breaking is delayed compared
to the same case without CORs in Figure 7F.

Field measurements show that wave attenuation strongly
depends on the ratio between crest freeboard and the offshore
wave height (Zhu et al., 2020). This ratio is illustrated for the three
test cases in Table 1. For cases with ratios lower than -1.6, either a
wave attenuation of 35% or wave amplification of 70% was
observed from WG3 to WG5 in the field measurements since
both wave breaking and wave shoaling concurrently occur. From
WG5 to WG1, further wave attenuation also happened owing to
depth-limited wave breaking. For the cases with the freeboard
ratio larger than −1.6, an average wave attenuation of 41% was
measured from WG3 to WG5 because of wave breaking and
reflection. In this modeling study, Cases 1 and 2 fall within the
first category with the ratios of −1.85 and −2.84, respectively. Case
3 corresponds to the latter with a ratio of −0.41. Note that Zhu
et al. (2020) used the measured data along two cross-shore
transects to estimate the wave attenuation rates from offshore
to the nearshore, like the assumption made in simple one-
dimensional (1D) models. Such an assumption is valid when
the wave direction is parallel to the transects. However, if the
incident waves propagate in a direction different from the
monitoring and reference transects, a direct comparison of the
wave height variations along the monitoring and reference
transects might not give a correct estimation of the CORs’
efficacy in wave attenuation. The present modeling study
reveals the complexity of the wave and current fields around
the CORs.

Instead of assessing the CORs’ efficacy along cross-shore
transects, wave height changes in an area with and without
CORs are investigated in this study. Figures 8A–F
demonstrate the spatial distributions of wave heights in the
modeling area for Case 1–3. Figures 8G–I illustrate the ratio of
the wave height change in the presence of CORs to the wave
height in the absence of CORs in the study area. The red and
blue colors mean an increase and decrease in wave height,
respectively, when the CORs are present in the modeling
domain. For Case 1 in Figure 8G, among the five COR
segments, four of them have resulted in wave height
increases in the protected area. The wave height
amplifications at WG5 and WG1 locations are 10 and 5%,
respectively. However, incident waves to COR 5, which was

FIGURE 6 | Comparison of wave height to offshore wave height ratio at WG1–6 between measured and modeled data for (A) Case 1, (B) Case 2, and (C) Case 3.
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emergent, were reflected, and therefore, a 40% decrease in
wave height behind it is seen. For Case 2 in Figure 8H, there is
a 16% increase in wave height at WG5. However, at WG1, wave
height decreases at a similar rate. In this case, wave direction is
obliquely incident to the monitoring transect. Therefore,
estimating the wave attenuation along the monitoring
transect can lead to inaccurate attenuation rates. This
illustrates the limitation of simple 1D models under field
conditions. For Case 3 in Figure 8I, the COR reflects the
incident waves and results in a 17% decrease of wave height at
WG5. Wave height at WG1 remains roughly unchanged and
behind COR 5, a 50% of wave height reduction is seen. Overall,
the phase-resolving model validated by the in situ
measurements provides a holistic estimation of the CORs’
efficacy in wave attenuation. In addition, the model can
isolate the effect of CORs on the wave field from other
nearshore processes included in the field data, such as wave
refraction, reflection, diffraction, and depth-limited breaking.
However, a larger number of cases will need to be simulated,
which requires considerable computational costs.

Effects of COR on Current Field
Figure 9 depicts the current field for three cases in two
bathymetries with and without CORs. The colors of the
figures denote the current velocity, and the arrows show the
current velocity with directions. Current velocity plays an
important role in the growth of the oysters. However,
excessive current velocity might damage the oysters. Therefore,
the threshold of 15 cm/s (Theuerkauf et al., 2019) is considered

the limit of current velocity in Figure 9, and current velocities
above this limit are shown with the same color as the limit.

For Case 1 in Figure 9A, CORs have resulted in the formation
of a clockwise circulation pattern inside the protected area. For
Case 1 in Figure 9D, current would flow seaward in the absence
of CORs. Therefore, CORs increase the wave-induced current
velocity inside the protected area close to WG5 and WG1 and
decrease the wave-induced current velocity seaward of CORs as
shown in Figure 9G. For Case 2 in Figure 9B, CORs have resulted
in a similar clockwise circulation pattern with increased current
velocity inside the protected area. From the current velocity
change in Figure 9H, COR 5 blocks the current flow, and
other COR segments generate the circulation pattern.
However, negligible change of current velocity can be observed
around the COR segments. Case 3 with flow patterns illustrated in
Figure 9C and Figure 9F is complicated because of higher
current velocities around CORs. Like Case 2, COR 5 again
redirects the flow field into the protected area. Moreover,
current velocity for Case 3 potentially exceeds the current
velocity threshold for optimal oyster reefs growth. It is
interesting to note that the wave-driven circulation behind
CORs is clockwise regardless of different wave directions and
water levels in the three cases.

While Figure 9 provides an overview of the current field, to
better understand the effects of the CORs on the current
velocity and circulation patterns in the protected area
behind CORs, some numerical current meters are defined in
addition to the numerical current meters at the locations of
WG1 and WG5. These current meters are named Gap 1–4,

FIGURE 7 |Water surface elevation snapshot to wave amplitude ratio for (A,D) Case 1, (B,E) Case 2, and (C,F) Case 3. In panels (A–C) CORs are present in the
domain, while in panels (D–F) CORs are removed from the domain. Dark red lines on the figures denote wave breaking at those locations.
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SeW, and ShW, and are marked in Figure 1D. Gaps 1–4 refer
to the current meters in gaps between COR segments and
demonstrate the velocity of current flowing out of the
protected area through the gaps. The high current velocity
at these locations can damage the oysters settling in the vicinity
of the gaps between COR segments. SeW and ShW refer to the
current meters on seaward and shoreward of COR 2,
respectively and illustrate the current velocity change in
both sides of COR 2.

Figure 10 provides the current velocity for the three
representative cases at these numerical current meters for
two bathymetry configurations (with and without CORs). For
Case 1 in Figure 10A, while CORs have increased current
velocity in SeW, ShW, and Gap 1–3, compared to the
bathymetry without CORs, current velocity hardly exceeds
15 cm/s limit. For Case 2 in Figure 10B, except for WG1
and WG2, current velocity is less than 5 cm/s for all other

current meters. For WG1 and WG2, current velocity is higher
than 10 cm/s but does not exceed the limit like Case 1.
Moreover, CORs have not affected the current velocity at
these locations significantly. For Case 3 in Figure 10C,
current velocities in the gaps vary between 5 and 45 cm/s
and can potentially be destructive to the oysters. In fact,
except Gap 1 and WG5, current velocity exceeds the limit at
all other current meters. At these locations, CORs have
increased the current velocity. For example, in WG1 current
velocity has doubled. Overall, CORs can either increase or
decrease the wave-induced current velocity at different
locations and sometimes, this increase can be large, harming
the oyster reefs.

Long-Term Wave Attenuation With SLR
To assess the long-term protection provided by the CORs, COR 5’s
wave attenuation capability over 100 years with changing water

FIGURE 8 |Wave height to offshore wave height ratio for (A,D) Case 1, (B,E) Case 2, and (C,F) Case 3. In panels (A–C) CORs are present in the domain, while in
panels (D–F) CORs are removed from the domain. Panels (G–I) illustrate the change of root mean square wave height due to CORs.

Frontiers in Built Environment | www.frontiersin.org June 2022 | Volume 8 | Article 88484910

Salatin et al. COR’s Sustainability for Wave Attenuation

117

https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles


levels is investigated.Moreover, an alternative reef configuration, as
a sustainable design, is also proposed and is illustrated in
Supplementary Figure S6. As mentioned earlier, sustainability
of CORs is determined based on its ability to grow and maintain
pace with SLR. Thus, it can maintain its efficacy in shoreline

protection in the future. The wave attenuation capability of each
reef design under different water levels is demonstrated in
Figure 11. Wave attenuation is calculated by the wave height
difference at both sides of COR 5. For theMSL in Figure 11A, since
COR 5 is emergent for the unsustainable design with limited

FIGURE 9 |Wave-driven current velocity for (A,D) Case 1, (B,E) Case 2, and (C,F) Case 3. In panels (A–C) CORs are present in the domain, while in panels (D–F)
CORs are removed from the domain. Panels (G–I) illustrate the change of wave-driven current velocity due to CORs.

FIGURE 10 | Comparison of the wave-driven current velocity averaged for 20 min for (A) Case 1, (B) Case 2, and (C) Case 3 for two bathymetry configurations.
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potential of oyster growth, a good degree of protection at about
80% of wave height reduction is seen under current conditions.
However, it would lose its protection in about 30 years after getting
submerged. The sustainable design for this water level, though,
takes about 10 years to reach a constant level of protection of about
75%. This level of protection is then maintained for the next
90 years. For the water level between the MSL and MHW
illustrated in Figure 11B, the unsustainable design has initial
protection of 60% and loses its protection in about 25 years,
while the sustainable design also gains about 45% protection in
approximately 8 years. For the MHW in Figure 11C, the previous
design has 25% protection at the initial phase and then its
protection is gradually reduced to less than 20%. The
sustainable design also reaches 20% protection in about 8 years.
For the MHW, both designs provide limited protection in the long
term and the only difference between the two designs is a slight loss
of protection in the unsustainable design. This suggests that CORs,
regardless of their sustainability, do not provide significant wave
attenuation benefits if they are deeply submerged under extreme
water level conditions.

DISCUSSION

High Spatial and Temporal Variability of
Wave Processes Along Living Shorelines
Our modeling results indicate that wave height change by CORs in
Gandys Beach is complex. Wave height in the protected area can
decrease or increase compared to the wave height without CORs
depending on the offshore wave height, mean wave direction, and
water depth conditions. Previous studiesmight likely overestimate the
wave attenuation capacity of living shorelines if only simple 1D
models or limited data were used. This could be attributed to 1) a lack
of wave measurements under the representative wind, wave, and
water depth conditions (e.g., measurements were short and taken
from non-storm conditions), 2) a large model domain in wave
modeling with a coarse grid size or obsolete bathymetry data that

could not represent the local bathymetry conditions, and 3) making
wave height and current comparisons between locations with false
equivalence.

The present study is among the first investigations to address
these issues by 1) using the bathymetry data which is a
combination of the comprehensive U.S. Geological Survey
Coastal National Elevation Database (CoNED, 1 m resolution)
and our field survey in this project, 2) employing the phase-
resolving wave model with high temporal and spatial resolution
as well as an updated bathymetry from CoNED and recent survey
carried out during 2017–2018 after oyster castle construction at
Gandys Beach living shoreline, and 3) comparing the wave height
and the current field between a bathymetry with CORs and a
bathymetry without CORs. The rich field data and the state-of-the-
art phase-resolving wavemodel reveal the changes in the wave field
and the wave-driven flow field due to CORs. Wave models with
high spatial and temporal resolution are therefore recommended
for the study of wave attenuation byCORs. Thus, we can determine
the difference in the flow field and wave height caused by CORs
using the high-resolution phase-resolving wave model that can
appropriately resolve the bathymetric and geometric features
of CORs.

Local Wave-Induced Current Pattern
Changes Across Living Shorelines
For the modeling part, three representative wind–wave
conditions were selected from a series of combinations of
wind and wave data for Gandys Beach. For Case 1 with the
lowest wave energy among the cases and with near emergent
CORs, we found that CORs increase wave height behind them.
Circulation patterns inside the protected area may also increase
wave height if the current is opposite to the wave direction. For
Case 1, COR 5 is emergent with the negligible current behind it
and attenuates the incident waves. For Case 2, with intermediate
wave energy and with the highest water level among the three
cases, CORs increase the wave height in the protected area as well.

FIGURE 11 | Long-term wave height attenuation with the sustainable and current design of CORs under SLR for three water levels (A) MSL, (B) between MSL
and MHW, and (C) MHW.
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For this case, waves are roughly parallel to CORs. Since waves are
not blocked by CORs, a possible reason for the modeled wave
height increase can also be the current pattern behind CORs in
the protected area like Case 1. For Case 3, with the highest wave
energy and with a water level like Case 1, we found that the wave
height is blocked by CORs. Looking at the wave energy spectra for
Case 3, a reduction of wave energy in higher frequencies and a
transfer of energy to the lower frequencies can be observed. Thus,
one can infer that the swell energies have passed through CORs,
though most of the higher frequency waves are blocked, which
has also been observed by Zhu et al. (2020).

There is a lack of simultaneous measurements of wave and
current dynamics in existing studies on wave attenuation by LSS.
This numerical study simultaneously examines both wave and
current dynamics across LSS under representative wave
conditions including strong nor’easters along the upper Delaware
Bay. By having an accurate map of the current pattern inside the
protected area, we can confirm the role of CORs on the formation of
a circulation pattern behind CORs. This circulation can trap the
incoming sediment in the protected area behind the oyster castles
and increase the total suspended solids concentration around the
CORs. It can also result in sediment deposition and reduction of
vertical and horizontal erosion of shorelines (Colden et al., 2016;
Wang et al., 2021).

It should be noted that the current field simulated by our model is
purely wave-driven and does not take the tidal currents into account.
The current velocity measured in the field is a combination of wave-
induced and tidal currents, and the Boussinesq model only provides
us with the wave-induced current velocity fields. Thus, more work on
the separation of tidal- and wave-induced current in the measured
data is needed to make a reasonable comparison between the
simulated and measured current data. Simulated wave-induced
current velocities in the vicinity of CORs varied with the incident
waves and water levels. While the current velocities were less than
15 cm/s for Case 1 and 2, they exceeded the threshold value for Case
3. In some cases, these wave-driven currents may not be suitable for
oyster optimal growth, even though oyster filtration and food
ingestion will not stop (Wang et al., 2017, 2021).

Sustainable Living Shorelines Under
Sea-Level Rise
The existing CORs in this study are slanted tall structures
composed of five stacked layers of concrete blocks. It has
been reported that the oyster settlement on these blocks has
not been successful (Wang et al., 2021). While salinity,
temperature, and nutrient concentrations are in the range for
oyster survival and growth in Gandys Beach, engineering factors
like the placement of these blocks in the OGZ as well as their
geometrical design could be among the reasons for the low
oyster settlement and growth on these oyster castles. Moreover,
current velocity behind CORs and through the gaps was seen to
be over the optimal range for oyster growth under energetic
wave conditions.

Generally, existing LSS designs do not consider long-term
(>5 years) environmental factors. Though these structures
might trap some sediment inside the protected area,

attenuate the wave height (Zhu et al., 2020; Wang et al.,
2021), and consequently reduce the shoreline erosion, their
protection will likely diminish with SLR. Thus, the design of
sustainable LSS that can maintain pace with SLR can help to
achieve long-term benefits (Rodriguez et al., 2014; Ridge et al.,
2017; Morris et al., 2019). To achieve this, engineering aspects,
ecological benefits, and their interaction are design
considerations. For oyster reef living shorelines like Gandys
Beach, oyster reef’s vertical growth via shell and biomass growth
is needed to maintain the wave attenuation capacity of oyster
castles in the future.

Future Studies
While this study provides valuable information on the
sustainability of living shoreline structures, it can be further
improved. The oyster growth rates should be site-specific and
applying the oyster growth rates of Rodriguez et al. (2014) on
Gandys Beach might not yield accurate results. In addition,
these analyses were made in 1D settings with only one COR
segment. The results would be more reliable if a 2D bathymetry
was run with two bathymetry configurations (with and without
CORs in the domain). Thus, in addition to the wave height,
current field could also be obtained. Current fields can also
affect the wave height, and therefore, a 2D analysis would give
more reliable information on the efficacy of the sustainable
oyster design. However, 2D analyses would significantly
increase the computational time. Another shortcoming of
the current design is the lack of information on the
projection of future wave and water level conditions. The
mean sea level is assumed to rise 0.5 cm/year due to SLR;
however, wave properties can also change with the changing
climate. Thus, wave height changes in the 100-years range
should be considered for the COR’s long-term sustainability
analyses.

Results of wave modeling incorporating the OGZ under SLR
indicate that sustainable living shorelines can be achieved if the
living shorelines were designed for the oysters with long-term
vision instead of designing them for just wave attenuation to
protect the shoreline from erosion. Incorporating oyster reef
vertical growth into the sustainable living shoreline design is a
critical component in sustaining long-term wave attenuation
under future SLR. We found that it will take about 8–10 years
for a sustainable oyster reef-based shoreline to reach its
maximum wave attenuation capacity. Then, it will maintain
this maximum wave attenuation capacity by growing at the
same pace as SLR. It was found that it will take approximately
9 years for oyster reefs in Winyah Bay, South Carolina,
United States, to grow from establishment to maximum reef
height from shells and live oysters based on oyster reef mechanics
and self-organization theory (Yurek et al., 2021). Therefore,
maintaining CORs wave attenuation capacity with reef vertical
growth to maintain pace with SLR, suggests prolonged protection
of the shoreline and habitat maintenance without human
intervention or additional investments.

Though our model results demonstrate the current field altered
by the CORs with high spatial and temporal resolution, it is limited
to simulating wave-driven currents. Models could be further refined
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by including tidal currents. In addition, natural oyster reefs are wider
and lower in height than the man-made oyster castle substrates.
Replicating similar designs to the natural reefs in numerical models
with an appropriate roughness coefficient for the increased friction
may shed new light on the optimal design of oyster reefs for better
protection of the shorelines. Furthermore, continuous monitoring of
wave data including mean wave direction, sediment concentration,
and sediment budget (deposition and erosion on the shoreline with
oyster castle protection) could provide a rich bank of measured data
for future modeling. Oyster biological studies, including transport
and settlement of larvae and growth of oysters with different sizes
(spat, juvenile, andmarkable) at the crest and base of the reefs under
various current velocity conditions could also help to improvemodel
accuracy. An integrated modeling system of hydrodynamics and
ecology of oyster growth could help to predict the shoreline
morphology and to better understand the oyster population
dynamics under future climate change and rising sea levels.

SUMMARY AND CONCLUSION

Living shorelines need to be sustainable both in terms of wave energy
attenuation to protect the shoreline from erosion and maintaining
native species habitat under future climate change and SLR. In this
study, wave dynamics aroundCORs, inGandys Beach, New Jersey, in
the upper Delaware Bay, United States were examined using the
phase-resolving Boussinesq wave model, FUNWAVE-TVD. To our
knowledge, this is the first study on assessing wave and current
dynamics along living shorelines using fine temporal and spatial
resolution wave modeling. Field wave data collected from six wave
gages across the CORs for two winter months in 2018 with four
nor’easters were used to calibrate some of the input parameters and
validate the wavemodel, showing good agreement between simulated
and observed wave heights and wave energy spectra. To assess the
effects of CORs on thewave and current fields, using simulationswith
oyster castles on and off the bathymetric data, three cases that
represent the prevailing wind, wave, and tide conditions along the
Gandys Beach shoreline based on field measurements and phase-
averaged wave model outputs were selected.

It was found that oyster castles do not always attenuate the waves,
and in some special events, oyster castles even result in wave height
amplification, as well. Wave attenuation capacity of living shorelines
including constructed oyster reefs tends to be overestimated by one-
dimensional empirical formulas for submerged breakwaters or
phase-averaged wave models with coarse spatial resolutions.
These models neither resolve local bathymetry variations across
the LSS nor the local wave processes such as wave reflection,
diffraction, and breaking over the narrow reef crest. Furthermore,
it was found that oyster castles alter the wave-driven flow and
generate a circulation pattern behind them, which increases current
velocity at and near the oyster castles. This affects oyster larval
transport and settlement, nutrient delivery, and oyster filtration.
Current velocity adjacent to the oyster castles under some
representative cases exceeds the threshold of 15 cm/s for nutrient
delivery and oyster filtration, indicating that the current oyster castle
design might not provide suitable current velocity for on-reef oyster
growth.

The COR’s wave attenuation capacity along Gandys Beach
shoreline under future SLR conditions in the next 100 years was
evaluated in current and sustainable designs. In a sustainable
design, oyster reef vertical growth within the OGZ was
incorporated in a representative case. It was found that the
COR’s wave attenuation capacity can be maintained over the
next 100 years, but this long-term benefit can only be achieved
when the COR is placed inside the OGZ and grows at the same
rate as SLR. It was found that one of the COR segments in Gandys
Beach living shoreline may not be designed for long-term
protection and may lose its protection with SLR because of
being located outside the OGZ. The model results suggest that
it would take approximately 9 years for a sustainably designed
COR after the construction to reach and maintain the maximum
wave attenuation capacity. Within this period, the oyster reef
grows fast, reaches its maximum elevation, and eventually evolves
at an equilibrium stage with the physical environment like natural
oyster reefs.
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Observations of Wave Height
Amplification Behind an Oyster Castle
Breakwater System in a High-Energy
Environment: Gandys Beach, NJ
Amy L. Bredes*, Jon K. Miller, Laura Kerr and Dana Rose Brown

Department of Civil, Environmental and Ocean Engineering, Coastal Engineering Research Group (CERG), Stevens Institute of
Technology, Hoboken, NJ, United States

This study reports findings of an analysis of modifications to the incident wave field caused
by constructed Oyster Castle

®
breakwater systems at Gandys Beach Preserve in Downe

Township, NJ. The Nature Conservancy’s (TNC) Gandys Beach Preserve is a one-mile
stretch of beach located along with intertidal mud flats, sandy beaches, tidal creeks, and
salt marshes. Gandys Beach can be classified as a high-energy environment, with open
water fetches exceeding 30miles, and a tidal range on the order of 2 m. The Gandys Beach
living shoreline project was designed and constructed by TNC in partnership with the
United States Fish and Wildlife Service (USFWS) to investigate the effectiveness of various
natural and nature-based features (NNBFs) in protecting and enhancing salt marshes and
beaches in high (er) energy environments. Many of the NNBF techniques used at Gandys
Beach, such as Oyster Castle

®
block breakwaters (Oyster Castles), had only been

implemented at smaller scales in New Jersey prior to the project. Stevens was
contracted by USFWS/TNC to evaluate the impact of the breakwater systems on
incident waves. Four breakwater sections along the beach were selected to monitor
wave attenuation. Month-long deployments of wave staffs and pressure sensors occurred
in the summer and winter of 2019. Analysis of the data indicates that when crests of the
Oyster Castles are exposed the breakwater system effectively attenuates waves.
However, when the structures are submerged, wave height attenuation decreases,
and under certain conditions wave heights behind Oyster Castles can be amplified
more than 80%. These results are troubling, especially in areas experiencing sea level
rise where the frequency of submergence will likely increase in the future. Due to the
complex nature of Gandys Beach, exact mechanisms causing this amplification remain
uncertain. Furthermore, transmission coefficients (Kt) above 1 are not typically modeled in
existing empirical equations. Seabrook and Hall (Coast. Eng. Proc., 1998, 1 (26), 2000) is
the only studied empirical formula that indicated an amplification of the Hs as observed
during these field deployments and therefore was used to model Kt. However, poor
agreement between themodeled and observed Ktwas found and a better predictive tool is
needed.

Keywords: living shorelines, NNBF, oyster castle, breakwater, wave amplification, wave transmission
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INTRODUCTION

The coastal areas of New Jersey are highly exposed to waves and
storm surge during extreme weather events such as hurricanes or
Nor’easters. Erosion is a large component of storm-related
damage to both natural and built environments. Storm surges,
tides, and heightened water levels can impact coastal marshlands
by the uprooting and removal of vegetation, scouring and erosion,
and folding, tearing, and compression of the marsh
(Guntenspergen et al., 1995). Coastal marshes provide
important ecosystem services such as buffering the negative
impact of storms by protecting inland areas from erosion and
storm surge, making their degradation problematic (Costanza
et al., 2006). In fact, coastal wetlands prevented approximately
$625 million in direct flood damage alone during Hurricane
Sandy (Narayan et al., 2017). However, marshes require large
extents to achieve flood and storm protection in inland areas, and
marsh edge erosion can reduce marsh size and thus the
protectiveness of the marsh (Koch et al., 2009; Gedan et al., 2011).

Delaware Bay wetlands are thought to be more resilient to sea
level rise due to their large tidal and plant growth range, sediment
supply, low slope, and the availability of open space to migrate
inland. At the same time, the Delaware Bay marsh edges are
eroding and converting to open water with marsh loss rates of
1.1%–1.9% per decade (Weis et al., 2021). This marsh edge
erosion appears to be worsening with sea level rise. An
increase of storm frequency and intensity in conjunction with
increased water levels will subject marsh edges to increased attack
by wave action; in extreme cases this may result in erosion rates of
5–20 m per year (Elsey-Quirk et al., 2019). Given the inland
protection and habitat provided by these marshes, it is imperative
to reduce the erosion of marshes and the sand areas within them
(Niles et al., 2013). Living shoreline projects can provide a more
ecologically sensitive approach to reducing marsh edge erosion
compared to traditional coastal shoreline protection.

Living shoreline projects, or natural and nature-based features
(NNBF), have become an increasingly popular method of
shoreline stabilization throughout the United States. Living
shoreline projects provide the same protection benefits as
traditional coastal protection (i.e., wave attenuation, storm
surge, and wave action buffering), maintain natural coastal
processes, and provide valuable ecosystem services, while
having reduced initial and maintenance costs (O’Donnell,
2017). In some cases, living shoreline projects are more
protective than traditional shoreline protection (Gittman et al.,
2014; Smith et al., 2018) while enhancing ecosystem services such
as carbon sequestration, wave attenuation, and fish nursey habitat
(Scyphers et al., 2011; Davis et al., 2015; Gittman et al., 2016).

Oyster reefs and oyster reef structures like Oyster Castles have
increasingly been the target of research for use in living shoreline
projects. It has been long known that oyster reefs stabilize
intertidal sediment and influence hydrodynamics within
estuaries (Dame and Patten, 1981). The primary appeal of
oyster reefs are their wave attenuation and erosion reduction
characteristics. Oyster reefs are currently being investigated for
their ability to protect both natural habitat and human
infrastructure from wave action. An Oyster Castle installation

in Alabama effectively attenuated waves, as well as provided
additional ecological benefit including the appearance of some
economically important species such as blue crabs; further, it was
found that at one of the study locations vegetation retreat was
mitigated by more than 40% over two years (Scyphers et al.,
2011). Another study on oyster reefs in Virginia found that they
can be effective at reducing wave energy, and thusly marsh edge
erosion, however; their effectiveness is a function of freeboard
(Wiberg et al., 2019).

While some engineering guidance exists for the design of
living shoreline projects (Miller et al., 2015; Hardaway et al.,
2017) more research is necessary to improve upon this guidance.
Living shorelines projects are often designed with minimal
budgets so simple empirical formulas are often used in lieu of
complex physical or numerical modeling. For this reason, it is
crucial that these simple formulas be as robust as possible to
ensure adequate design. Adding to the complexity of the problem,
even where design formulas exist the variability in the way living
shorelines are constructed makes evaluating these formulas in a
field setting difficult. Table 1 shows a selection of laboratory and
mathematically derived equations for submerged and low-crested
breakwater structures along with applicable ranges for various
parameters of each equation which might be expected to apply to
living shorelines. Numerous publications exist describing design
criteria or installations of living shoreline projects, yet there is
seldom long-term monitoring data collection associated with
these projects; this monitoring data is needed to evaluate the
effectiveness of each design.

SITE DESCRIPTION

TNC’s Gandys Beach Preserve (Gandys Beach) is located on
Delaware Bay on the Southwestern coast of New Jersey and has
been experiencing loss of marsh through edge erosion since
measurement began in 1930 (Conrad, 2015; Weis et al., 2021).
The site has large intertidal mud flats, sandy beaches, tidal creeks,
and salt marshes. Gandys Beach is a relatively high-energy
environment, with recorded wave heights in excess of 0.6 m
and a tidal range of 1.72 m (Conrad, 2015). The site is located
relatively close to the mouth of the Delaware Bay and is exposed
to both wind-wave generated across the local fetch and to ocean
waves propagating into and through the bay (Kukulka et al.,
2017). Field observations and historic images at the Gandys Beach
Preserve indicate significant shoreline erosion with reduced
acreage of beach and salt marshes (Conrad, 2015; Weis et al.,
2021). Marsh edges have sharp scarps at this site, another
indicator of marsh retreat (Mariotti and Fagherazzi, 2010).
Estimated shoreline retreat at Gandys Beach is about 500 feet
between 1930 and 2007 (Conrad, 2015; Weis et al., 2021).
Superstorm Sandy accelerated marsh edge erosion in 2012
causing significant loss of wetlands and shoreline regression in
this area (Walling et al., 2017).

The Gandys Beach Preserve living shoreline project (Figure 1)
was designed and constructed by TheNature Conservancy (TNC)
in collaboration with the United States Fish and Wildlife Service
(USFWS) to mitigate the effects of marsh edge erosion at the
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preserve. TNC installed a variety of living shoreline structures
paralleling the marsh line along an approximately half-mile
stretch of shoreline. These techniques include shell bag
breakwaters, coir logs, spartina alterniflora plantings, and
Oyster Castle® breakwaters constructed of interlocking blocks
to encourage oyster growth (Figure 2). The Gandys Beach living
shoreline project originated as a trial or “living laboratory” project
to test the use of large-scale living shoreline projects in New Jersey
after the marsh was damaged during Superstorm Sandy. At the
time of its conception, few of the techniques implemented had
ever been attempted in New Jersey or were used infrequently or at
much smaller scales and typically at lower energy sites (Conrad,
2015).

Sites A, B, C, and D were selected as areas of study as they
represent the variety of shoreline at Gandys Beach and are
depicted in the orthomosaic in Figure 3. Each site has several
Oyster Castles constructed of 30 cm (1 foot) rough hollow blocks
with a variety of crest heights and crest widths of 60 cm (2 feet)
with gaps ranging from 2 to 5 m between each structure. Each
structure was designed to be seven blocks high (3.66 feet from
bottom) with the offshore toe along the mean low water line (−3.1
feet NAVD88). However, the oyster castles were largely built by
volunteers, so the structures may have settled unevenly or not
have been placed exactly where designed. It should be noted that
Sites A and D were constructed parallel to the marsh while Sites B
and C run parallel to a tombolo. By summer 2019 deployment
(S19) the tombolo was mostly eroded; however during the winter
2019 deployment (W19) adaptive management occurred to
attempt to reduce erosion. During higher water levels, the
tombolo is completely submerged and depending on wave
direction, waves can approach breakwaters from both sides.

The Oyster Castle breakwaters are the primary focus of
technical studies at this site, most specifically wave
attenuation. In 2018 the USGS deployed wave gages and
current meters at Gandys Beach along a profile which crossed
one of the constructed breakwaters (Stevens’ Site D). During their
deployment four Nor’easters occurred. It was observed that wave
attenuation initiated by the breakwater was strongly dependent
on the ratio between the freeboard of the structure and the
offshore wave heights (Wang et al., 2021). This is consistent
with laboratory experiments relating breakwaters and the wave
attenuation coefficient (Ahrens, 1987; d’Angremond et al., 1996;
Seabrook, 1997; Seabrook and Hall, 1998; van der Meer et al.,
2005; Buccino and Calabrese, 2007). Swell waves were not found
to be dampened effectively by the Oyster Castle breakwaters but
wind waves were effectively reduced in height, although
occasionally waves were amplified on the leeward side of the
breakwaters (Zhu et al., 2020; Wang et al., 2021). Numerous
studies have demonstrated the relationship between wind waves
andmarsh edge erosion, leading to a focus on reducing wind wave
heights rather than swell for erosion control (Marani et al., 2011;
Leonardi et al., 2016). Overall USGS observed less marsh edge
erosion in the area protected by Oyster Castles compared to the
control area (Wang et al., 2021).

Data collected from Stevens’ initial wave attenuation studies in
2019 indicate that the Oyster Castle breakwaters were effective at
dissipating waves in both summer and winter; the majority of the
wave heights were reduced by over 50% on the leeward side of the
breakwaters (Kerr and Miller, 2020). However, it was also found
that under certain conditions waves were amplified, indicating
that the relationship between breakwaters and wave height
reduction is not as simple as the relationship between

TABLE 1 | Empirical equations to describe the transmission coefficient for waves over low-crested or submerged breakwater structures and the ranges these equations
are valid.

Equation Applicability Structure Reference

Kt � −0.4 F
Hsi

+ 0.64( B
Hsi
)−0.31 × (1 − e−0.5ξ) B/Hi < 10 Low-crested breakwaters d’Angremond et al. (1996)a,b

0.075 < Kt < 0.80

Kt � −0.35 F
Hsi

+ 0.51( B
Hsi
)−0.31 × (1 − e−0.41ξ) B/Hi > 10 Low-crested breakwaters d’Angremond et al. (1996); van der Meer

et al. (2005)a,b0.075 < Kt < 0.80
Kt � 1

1.18(Hsi
F )0.12+0.33(Hsi

F )1.5 B���
Hsi Lp

√
2≥ ( F

Hsi
)≥ 0.83 Low-crested breakwaters Buccino and Calabrese (2007)

Kt � [min(0.74; 0.62ξ0.17) − 0.25min(2.2; B����
HsiLp

√ )]2 ( F
Hsi
) � 0 Low-crested breakwaters Buccino and Calabrese (2007)

Kt � 1 − e0.65(FH)−1.09(HB) − 0.047( BF
LDn50

) + 0.067( FH
BDn50

) 0 ≤ BF/LDn50 ≤ 7.08 Submerged rubble mound
breakwaters

Seabrook (1997); Seabrook and Hall (1998)
0 ≤ FHi/BDn50 ≤ 2.14

Kt � −0.4969e( F
Hmoi

) − 0.0292(B
ds
) − 0.4257( h

ds
)

− 0.0696 log(B
L
) + 0.1359(F

B
) + 1.0905

−8.696 ≤ F/Hmoi ≤ 0 Submerged breakwaters Friebel and Harris (2003)c

0.286 ≤ B/ds ≤ 8.750
0.440 ≤ h/ds ≤ 1.000
0.024 ≤ B/L ≤ 1.890
−1.050 ≤ F/B ≤ 0.000

Kt � −0.4 Rc
Hi
+ 0.64(B

Hi
)−0.31(1 − e−0.5ξop ) 0.075 < Kt < 0.8 Rough and permeable

breakwaters
van der Meer et al. (2005)d

Kt � 1.0

1+(h
d)1.188( A

dL)0.261e
(0.529(F

H)+0.00551( A
3
2

D2
n50

L
))

F/H < 1.0 Reef breakwaters Ahrens (1987)

aFor values 8 < B/Hi > 12, the values of the transmission coefficient are interpolated linearly.
bIrribaren number: ξ � tgα/(Hsi

Lp
)0.5.

cds = Water level from the offshore toe of the structure.
dSurf Parameter: ξop � tanθ/

���
2πH
gT2

√
.
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structure freeboard and wave heights as was initially expected
(Kerr and Miller, 2020). The current work focuses on identifying
the conditions during which these amplification events occur and
comparing the observed field data to existing empirical
formulations which are based primarily on laboratory data.

FIELD METHODS AND DATA PROCESSING

Stevens deployed instruments at Gandys Beach twice in 2019 as
part of this study; the first deployment was in summer 2019 (S19)
(August 29 thru 3 October 2019) and the second in winter 2019
(W19) (November 21 thru 20 December 2019). Each deployment
included four 4-m Ocean Sensor Systems Wave Logger III (WL3)
capacitance wave staffs, four RBRsolo3 D wave16 high-frequency
pressure sensors (RBR), and a 1,200 kHz Teledyne Workhorse
Sentinel Acoustic Doppler Current Profiler (ADCP). The ADCP
was deployed approximately 170 m offshore of the Preserve in
3–5 m of water depending on tide and the RBR and WL3 sensors
were deployed in pairs at each of four breakwater locations
designated Sites A, B, C, and D (Figure 3). WL3 sensors were
placed 2–3 m inshore of the Oyster Castles to measure
transmitted wave characteristics and the RBR sensors were
placed 2–3 m offshore of the structures to measure incident
wave characteristics. Two-meter WL3 were deployed as data
quality checks collocated with RBRs at Site A in W19 and Site
D in S19 and W19 to ensure measurement consistency.

Wave data were sampled hourly on the hour by the WL3s,
RBRs, and ADCP. The ADCP combines pressure data
readings with acoustically measured water velocities to
extract directional wave climate data. This data was
collected using standard 17-min wave bursts. The WL3s
measured and recorded water levels at 10 Hz for 20-min
bursts. The RBRs measured and recorded pressure at
16 Hz for 17.1-min bursts. The data from the WL3s and
RBRs are the basis of this wave data analysis. A real-time
kinematic global positioning system (RTK GPS) was used to
measure the crest elevation and extent of each Oyster Castle
breakwater in NAVD88.

During the S19 deployment some data was lost due to several
disruptions to data collection. The RBR at Site A had a firmware
issue resulting in data loss between August 29 and 19 September
2019; simultaneously, the WL3 at Site A also experienced
intermittent dropouts. Therefore, S19 Site A is completely
excluded from analysis due minimal data overlap. At Site B,
the WL3 was knocked over on 10 September 2019, resulting in a
partial dataset for S19. Data loss was minimal, so this dataset is
included in this analysis.

These data collection efforts are part of a four-year study for
TNC which includes additional winter and summer deployments
in 2021 and 2022. In addition to water level, wave data, and
breakwater crest elevations, bathymetric and topographic
datasets were collected during the 2019 deployments and will
be collected again during the 2021/2022 deployments. Analysis of

FIGURE 1 | Photograph of Gandys Beach preserve near Site A, October 2019.
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FIGURE 2 | Photograph of Oyster Castle
®
breakwaters, August 2019.

FIGURE 3 | Orthomosaic created from drone imagery of Gandys Beach Preserve with Sites A, B, C, and D labelled, April 2020.
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temporal trends will continue as additional data is collected and
processed.

WL3 data were processed using a moving average filter in
MATLAB to remove tidal variations (detrend) from the water
level data. A zero up-crossing wave analysis was performed using
the MACE toolbox to determine individual wave heights and
periods (Barker et al., 2012) of the detrended data; significant
wave height and mean period were then calculated for each
resultant 17-min burst of detrended water level. RSKtools,
provided by RBR Ltd., was used to extract wave statistics from
the raw RBR datasets; this software uses a similar zero-crossing
methodology for analysis and accounts for pressure attenuation
with depth. For both RBR andWL3 data, significant wave heights
less than 5 cm were considered “too small” to be reliably
compared and removed from further analysis. Bulk statistics
comparing RBR and WL3 data sets were then calculated over
a 20-min period. Additionally, reflected waves were not separated
in this analysis due to the limited number of gauges (Grønbech
et al., 1997). The ADCP data was initially processed using
Teledyne’s WaveMons software and then extracted to
MATLAB for further analysis.

The effectiveness of the Oyster Castles at reducing wave
heights was evaluated in terms of a wave transmission
coefficient (Kt) calculated using the following formula:

Kt � Ht

Hi
(1)

where Ht is the transmitted wave height as measured by the WL3
inside the Oyster Castle structure and Hi is the incident wave
height as measured by the RBR outside of the Oyster Castle. A Kt

value greater than 1 indicates that the transmitted wave height is
larger than the incident wave height.

As discussed previously, wave transmission can also be related
to the freeboard of the structure. Freeboard is calculated using the
crest height of each structure and the water level as measured by
the WL3 and is adjusted to account for the height of the
instrument. Freeboard (F) is calculated as follows:

F � h − d (2)

where h is the Oyster Castle crest height and d is the water depth
at the Oyster Castle. Negative freeboard values indicate
breakwater submergence while positive values indicate that the
breakwater crest is exposed.

Wave steepness (S) is known to indicate the potential for a
wave to be erosional or accretional and is calculated as follows:

S � Hi

L
(3)

where Hi is incident significant wave height, and L is wavelength.
Limited research on wave steepness erosion thresholds exist in
marsh environment; the majority of wave steepness erosion
research is along sandy coastlines with a steepness threshold
ranging from 0.01 to 0.03, and a typical value of 0.025 (King and
Williams, 1949; Kana, 1977; Masselink et al., 2010; Lemke and
Miller, 2020). Due to the lack of literature on erosional wave
steepness for marshes, a wave steepness threshold of 0.017 was
selected by averaging the wave steepness of the measured incident
waves associated with transmission coefficients > 1. This value
does not reflect true erosional conditions in marshes; however, it
does provide a basis for beginning to analyze the erosional or
accretional behavior of waves at a marsh edge.

Observed wave transmission coefficients were compared to
the wave transmission coefficient modeled with Seabrook and
Hall (1998). The Seabrook and Hall formula was selected
because of all the formulas presented in Table 1, the
Seabrook and Hall formula is the only one that produces
instances of Kt > 1 and that was tested under 3-D
conditions. The Seabrook and Hall (1998) formula is as
follows:

Kt � 1 − e
0.65( F

Hi
)−1.09(Hi

B ) − 0.047( BF

LDn50
) + 0.067( FHi

BDn50
) (4)

where F is freeboard, H is incident significant wave height, B is
crest width, L is wavelength, and Dn50 is nominal stone diameter.
For all sites, Dn50 is 30 cm and the constructed crest width is
0.5 m. The Seabrook and Hall formula is most sensitive to relative
freeboard (F/Hi) and relative crest width (B/Hi), the

TABLE 2 | Average significant wave height and period during S19 and W19 for both incident and transmitted waves during instances of amplification (Kt > 1) and reduction
(Kt < 1).

S19 W19

Incident Transmitted Incident Transmitted

Kt > 1 Kt < 1 Kt > 1 Kt < 1 Kt > 1 Kt < 1 Kt > 1 Kt < 1

Wave height (m) A N/Aa N/Aa N/Aa N/Aa 0.28 0.19 0.37 0.21
B 0.16 0.16 0.14 0.08 0.54 0.22 0.54 0.16
C 0.26 0.16 0.23 0.07 0.26 0.20 0.34 0.17
D 0.17 0.16 0.08 0.07 0.31 0.20 0.39 0.20

Period (s) A N/Aa N/Aa N/Aa N/Aa 2.9 2.8 2.6 2.8
B 3.7 3.4 2.4 2.8 3.3 3.0 1.8 2.7
C 2.7 3.4 2.7 3.1 2.9 3.0 3.1 2.7
D 3.6 3.4 3.1 2.8 3.0 3.0 2.7 2.7

aInsufficient data.
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dimensionless ratios of freeboard and crest width, respectively,
with incident significant wave height.

RESULTS

Wave data were collected during two seasonal deployments at
Gandys Beach. During S19 and W19 conditions varied, with
larger incident wave heights and shorter periods being measured

in W19 as summarized in Table 2. This reflects differences in
seasonal storminess typical in the area. No storms occurred
during the S19 deployment, while a large storm and multiple
smaller storms occurred during W19, as seen in the elevated
water levels depicted in Figure 4.

The hourly, 20-min burst sampledwave gauge data collected during
S19 and W19 were analyzed to determine the significant wave height,
mean wave period (period), and mean water level. These data were
then used to calculate wave steepness and wave transmission

FIGURE 4 |Water levels during S19 (A–C) and W19 (D–G) at Site A (D), B (A,E), C (B,F), and D (C,G). Amplificated wave height (Kt > 1) is indicated by stars and
x’s. Yellow stars and red x’s indicate if amplification is on the falling or rising tide, respectively. The bold horizontal line indicates the Oyster Castle crest elevation at that
Site.
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coefficients. Significant wave heights ranged from 0.05 to 0.7 m
over the two deployments, with the average significant wave
height higher during the W19 deployment (0.20 m) than
during the S19 deployment (0.15 m). Wave periods ranged
from around 2 s to just over 6 s over the deployments; average
wave period longer in the S19 deployment (3.4 s) than in the
W19 deployment (2.9 s). Variations in significant wave height
and wave period were observed between the four sites. It
should be noted that Sites B and C are separated by a
predominantly submerged tombolo while Sites A and D
both front the marsh. The average calculated Kt value was
also slightly larger during the W19 deployment (0.7) than
during the S19 deployment (0.6).

Regardless of season, structure orientation relative to the
incident wave field was found to have minimal impact on the
transmission coefficient. In Figure 5, the direction of wave
approach (degrees from North) is plotted against Kt and Hi.
Structure perpendicular is indicated by a bold vertical line with a
45° buffer indicated by dashed vertical lines on each side to
indicate the wave directions that are considered “directly

approaching” each structure. Transmission coefficient
displayed similar behavior at each breakwater site,
independent of incident wave direction.

While the majority of waves appear to be attenuated by the
structures, periods of wave height amplification were observed
in both seasonal datasets. In the S19 data, amplification events
were more limited, and tended to occur during a small number
of individual events. On the contrary, in the W19 dataset, wave
amplification occurred throughout the record with
amplification events more clustered during storms
(Figure 4). Incident wave heights tended to be larger during
cases of amplification during W19, but not necessarily during
S19. Incident wave periods were relatively similar regardless of
wave transmission coefficient, however transmitted mean
wave periods tended to be shorter than incident mean
periods (Table 2). This observed decrease in mean period is
likely due to the variety of complex processes occurring at this
site; waves transmitting over, around, and through structures,
waves breaking or shoaling on structures, waves reflecting off
the marsh, and the influence of currents.

FIGURE 5 | Incident wave direction and significant wave height (open red circle) from offshore ADCP and transmission coefficient (Kt) (filled blue circle) during
S19 (A–C) and W19 (D–G) and at Site A (D), B (A,E), C (B,F), and D (C,G). Direction of structure perpendicular is indicated with vertical lines and have a ± 45o range.
Direction of approach does not appear to have a meaningful impact on transmission coefficient.
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FIGURE 6 | Histograms of incident significant wave height (A–C,J–M), period (D–F,N–P), and freeboard (G–I,Q–T) during S19 (A–I) and W19 (J–T) for
cases of Kt > 1 at Site A (J,N,R), B (A,D,G,K,O,S), C (B,E,H,L,P,T), D (C,F,I,M,Q,U). Each histogram represents the entire deployment at the corresponding
location.
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The significant wave height and mean wave period of the
incident waves, along with the freeboard were examined
during instances of wave amplification (Kt > 1) (Figure 6).
Overall, for Kt > 1, mean wave heights ranged from 0.05 to
0.6 m, mean wave periods ranged from 2 s to 4 s, and
freeboard ranged from −2.5 to 0.5 m. The most frequent
amplification events occurred when wave heights were
between 0.1 and 0.3 m, periods were between 2.5 and 3.5 s,
and freeboard was between −1.5 m and −0.5 m. In 8 out of 240
recorded instances of amplification, structures were
emergent. These occurrences may be due to waves
transmitting through the gaps between structures, waves
reflecting off the marsh edge, waves interacting with
strong localized currents as the marsh drains and fills, or a
combination of the above.

The percent change in wave height between the incident and
transmitted waves was found to be consistent between W19 and
S19. During periods of amplification, average transmitted wave
height was 14%–42% greater than incident wave height, while
during times of wave reduction the average transmitted wave
height was 38%–46% less than the incident wave height
(Table 3). Amplification occurred when the structures were
submerged, with eight exceptions (Figure 4). During the W19
deployment, amplification events occurred during falling tides
72% of the time and were clustered near storm events, possibly
due to interactions with currents during marsh drainage.
Conversely, during the S19 deployment, amplification events
occurred during rising tides 66% of the time and no large storm
events occurred (Table 4).

There are many possible physical explanations for this wave
amplification that further research will attempt to uncover in
order to provide more thorough guidance on oyster castle design.
The large tidal range at Gandys Beach provides a unique
opportunity to analyze wave attenuation of structures front
such a marsh. The tidal range and fetch at Gandys Beach in
combination with the relatively small oyster castle breakwaters
and complex geography of the area provide a rich set of results for
analysis.

DISCUSSION

This study was not the first to document increased wave heights
behind one of the Oyster Castle breakwaters at Gandys Beach. In
a 2021 study, USGS observed both wave height amplification and
reduction associated with Oyster Castle breakwaters at Site D (the
only site in their study) (Wang et al., 2021). This is consistent with
the observations made during S19 and W19 at all four oyster
castle breakwaters studied; however, the USGS study noted that
wave height amplification mostly occurred during small wave
heights. This result is inconsistent with the findings of this study,
where wave height amplification was observed over a range of
incident wave conditions. In fact, many of the observed wave
amplification events during W19 and S19 correlate with storm
conditions during which elevated water levels and large wave
heights were recorded. Most notably, a large storm event occurred
during the W19 deployment from December 1–5, 2019. During
these storm events, the wave heights were large, the wave periods
remained consistent, and wave amplification was more frequent,
particularly during falling tides (Figure 4). When storm surge fills
the marsh, large volumes of water can drain from marsh behind
the structures during falling tides, interacting with the incoming
wave field, likely contributing to the observed wave amplification
during some falling tides.

The ability to model wave transmission across a living
shoreline structure designed for wave attenuation is
tantamount for designing and constructing successful projects
that provide desired outcomes at a site. As briefly discussed,
several empirical models exist for predicting wave attenuation
across low-crested/submerged structures (Table 1). While
formulas differ, all contain freeboard, crest width, and wave
height, highlighting the importance of these structure and
wave field characteristics. Nearly all of these models were
tested in simplified laboratory conditions and largely have not
been validated by field data. Notably, only Seabrook and Hall,
Friebel and Harris, and Ahrens specifically describe submerged
structures, and only Seabrook is capable of producing
transmission coefficient was greater than one. Field data
collected at Gandys Beach provides the opportunity to
evaluate the applicability of these models during more
complicated, real-world conditions.

USGS compared their observations to the empirical models of
(d’Angremond et.al.,1996; van der Meer et.al.,2005) but found
that the modeled amplification was considerably lower than the

TABLE 3 | Average change in significant wave height and wave period between
the incident and transmitted wave heights at Sites A, B, C, and D. Negative
percentages indicate a decrease of period or wave height of the transmitted wave
as compared to the incident wave.

S19 W19

Kt > 1 Kt < 1 Kt > 1 Kt < 1

Wave height change (m) A N/Aa N/Aa 43% −38%
B 38% −41% 21% −44%
C 17% −46% 19% −42%
D 15% −42% 27% −41%

Period change (s) A N/Aa N/Aa −11% 1%
B −27% −9% −7% −8%
C −11% 0% 0% −6%
D −4% −13% 5% −8%

aInsufficient data.

TABLE 4 | Occurrences of amplification during each 20-min calculated bulk
statistic at each site during rising or falling tides.

S19 W19

Rising Falling Rising Falling

A N/Aa N/Aa 18 47
B 22 9 7 16
C 10 0 2 14
D 7 11 23 54

aInsufficient data.
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observed amplification during emergent structure conditions. We
hypothesize that this was potentially due to the gaps between the
individual Oyster Castles reducing the effectiveness of
the structures. USGS also identified periods during which the
measured transmission coefficient was >1. Neither of
the empirical equations selected by USGS can reproduce this
result as they predict maximum transmission coefficients below 1.

In the current study, the observed transmission coefficients
were compared against the empirical model by Seabrook and Hall
(1998). Of the models considered (listed in Table 2), Seabrook
and Hall is the only one capable of producing Kt > 1 and was one
of the few tested in oblique wave conditions. In our analysis, the
transmission coefficient was calculated with field observations
and modeled using Seabrook and Hall and incident wave data.
Results of the W19 and S19 deployments are plotted in Figure 7

along with the transmission coefficient predicted by the Seabrook
and Hall equation. While there is significant scatter in the data, a
similar relative freeboard region of amplification was produced in
the modeled and observedKt. In cases ofKt < 1 Seabrook and Hall
(1998) does not perform well compared to measured Kt. This
scatter is not unexpected as there are significant differences and
poor agreement between the continuous low-crested breakwater
structure modeled by Seabrook and Hall under controlled
laboratory conditions and the highly irregular non-continuous
structures and varied wave conditions observed in the field,
making Seabrook and Hall (1998) an inadequate predictive
tool for structures and conditions such as those at Gandys
Beach. Living shorelines structures are often constructed of
non-traditional materials, irregular, non-continuous, and
change significantly over time with shellfish colonization or

FIGURE 7 |Wave transmission coefficient (Kt) vs. relative freeboard (F/Hi) as observed in field data andmodeled by Seabrook and Hall (1998) during S19 (A–C) and
W19 (D–G) and at Site A (D), B (A,E), C (B,F), and D (C,G). F/Hi values greater than 0 indicate structure emergence and values less than 0 indicate submergence.
Observed data is grouped by incident wave steepness threshold of greater than 0.017. Waves with a steepness greater than the threshold are more likely to be erosional
and potentially contribute more to marsh edge erosion.
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vegetation growth, and as habitat created by the living shoreline
becomes more developed. These changes will alter porosity,
roughness, effective stone size, dimensions of structures,
relative crest width, and relative freeboard. Formulas that only
represent the structures at the state of construction are inadequate
to describe living shorelines and novel empirical formulas need to
be developed that can estimate living shoreline wave transmission
over the life of the structure.

Relative freeboard (F/Hi) and relative crest width (B/Hi) are
parameters that appear in many of the empirical equations for
wave transmission coefficient over submerged breakwaters,
including Seabrook and Hall (1998) (d’Angremond et al.,

1996; Seabrook, 1997; Seabrook and Hall, 1998; van der Meer
et al., 2005; Buccino and Calabrese, 2007) (Table 1). Relative
freeboard and relative crest width were examined for all observed
amplification events in the W19 and S19 field data and it was
found that most of these events occur when the relative freeboard
is between −1 and −6 (submerged) (Figure 8), with very few
events occurring when the relative freeboard was above −1
(minorly submerged to emergent). One possible explanation
for wave amplification when the relative freeboard is between
−1 and −6 (submerged) is wave shoaling. The waves “feel the
bottom” (in this case, the oyster castle structure) and begin to
shoal, but do not break, leading to an increase in transmitted

FIGURE 8 | Histograms of relative freeboard (F/Hi) and relative crest width (F/B) during S19 (A–F) and W19 (G–N) at Site A (G,K), B (A,D,H,L), C (B,E,I,M), and D
(C,F,J,N).
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height. When the relative freeboard is > −1 (minorly submerged
to emergent) the depth over the structures becomes shallow
enough that the waves begin to break, leading to wave height
reduction in this region. Wave amplification and reduction
observed when the structure is submerged (relative freeboard
less than −6), may be the result of waves reflecting off the marsh
or interacting with water draining from the marsh.

The majority of waves where relative freeboard was between −1
and −6 (submerged) have an incident wave steepness above 0.017, the
basis wave steepness threshold applied in this analysis (Figure 7).
Several wave amplification events occurred when relative freeboard
was less than −6 (significantly submerged) and waves in this range
tended to be below the wave steepness threshold. There is no clear
correlation betweenwave steepness andwave amplification in the data
collected at Gandys Beach. However, steeper waves are more likely to
erode shorelines in sandy areas, some of which are present at Gandys
Beach (Figure 2) and may also be a factor in marsh edge erosion and
worth investigating in future research.

The Seabrook and Hall equation, consistent with most
submerged breakwater relationships, suggests that wave
transmission decreases as the relative crest width increases and
increases as relative freeboard decreases when structures are
submerged. When modeling wave transmission using Seabrook
and Hall and relative freeboard is between −1 and −6
(submerged), the amplification events are very sensitive to
decreases in crest width. Most amplification events at Sites A and
D were clustered around relative crest widths between 0.4 and 1.5
and were skewed to the right. It is clear from this analysis that at Sites
A and D relative crest width is a predictor of wave amplification. At
Sites B and C, the observed amplification events occurred more
evenly across a range of relative crest widths. This may be related to
the position of the breakwaters, as noted in the site description.
Increasing crest width during structure design may mitigate the
likelihood of wave amplification. Designing to minimize instances
where relative crest width is less than 0.4–1.5 may reduce these
events. Additional considerations should be taken when considering
future adaptability of structures to ensure that crest width remains
sufficiently large when inevitable structuremodifications aremade to
maintain structure effectiveness with sea level rise.

It is clear that wave heights are more likely to amplify at Gandys
Beach Preserve when structures are submerged, relative crest width is
0.4–1.5, and relative freeboard is −1 to−6 (submerged). These results
are troubling especially in areas experiencing sea level rise where the
frequency of submergence is likely to increase in the future.
However, the field data collected at Gandys Beach does not
create a clear picture of mechanisms causing wave height
amplification due to the complexity of the site. Reflection of
waves off the marsh edge, wave shoaling on structure crests

during certain relative crest width and relative freeboard
conditions, wave transmission through gaps between Oyster
Castles, and currents resulting from marsh drainage during
falling tides are all possible mechanisms amplifying wave
heights at the sites studied. All of these factors complicate
the identification of the most appropriate empirical formula
to aid design of Oyster Castle breakwaters. Additional datasets
are being collected at Gandys Beach that aim to resolve some of
the hypotheses and questions identified in this analysis
regarding wave amplification to help inform robust guidance
on living shoreline design.
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Wave–vegetation interaction is implemented in the WAVEWATCH III (WW3) model. The
vegetation sink term followed the early formulations of Dalrymple et al. (Journal of
Waterway, Port, Coastal, and Ocean Engineering, 1984, 110, 67–79), which focused
on monochromatic waves and vegetation approximated as an array of rigid, vertical
cylinders, and was later expanded byMendez and Losada (Coastal Engineering, 2004, 51,
103–118) for random wave transformations over mildly sloping vegetation fields under
breaking and nonbreaking conditions assuming a Rayleigh distribution of wave heights.
First, validation is carried out for 63 laboratory cases (Anderson and Smith, 2014) with
homogeneous vegetation fields for single and double-peak wave spectra. Then, a field
case application is conducted to assess the wave attenuation in a wetland environment
with spatially variable vegetation fields during stormy conditions. The case study uses data
collected at the Magothy Bay located in the Chesapeake Bay, United States, during
Hurricanes Jose and Maria in 2017. The domain decomposition parallelization and the
implicit scheme have been used for the simulations to efficiently resolve complex shorelines
and high-gradient wave zones, incorporating dominant physics in the complicated coastal
zone, including wave breaking, wave–current interaction, bottom friction and scattering,
wave–vegetation interaction, and nonlinearity (Abdolali et al., 2020). The lab validation and
field application demonstrate that WW3 is an effective tool for evaluating the capacity of
wetland natural or nature-based features to attenuate wave energy to achieve coastal flood
risk reduction.

Keywords: wave–vegetation interaction, spectral wave model WAVEWATCH III, wetland hydrodynamics, hurricane,
marshland

1 INTRODUCTION

Wetlands are key natural and nature-based features used to dissipate wave energy and reduce
flood risk. Historically, the operational practice to account for wave energy reduction due to
wetland vegetation was through bottom friction sink terms implemented in nearshore wave
models. The formulations most often applied use Manning’s roughness coefficients n, which
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traditionally described bottom roughness in uniform flows for
open channels and floodplains (Chow, 1959). These Manning’s
coefficients n account for spatial variations tied to local terrain
and roughness, and many numerical studies, particularly those
coupling phase-averaged wave models to hydrodynamic
models such as the ADvanced CIRCulation model
(ADCIRC), select Manning’s n based on land-cover
databases and standard hydraulic literature (Dietrich et al.,

2011; Bender et al., 2013; Hope et al., 2013; Lawler et al., 2016;
Bryant and Jensen, 2017). Controlled laboratory experiments
continue to highlight the complexity of wave–vegetation
interactions, most notably the effect of vegetation properties
such as rigidity, height, density, and diameter on wave
attenuation (Anderson and Smith, 2014; Ozeren et al., 2014;
Luhar et al., 2017; Jacobsen et al., 2019; Phan et al., 2019; van
Veelen et al., 2020). These studies suggest there are key physics

FIGURE 1 | (A) Schematic view of Anderson and Smith (2014) wave flume. (B) Single-peak and double-peak spectral density data for boundary forcing at the
wave-maker in the flume and numerical model (red dot in panel (a)). (C) Installed idealized vegetation (vegetation height ls and vegetation thickness bv).

TABLE 1 | Wave condition at the beginning of vegetation zone (5th gauge from wave-maker).

Case Wave type h (m) H0 (cm) Tp (s) λp (m) ls/h H0/h h/λp

1 Single peak 53.3 11.1 ± 0.07 1.5 2.89 0.78 0.21 0.18
2 53.3 11.0 ± 0.10 1.75 3.53 0.78 0.21 0.15
3 53.3 11.2 ± 0.06 2.0 4.16 0.78 0.21 0.13
4 45.7 8.1 ± 0.03 1.5 2.74 0.91 0.18 0.17
5 45.7 10.9 ± 0.05 1.5 2.74 0.91 0.24 0.17
6 45.7 13.9 ± 0.07 1.5 2.74 0.91 0.30 0.17
7 45.7 5.0 ± 0.03 2.0 3.91 0.91 0.11 0.12
8 45.7 10.7 ± 0.04 2.0 3.91 0.91 0.23 0.12
9 45.7 15.3 ± 0.10 2.0 3.91 0.91 0.33 0.12
10 45.7 19.2 ± 0.14 2.0 3.91 0.91 0.42 0.12
11 30.5 11.3 ± 0.09 1.25 2.88 1.36 0.37 0.16
12 30.5 11.0 ± 0.11 1.5 2.36 1.36 0.36 0.13
13 30.5 11.2 ± 0.10 1.75 2.82 1.36 0.37 0.11
14 30.5 11.1 ± 0.16 2.0 3.28 1.36 0.36 0.09
15 30.5 11.2 ± 0.13 2.25 3.73 1.36 0.37 0.08

16 Double peaks 53.3 13.7 ± 0.04 1.25/2.0 - 0.78 0.26 -
17 53.3 10.9 ± 0.03 1.25/2.0 - 0.78 0.20 -
18 45.7 13.6 ± 0.04 1.25/2.0 - 0.91 0.30 -
19 45.7 10.7 ± 0.05 1.25/2.0 - 0.91 0.23 -
20 30.5 13.0 ± 0.18 1.25/2.0 - 1.36 0.43 -
21 30.5 10.7 ± 0.14 1.25/2.0 - 1.36 0.35 -
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that Manning’s n does not properly represent, such as the drag
force exerted on the water column due to temporally and
spatially varying immersed vegetation. These potential
shortfalls of Manning’s n led to the derivation and
subsequent implementation of vegetation-dissipation sink
terms in widely used nearshore wave models, such as
WWM-III (Roland, 2008), SWAN (Suzuki et al., 2012),
STWAVE (Anderson and Smith, 2015), and XBEACH (Van
Rooijen et al., 2015). These vegetation-dissipation sink terms
are a function of the local hydrodynamic conditions and
account directly for measurable vegetation characteristics.
Both Smith et al. (2016) and Baron-Hyppolite et al. (2019)
reported an underestimation of wave dissipation using
enhanced Manning’s n to represent vegetation compared to
vegetation-dissipation formulations that explicitly account for
plant properties.

The fundamental formulation for wave dissipation through
vegetation was derived by Dalrymple et al. (1984) for
monochromatic waves using the conservation of energy flux
equation, where the horizontal force Fx acting on the
vegetation per unit volume is expressed in terms of a
Morison-type equation neglecting swaying motion and inertial
force:

Fx � 1
2
ρCdb]Nu|u| (1)

where ρ is water density, Cd is the depth-averaged bulk drag
coefficient, bv is stem diameter, N is plant density (stems/m2), and
u is horizontal velocity due to wave motion.

Although plant motion is neglected, Eq. 1may still be applied
to swaying plants because the bulk drag coefficient Cd accounts
for our ignorance of plant motion, interactions between stems,
and other unresolved processes. Indeed, Mendez et al. (1999)
stated that using the relative velocity between the fluid and plant
required a higher value of Cd to obtain the same amount of
attenuation. Mendez and Losada (2004) expanded upon
Dalrymple et al. (1984) and derived an analytical solution for
random wave transformations over mildly sloped vegetation

fields under breaking and nonbreaking conditions by assuming
a Rayleigh distribution of wave heights. The modification by
Mendez and Losada (2004) is incorporated into several phase-
averaged nearshore wave models similar to Suzuki et al. (2012),
with verification largely focused on laboratory studies, albeit field
applications are now gaining traction (Garzon et al., 2019). As an
alternative to field surveys to collect vegetation properties,
Figueroa-Alfaro et al. (2022) proposed a modified
parameterization using a leaf area index-based measurement
that can be readily derived from satellite imagery, but its
application is limited to emergent vegetation. While these
developments are advancing wave–vegetation modeling,
continued research into the drag coefficient Cd, which directly
affects the dissipation rate, is critical given the growing concerns
regarding its assumptions and derivations (Tempest et al., 2015).

This study is arranged as follows: a summary of the
implementation of Mendez and Losada (2004) in
WAVEWATCH III (WW3) is presented in Section 2; Section 3
provides a brief overview of the validation studies using laboratory
data of homogeneous vegetation fields and field case applicationwith
observations in Virginia during Hurricanes Jose and Maria in 2017;
and concluding remarks are provided in Section 4.

2 FORMULATION

In spectral wave models such as WW3, the waves are defined in
terms of wave action density spectrum N (σ, θ) as a function of
angular wave frequency and wave direction:

z

zt
N + ∇x cg + U( )N + z

zσ
cσN + z

zθ
cθN � S

σ
(2)

where N (k, θ) is the wave action density spectrum related to the
wave energy density spectrum F (k, θ), where N (k, θ) = F (k, θ)/σ
and cg, U, cσ, and cθ are the group velocity, the current velocity
depth-time averaged over the scales of individual waves,
propagation velocity in frequency σ, and direction θ spaces,
respectively.

FIGURE 2 |Bulk drag coefficientCd as a function of (left) modified stem Reynolds numberQRe and (right) modified Keulegan–Carpenter numberQKC accounting for
stem submergence ratio for Anderson and Smith (2014) dataset. Different symbols represent different values of ls/h.
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The terms on the left-hand side of Equation 2 represent wave
action density change in time, propagation in geographical space,
shifting of the relative frequency due to changes in current and
depth, and depth and current-induced refraction, respectively.

The energy density source term S is placed on the right-hand
side of Eq. 2 and accounts for generation (i.e., by wind),
dissipation (i.e., whitecapping, bottom friction, depth induced
breaking), and nonlinear wave–wave interaction.

Without vegetation, wave energy flux remains constant if no
energy is lost or gained. In the presence of vegetation, the wave
energy flux, following Dalrymple et al. (1984), Kobayashi et al.
(1993)m and Mendez and Losada (2004) becomes

zF

zx
� −ϵ] → z

zx
E.cg[ ] � −ϵ] (3)

where wave energy is defined as

E � 1
8
ρgH2 (4)

and ϵ] is a function of the drag force Fx (Equation 1) integrated
over the height of the vegetation

ϵ] � ∫−h+αh

−h
Fxudz (5)

Assuming linear wave theory is valid to calculate u, the
horizontal velocity due to wave motion, the mean rate of
energy dissipation per unit horizontal area ϵ] due to wave
damping by vegetation becomes

ϵ] � 1
2

��
π

√ ρCdb]N
kg

2σ
( )

3
sinh3 kαh( ) + 3 sinh kαh( )

3k cosh3 kh( ) H3
rms (6)

where k is wave number, α is the ratio of plant height ls to water
depth h (Ls/h), and Hrms is root mean square wave height.

Combining Eqs (3)–(6),

zH2
rms

zx
� −ϵ]

1
8 ρgcg

� 2
3

��
π

√ Cdb]Nk
sinh3 kαh( ) + 3 sinh kαh( )
sinh 2kh( ) + 2kh[ ]sinh kh( )H

3
rms

(7)
A spectral version implemented in WW3 is divided by − ρg

and written in a spectral/directional form:

FIGURE 3 | Upper panels) Spectral density for single-peak (A,B) and double-peak (C,D) waves at the 5th gauge in the flume (black circles) and boundary forcing in
the WW3model (solid blue). The dashed red lines show the peak(s). (Lower panels) Significant wave height observed in the lab (circles) and from the WW3 model (solid)
for no vegetation (black), N =200 stems/m2 (blue) and N =400 stems/m2 (black). Wave conditions for Cases 6 (A), 12 (B), 17 (C), and 21 (D) are provided in Table 1.
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Sveg σ, θ( ) � Dtot

Etot
E σ, θ( ) (8)

Dtot � − 1
2g

��
π

√ Cdb]N
�kg

2�σ
( )

3
sinh3 �kαh( ) + 3 sinh �kαh( )

3�kcosh3 �kh( ) H3
rms

(9)
where the mean frequency �σ, mean wave number �k, and total
wave energy Etot are given by

�σ � 1
Etot

∫2π

0
∫∞

0

1
σ
E σ, θ( )dσdθ( )

−1
(10)

�k � 1
Etot

∫2π

0
∫∞

0

1�
k

√ E σ, θ( )dσdθ( )
−2

(11)

Etot � ∫2π

0
∫∞

0
E σ, θ( )dσdθ (12)

Finally, substituting H2
rms � 8Etot, the wave–vegetation sink

term becomes (Suzuki et al., 2012)

Sd,veg � −
��
2
π

√
g2 Cdb]N

�k
�σ

( )
3
sinh3 �kαh( ) + 3 sinh �kαh( )

3�kcosh3 �kh( )
���
Etot

√
E σ, θ( )

(13)
Although not currently inWW3, the spectral wave–vegetation

sink term formulated by Suzuki et al. (2012) may consider
different densities and stem widths between trunks and roots
(i.e., mangrove trees) by considering layer schematization. Recent
developments by Dalrymple et al. (1984) andMendez and Losada
(2004) include implementation into mild slope equation models
(Tang et al., 2015) and the incorporation of wave–current

interactions for both following and opposing currents (Losada
et al., 2016).

3 VALIDATION

After implementing the vegetation sink term inWW3, we verified
for idealized laboratory experiments, consisting of 63 cases with
homogeneous vegetation fields. Then, we progressed to the large-
scale field test case for Hurricanes Jose and Maria (2017).

3.1 Laboratory Experiments (Anderson and
Smith, 2014)
The Anderson and Smith (2014) experiments were performed at the
U.S. Army Engineer Research and Development Center in
Vicksburg, Mississippi, in a 63.4 m long, 1.5 m wide, and 1.5 m
deep wave flume equipped with a piston-type wave-maker
(Figure 1). A 9.8 m long vegetation zone, populated with
idealized Spartina alterniflora vegetation, was located 29.3 m
from the wave-maker. The idealized vegetation was constructed
of bv = 6.4 mm diameter and ls = 41.5 cm tall flexible polyolefin
tubing considering two stem densities of N = 200 and 400 stems/m2

(corresponding to an element spacing of 7.1 and 5 cm, respectively).
Given the inherent complexities live vegetation introduces to the
laboratory, Anderson and Smith (2014) selected polyolefin tubing
similar in dimension and rigidity to Spartina alterniflora measured
along the Louisiana coast (Chatagnier, 2012) in order to best
approximate biomechanical properties of the real vegetation. The
water depths of the experiments were h = 30.5, 45.7, and 53.3 cm,
simulating both submerged (ls/h = 0.78, 0.91) and emergent (ls/h =
1.0) conditions. The periods and significant wave heights for the the
incident irregular waves with single- and double-peak periods vary
between Tp = 1.25–2.25 s and Hm0 = 5–19.2 cm, respectively. Wave
attenuation by the vegetation was assessed relative to a bare control
run (no vegetation) for each wave condition. A summary of the wave
conditions tested by Anderson and Smith (2014) for each vegetation
density is provided in Table 1.

The bulk drag coefficient (Cd) is a function of wave parameters
and vegetation species/characteristics. The relationship between
Cd and flow parameters is given by

Cd Re( ) � α1 + α2

Re
( )α3

(14)

for flow characteristics defined by Reynolds number:

Re � ucbv
]

(15)
where ] = 10–6 m2/s is kinematic viscosity of water and uc is the
characteristic velocity acting on the plant. The characteristic
velocity is defined here as the maximum horizontal velocity
immediately in the front of the vegetation field as shown by
red circle in Figure 1:

umax � σa

tanh kh( ) (16)
where Hs and Tp correspond to monochromatic wave train
characteristics and the depth is z = h (1 − α). The

FIGURE 4 | Sensitivity of the model to vegetation characteristics (Cd, bv,
ls, andN, normalized by the observed values) for Case 1 (see Table 1) in terms
of mean error normalized by the significant wave height value at the 5th gauge.
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FIGURE 5 |Numerical domain extent for the east coast of the United States. The black line shows the open boundaries. The best tracks with time tags of hurricanes
Maria and Jose (2017) are shown by magenta and green lines, respectively. The zoom-in windows in Magothy Bay and the locations of wave and water level gauges are
shown in the left-hand side panels.

FIGURE 6 | Field measurements for vegetation sampling (A) and wave and water level gauges deployment/survey (B). Spatial distribution of vegetation height (C),
vegetation density (D), and stem diameters (E) in Magothy Bay.
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Keulegan–Carpenter number is a dimensionless number that
describes the relative importance of the drag force over inertia
for a vertical obstacle in an oscillating flow:

KC � umaxTp

b]
(17)

The relation between Cd and KC number is evaluated based on
experiments.

Following Kobayashi et al. (1993) and Mendez and Losada
(2004) and considering the correction due to the canopy
submergence (Ls/h), the empirical relationship between Cd and
the nondimensional numbers QRe and QKC is shown in Figure 2
and given by

Cd QRe( ) � θ1 + θ2
QRe

( )
θ3

; Cd QKC( ) � λ1 + λ2
QKC

( )
λ3

(18)

where [θ1, θ2, θ3] = [ − 0.22, 765.11, 0.67], [λ1, λ2, λ3] = [0.25,
24.87, 2.15], and

QRe � Re

ls/h( )1.5; QKC � KC

ls/h( )1.5 (19)

The results are shown in Figure 3 for two-single-peak (#6 and
#12) and two-double-peak (#17 and #21) wave spectra. The spectra
density observed at the 5th gauge in the flume and the corresponding
forcing boundary condition at the WW3 wave-maker are shown in
the upper panels. The time series of the significant wave heights
extracted from the model (solid) is compared with the observations
(dashed), shown in the lower panels for no vegetation (black), N =
200 (blue) and N = 400 stems/m2 (black). The outputs of the model
show a good agreement with the laboratory measurement for the
wave attenuation due to wave–vegetation as a function of distance
from the wave-maker.

The sensitivity of the model to vegetation characteristics
(normalized by the observed values, for Case 1 from Table 1, Cd
= 0.369, bv = 0.0064m, ls = 0.415m, and N = 400 stem/m2) is
investigated in terms of mean error normalized by the significant
wave height value at the 5th gauge (H0 = 11.1 cm). As is shown in

FIGURE 7 |Wave and storm surge Models’ validation at the wave and water level gauges locations (transect AA) for significant wave height Hs(observation: blue;
WW3 without wave–vegetation interaction: magenta; and WW3 with wave–vegetation interaction: green) and water level elevation η (observation: black; and
ADCIRC: red).
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Figure 4 and Eq. 13, the model sensitivity to stem density and drag
coefficient is linear. On the contrary and for stem diameter (bv), the
drag coefficient (Cd) is a function of bv (Eq. 17). Therefore, the error
varies non-linearly with respect to changes in step diameter. Similarly,
for step height (Ls), the drag coefficient (Cd) is a function of ls (Eq. 19)
and the parameter is in the sin term (Eq. 13). Overall, the wave
attenuation due to vegetation is less sensitive to step height. The role
of stem diameter is more important than other parameters.

3.2 Field Case (September 17–30, 2017)
A field case study was performed using data collected in Magothy
Bay, located in Northampton County, Virginia, United States.
The Magothy Bay Natural Area Preserve encompasses
woodlands, forested wetlands, and extensive salt marshes. The
location of the study area (A) is shown in Figure 5. Eight low-
frequency water level gauges and eight high-frequency (4 Hz)
wave gauges were deployed along two transects, as shown in box
B. The transects are perpendicular to the coastline. The first
gauges on each transect are deployed bayward of the marsh;

therefore, they remain submerged and measure the entire tidal
cycles. On each transect, three more water levels and three wave
gauges were on the marsh surface, so they become wet during
high tides or in stormy conditions. The vegetation characteristics,
including stem height, density, and diameter, were measured
across the marsh in a field campaign led by George Mason
University. Figure 6 shows vegetation sampling, including
height, density, and diameter. Additional details on the field
data collection can be found in Garzon et al. (2019). We have
selected hurricanes Jose and Maria (2017) to verify the
wave–vegetation sink term implementation in the WW3
model due to the availability of observations and atmospheric
forcing and proximity of hurricane tracks to the study area.

3.2.1 Hurricane Jose (5–22 September 2017)
On 5 September, a week after the genesis of a tropical wave near the
west coast of Africa, Jose developed into a tropical storm. Jose was a
classic, long-lived Cape Verde hurricane that reached Category 4
strength (on the Saffir–Simpson Hurricane Wind Scale) east of the

FIGURE 8 |Wave and storm surge Models’ validation at the wave and water level gauges locations (transect BB) for significant wave height Hs(observation: blue;
WW3 without wave–vegetation interaction: magenta; and WW3 with wave–vegetation interaction: green) and water level elevation η (observation: black; and
ADCIRC: red).
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Leeward Islands on 8 September, but fortunately, it spared the Irma-
ravaged islands of the northeastern Caribbean Sea. Jose made a
clockwise loop over the southwestern Atlantic and then meandered
off the coast of New England as a tropical storm for several days. Jose
produced tropical-storm-force winds and minor coastal flooding
along portions of the mid-Atlantic and southern New England
coastline. Jose was directly responsible for one death, with
damage of $2.84 million (2017 USD). It was the 10th named
storm, fifth hurricane, and third major hurricane of the 2017
Atlantic hurricane season.

3.2.2 Hurricane Maria (16–30 September 2017)
On 12 September, a Cape Verde tropical wave later named
Hurricane Maria was generated on the west coast of Africa,
swept westward over the Atlantic, and formed a tropical
depression about 580 nautical miles east of Barbados on 16
September (49.7°W, 12.2°N), reaching Category 5 intensity
(Saffir–Simpson Hurricane Wind Scale) just before making
landfall on Dominica on 18 September and high-end Category
4 hurricane by the time it struck Puerto Rico on 20 September.
Maria gradually weakened over the Bahamas, swept eastward
over the open Atlantic, and dissipated by 2 October. Maria was
directly responsible for 3,059 deaths and indirectly responsible for
further 82 fatalities, with damage of $91.61 billion (2017 USD),
mostly in Puerto Rico. Maria was the most intense tropical
cyclone worldwide in 2017, the 13th named storm, 8th

consecutive hurricane, 4th major hurricane, 2nd Category 5
hurricane, and deadliest storm of the extremely active 2017
Atlantic hurricane season. The best tracks of the Jose and
Maria path are given in Figure 5.

We have used the Hurricane Weather Research and
Forecasting (HWRF) model (Ma et al., 2020) to provide winds
and atmospheric pressures to force ADCIRC (Luettich et al.,
1992) and WW3 models. HWRF has movable multilevel nesting
technology and is designed for extreme events such as hurricanes.
The model runs on a stationary parent and two movable nest
domains. The parent domain covers 77.2° × 77.2° with 13.5 km
resolution on a rotated latitude/longitude E-staggered grid. The
middle nest domain, of about 17.8° × 17.8° with 4.5 km resolution,
and the inner nest domain, of about 5.9° × 5.9° with 1.5 km
resolution, move along with the storm using two-way interactive
nesting. The hourly data are extracted for wind speed at 10 m
elevation and pressure at MSL (see Abdolali et al. (2020) and
Abdolali et al. (2021) for more information on the HWRF model
and forcing data preparation).

The extent of an unstructured grid is shown in Figure 5. This
grid is generated in accordance with enhancement in grid
resolution and size in the study area down to 20 ~ m coastal
resolution. Such a resolution is required to represent complex
marsh geometry (Deb et al., 2022b). We first conducted
simulations with the ADCIRC model to prepare water level
and current fields for WW3. Then, two sets of WW3

FIGURE 9 | Taylor diagrams for water level (η: top left); and significant wave height (Hs: right and bottom left (zoom in) representing modeled and collected data at
gauges locations (red: ADCIRC; magenta: WW3 without wave–vegetation interaction; and green: WW3 with wave–vegetation interaction) in terms of the Pearson
correlation coefficient, the normalized root mean square deviation (RMSD), and the normalized standard deviation σ.
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simulations were performed, forced by a wind fromHWRF, water
level, and current from the ADCIRC model. In the first
simulation, the wave–vegetation sink term was deactivated
(VEG0). In the second simulation, the VEG1 sink term was
activated. For this simulation, spatially variable vegetation
characteristics were used in the model.

In the wave model simulations, the model resolves the
source spectrum with frequencies between 0.05 and 0.9597
Hz, divided into 32 spectral bands with an increment factor of
1.1 and 36 directions with a 10° increment. The boundary
conditions are imposed at the eastern open boundary nodes of
the unstructured mesh to include the effect of a distantly
generated swell extracted from a global simulation on a
structured grid with 0.5°, forced by the GFS wind field. In

addition (Ardhuin et al., 2010), source term parameterizations
(ST4), nonlinear wave-wave interaction using the discrete
interaction approximation, DIA (Hasselmann et al., 1985),
moving bottom friction (SHOWEX-BT4) (Ardhuin et al.,
2003), depth-limited breaking based on Battjes–Janssen
formulation (DB1) (Battjes and Janssen, 1978), nonlinear
triad interactions (Lumped Triad Interaction method LTA)
(Eldeberky and Battjes, 1996), and reflection by the coast
(REF1) (Ardhuin and Roland, 2012) have been used for
computations. The domain decomposition parallelization
and the implicit numerical scheme are utilized for these
simulations to avoid small time step in the explicit scheme,
mandated by small grid resolution in the Magothy bay area
(~20 m) (Abdolali et al., 2020).

FIGURE 10 | Linear regression comparison between collected data versusWW3 (significant wave heightHs: left) and ADCIRC (water elevation η: right) models. The
linear regression (dotted-dashed lines) is shown in each subplot.

FIGURE 11 |Wave model sensitivity to wave–vegetation interaction in terms of the spatial distribution of the envelope of significant wave height Hs, extracted from
the model without wave–vegetation interaction (left) with wave–vegetation interaction (right). The observed maximum values at wave gauge locations are shown with the
circles.
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We compared the time series of storm surge and wave
model outputs at pressure gauge locations (Figure 5D). The
results are shown in Figure 7 for transect AA and Figure 8 for
transect BB as time series of water level (η) from the storm
surge model and significant wave height (Hs) from WW3. The
gauges are sorted by proximity to the bay from top to bottom
for each transect. In each panel, the observed and modeled
water levels are shown by black and red lines, respectively.
Wave observations and model outputs without vegetation sink
term (VEG0) and with vegetation sink term (VEG1) are shown
by blue, magenta, and green lines, respectively. Overall
performance at pressure gauge locations is shown in the
Taylor diagrams presented in Figure 9, combining standard
deviation (σ), the root mean square deviation (RMSD), and
correlation coefficient (CC) for the observation and
model outputs. For water level η, the normalized standard
deviation (σ) varies between 1.05 and 1.51, whereas the RMSD
range is 0.42–0.87. The correlation coefficient (CC) range is
0.83–0.92. A similar correlation coefficient is observed for the
significant wave height time series at wave gauge locations
within the ranges of 0.51–0.88 and 0.52–0.89 for VEG0 and
VEG1 sink terms, respectively. However, a substantial
improvement is achieved with the activation of the
vegetation sink term for the standard deviation from the
range of 1.19–20.81 to 1.09–2.54. Similarly, the RMSD
improved from 0.55–20.18 to 0.54–2.18.

From the linear regression analysis, a slight underestimation of
water level by ADCIRC is observed with a skill of 0.97, whereas
WW3 overestimates the significant wave height with skills of 1.17
without the vegetation sink term and 1.04 with the vegetation sink
term (Figure 10).

Wave height significantly improved due to wave–vegetation
interaction. Figure 11 represents the maximum wave height
during the whole simulation (17–30 September) between
VEG0 and VEG1 cases.

4 SUMMARY AND CONCLUSION

This study implemented wave–vegetation interaction in the
WW3 model. The application is examined using a standard
laboratory flume case for wave dissipation due to
homogeneous vegetation fields. Different submergence ratios,
densities were examined for single and double-peaks incident
waves. The drag coefficients Cd were calculated using the
empirical relationship based on Keulegan–Carpenter KC and
Reynolds Re numbers, considering the correction due to the
canopy submergence.

In addition to controlled laboratory experiments, we
validated the model for a field application with spatially
variable vegetation fields in a vegetated marshland during
Hurricanes Jose and Maria, 2017. A well-known atmospheric
model designed for hurricane modeling (HWRF) is used to
drive the storm surge model (ADCIRC) to provide water level
and current fields and the spectral wave model (WW3). These
wind, current, and water level inputs were used to drive WW3
on a high-resolution triangular mesh with a ~1 km resolution

near the coast of the East Coast of the United States and a
nominal resolution of ~ 20 m in the Magothy Bay where wave
height observations were available for validation. Such a
resolution is required for resolving wave action in complex
marsh environments (Deb et al., 2022a). WW3 simulations were
conducted with the domain decomposition parallelization
algorithm and the implicit numerical solver (Abdolali et al.,
2020), making it possible to run the model on a high-resolution
grid efficiently. The model skills and improvement due to the
vegetation sink terms were examined and discussed using time
series of high-frequency pressure gauges. We conclude that the
wave attenuation due to vegetation is significant in marsh
environments, and neglecting the vegetation sink term leads to
a significant bias in the model outputs and observations. It is
shown that WW3 skills are improved over areas with
vegetation, with sufficient grid resolution and proper
representation of spatially variable vegetation fields.
Designing and evaluating wetlands as nature-based flood
risk reduction features require accurate modeling of wave
dissipation by vegetation. Updated WW3 with the
vegetation sink term coupled with a storm surge provides
the necessary capability to model wave attenuation in
wetlands. Such implementation provides an opportunity to
investigate the effect of seasonal variability of vegetation
coverage on wave characteristics. Organic protection
methodologies can be designed for beach and wetland
erosion mitigation purposes. In addition, the changes in the
stem characteristic (diameter, height, and density) and
hydrodynamics can be investigated to identify the role of
dry/wetland cover before, during, and after the occurrence
of severe storm surges. Further improvement can be achieved
by a two-way coupling between the storm surge and wave
models, where depth-integrated wave radiation stresses in the
presence of vegetation affect the storm surge model. In return,
the updated water level and current fields derive the wave
model dynamically. In this way, the model components
interact with each other representing what occurs in nature
(Moghimi et al., 2020).
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The Unique Ability of Fine Roots to
Reduce Vegetated Coastal Dune
Erosion During Wave Collision
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Vegetated coastal sand dunes can be vital components of flood risk reduction schemes
due to their ability to act as an erosive buffer during storm surge andwave attack. However,
the effects of plant morphotypes on the wave-induced erosion process are hard to
quantify, in part due to the complexity of the coupled hydrodynamic, morphodynamic, and
biological processes involved. In this study the effects of four vegetation types on the dune
erosion process under wave action was investigated in a wave flume experiment. Sand
dune profiles containing real plant arrangements at different growth stages were exposed
to irregular waves at water levels producing a collision regime to simulate storm impact.
Stepwise multivariate statistical analysis was carried out to determine the relationship of
above- and below-ground plant variables to the physical response. Plant variables
included, among others, fine root biomass, coarse root biomass, above-ground
surface area, stem rotational stiffness, and mycorrhizal colonization. Morphologic
variables, among others, included eroded sediment volume, cross-shore area centroid
shift, and scarp retreat rate. Results showed that vegetation was able to reduce erosion
during a collision regime by up to 37%. Although this reduction was found to be related to
both above- and belowground plant structures and their effect on hydrodynamic
processes, it was primarily accounted for by the presence of fine root biomass. Fine
roots increased the shear strength of the sediment and thus lowered erosional volumes
and scarp retreat rates. For each additional 100 mg/L of fine roots (dry) added to the
sediment, the erosional volume was reduced by 6.6% and the scarp retreat rate was
slowed by 4.6%. Coarse roots and plant-mediated mycorrhizal colonization did not
significantly alter these outcomes, nor did the apparent enhancement of wave
reflection caused by the fine roots. In summary, fine roots provided a unique ability to
bind sediment leading to reduced dune erosion.

Keywords: dune, erosion, vegetation, physical model, mycorrhizal fungi, multivariate statistics

INTRODUCTION

Coastal sand dunes form a protective buffer for many coastal communities around the world,
protecting infrastructure and homes from damaging storm surges and waves. The economic storm
protection benefits of dunes are substantial (e.g., Sigren et al., 2016; Sigren, 2017), warranting
investment in restoring andmaintaining these coastal ecosystems. This is in line with most published
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work on wave erosion of vegetated dunes suggesting reduced
erosion due to the presence of plants (e.g., Silva et al., 2016; Feagin
et al., 2019; Maximiliano-Cordova et al., 2019 and 2021).
However, questions remain on whether dune vegetation is
meaningful to dune storm protection beyond promoting long
term accretional processes (i.e., building up dune size over time)
(Feagin et al., 2015) since the potential for enhanced scouring due
to accelerated flow around plant stems or uprooting of entire
plants exists. Small-scale flume studies have indicated the
potential for dune vegetation to reduce wave-induced erosion
(e.g., Sigren et al., 2014; Silva et al., 2016), lending support to the
idea that dune vegetation could play an active role in erosion
resistance during storm surges. However, only few studies have
addressed the specific biophysical mechanisms and interactions
between vegetation, sediment, and water that drive this erosion
resistance and storm protection. Mendoza et al. (2017) for
example, studied implications of the dune plant Ipomoea pes-
caprae at various densities and under various hydrodynamic
forcing conditions on dune morphology evolution in a
sediment wave flume, showing that the vegetation slowed the
erosion process by adding small, localized perturbations to the
flow. Both above- and belowground vegetation aspects likely play
a role, enhancing complexity of the problem. The objective of this
paper is to analyze and assess the specific interactions between
vegetation, sediment, and hydrodynamics in a controlled flume
setting to form statistical models for the role of vegetation in dune
erosion resistance. Quantifiable information on effects of
vegetation parameters on physical processes associated with
dune erosion could help optimize the practice of dune
restoration and the management of vegetated dune systems.

The above- and belowground components of vegetation affect
hydrodynamics and sediment properties in multiple transitional
and coastal ecosystems (e.g., marshes, mangroves, seagrass and
kelp beds, riparian banks), reducing erosion in the process
(Thampanya et al., 2006; Gedan et al., 2011; Coops et al.,
1996). Though coastal dunes in some ways differ from these
other ecosystems (e.g., different shore geometries/morphology,
sediment characteristics, swash and surf zone/wave breaking
dynamics), the interactions observed in other ecosystems can
provide context for the kinds of interactions that may occur
between dune vegetation and sediment/water during direct wave
impact. Aboveground interactions are hydrodynamic in nature,
occurring between moving water and plant stems and leaves. In
marshes, aboveground plant structures reduce tidal flow and
turbulent velocities (Leonard and Luther, 1995). Such
reductions in velocities lower the overall amount of energy in
the water column that is available to entrain and move sediments,
tending to promote the settling of sediments and reduce erosion.
Other energy dissipation by plant structures has been observed in
coastal ecosystems in the form of wave energy dissipation (e.g.,
Ysebaert et al., 2011; Yang et al., 2012). The amount of energy
dissipation that occurs depends on the type of vegetation and the
rigidity and surface area/density of the aboveground plant
structures (Augustin et al., 2009; Bouma et al., 2010). Similar
hydrodynamic interactions may occur between aboveground
dune plant structures, water flow, and waves during elevated
water levels where wave breaking and runup affect the dune face.

Belowground, plant roots and their associated microbial
communities bind sediments and strengthen sediment
structure. Soil binding and aggregation influences the general
erodability of sediment and can take place over decades in dune
sediment (Forster and Nicholson, 1981). The process involves
bacterial and fungal decomposition, secretion of adhesive
compounds, and entanglement of sediment particles by root
hairs and fungal hyphae (Miller & Jastrow, 1990). The ratio of
surface area and mass is reduced in water-stable conglomerates,
conceivably causing behavior under hydrodynamic stresses
comparable with larger particles. The described soil binding
would therefore increase the dune sediment’s “effective grain
size” and resistance to movement via water-borne forces.
Potentially, higher amounts of mycorrhizal activity and roots
present in a soil could increase this binding of sediment and
erosion resistance.

De Baets et al. (2008) and Fan & Su (2008) point out the
increased shear strength for sediments interspersed with roots
from vegetation. In dunes, certain surge and wave collision
scenarios (Sallenger, 2000) cause a dune scarp (cliff) to form as
waves erode the base of the dune (Roelvink et al., 2009).
Gravity acts on the overhanging sand of the dune scarp,
inducing cantilever action and shear stress across the dune
sediment and potentially causes slumping. Genet et al. (2007)
pointed out that the tensile strength of roots can help delay the
slumping process through the provided increased resistance to
shear stress. It is hypothesized that, to a certain extent, as root
density increases, so does the resistance of vegetated dunes to
erosion.

These above- and belowground processes provide a
conceptual framework for how dune vegetation could
influence erosion but depend on observations made about
plants in other ecosystems. To fill this knowledge gap
concerning coastal dunes, the overall objective of the research
in this paper was to determine the importance of dune vegetation
in erosion resistance and to explore which aspects of vegetation
(e.g., surface area and rigidity of plant stems, root biomass,
mycorrhizal activity) are linked to various physical processes
in the coastal zone (e.g., turbulence, swash velocity, wave
reflection, shear stress reinforcement, sediment binding,
erosion, dune scarp retreat). Controlled flume experiments
were conducted varying both above- and belowground
vegetation parameters to accomplish the objective. Four
specific dune plant morphotypes at different growth stages
were embedded into the dune face of a model sand dune and
subjected to elevated water levels and irregular waves to simulate
the dune collision impact regime. This approach allowed the
physical interactions between waves, the dune substrate, and
vegetation to be statistically modeled (multivariate regression).
Understanding these biophysical linkages could inform dune
restoration and management practices and allow for the
optimization of protective aspects of vegetation for the use in
Engineering with Nature™ projects. Furthermore, optimized
vegetation strategies may be a valuable tool to combat climate
change threats to coastal areas, such as increased erosion resulting
from future elevated water levels and more intense or frequent
storms.
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METHODOLOGY

The overarching approach taken for this experiment was to
generate variation in plant characteristics that may be relevant
to dune swash hydrodynamics, sediment properties, and
erosion and to test those variable plant characteristics in a
simulated storm surge and wave attack while measuring
physical response variables. This variation in plant
characteristics was generated by testing four different
species of dune plants at three different growth intervals
(time allotted for the plants to grow in a greenhouse). Five
plant metrics were measured through these tests: above-
ground plant surface area, plant stem rotational stiffness/
rigidity, fine root biomass, coarse root biomass, and
mycorrhizal colonization. Six physical response metrics
were also measured: near-bed swash flow velocity, turbulent
kinetic energy (TKE), wave reflection (proxy for wave energy
dissipation), sediment shear strength, sediment aggregation/
effective grain size, and morphodynamic evolution of the
vegetated dune profile. The influence of plant metrics on
physical response variables was statistically evaluated using
multivariate regression analysis. Several confounding variables
were also analyzed and are thoroughly detailed in the
Appendix.

Plant Growth and Setup
Four different species of plants, each a unique morphotype (tall
grasses, shrubs, vines, and short grasses–each representative of
plants that live throughout the US Gulf Coast), were tested in

different flume trials (Figure 1). Panicum amarum (P. amarum)
represented the morphotype of tall dune grasses (Figure 1A).
This plant features relatively rigid stems and can grow in excess of
1 m in vertical extent. However, most of the plant did not interact
with waves because it was taller than the maximumwater depth of
the swash zone of the wave flume. This species also has a dense,
adventitious root system featuring large rhizomes (>1 cm in
diameter). Dune forbs/shrubs were represented by
Rayjacksonia phyllocephala (R. phyllocephala). For flume
testing seedlings between 5 and 10 cm in height were
transplanted, but it is common for this plant to grow up to
50 cm in height in nature. This species has a woody stem and tap
root with few fine roots (Figure 1B). The species Sesuvium
portulacastrum (S. portulacastrum) represents the morphotype
of spreading dune vines in this experiment (Figure 1C). This
species forms a dense matrix of structures close to the ground
(typically not higher than 5 cm) but is flexible compared to the
other species. S. portulacastrum grows primary roots from nodes
on stolons. Moderately dense networks of fine roots radiate from
these larger primary roots. The last represented morphotype was
Sporobolus virginicus (S. virginicus). This dune plant is
characterized as a short grass with relatively low stem rigidity
and a dense network of adventitious fine roots (Figure 1D). Its
typical growth height ranges from 5 to 15 cm.

In addition to the variations in plant morphotype, transplant
age at the time of flume testing was varied as a measure of the
length of time a plant has had to grow and develop. The
procedure to grow and transplant the vegetation into the sand
dune of the wave flume is described next. Cylindrical plastic pots,

FIGURE 1 | Photos (top panels) and schematics (bottom panels) of plants used in sediment wave flume experiment. Four species/morphotypes of plants were
used for this experiment: A tall grass (A: P. amarum), a small forb (B: R. phyllocephala), a spreading vine (C: S. portulacastrum), and a short grass (D: S. virginicus).
Photos depict initial dune profile conditions for vegetated trials using 3-week-old transplants. Schematics highlight differences in above- and below-ground structure of
the four different plant morphotypes.
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16 cm in both diameter and height, were filled with the same
sediment that was used to form the dune in the wave flume. Over
the spring and summer months, cuttings from each plant species
were watered and fertilized in an identical fashion in a nearby
greenhouse to allow for the development of above- and
belowground plant features. After set growth periods of 3, 6,
and 9 weeks the entire content of the respective pots was
transplanted into the dune for testing. This was accomplished
by removing an identical cylindrical volume of sediment from an
initial bare dune in the flume and replacing it with the content of a
pot. The sediment surface was then smoothed by hand to provide
a seamless dune surface. Once transplanted, the contents from the
pots (15 per trial) formed a staggered grid of five rows and three
columns (see Figure 1). A total of 15 wave flume trials were
conducted, three controls trials without plants and 12 trials with
plants (4 species × 3 growth intervals).

Sediment Wave Flume Setup
All tests were conducted in a 15 m long × 1.3 m deep × 0.6 m wide
wave flume (Figure 2). Sediment within the flume consisted of
sand from a Texas sand pit with a median grain diameter of 152
microns. The sediment’s grain size distribution resembles that of
native material along upper Texas coast beaches (see Sections 2.4,
2.5 for more details) and was determined using sieve analysis. The
seaward facing dune slope was 1/2 (� tan θ1) and the beach slope
was 1/25 (� tan θ2). A plywood ramp of 2.45 m cross-shore length
connected the sand profile to the base elevation of the flume. The
initial dune was trapezoidal with a 120 cm base width, a 30 cm
crest width, and a height of 20 cm. The initial dune and beach
morphology were maintained constant for all trials using cross-
shore acrylic templates positioned along the inside walls of the
wave flume. This template allowed initial sediment elevations to
be consistent at the start of each trial, though some slight
variation between initial dune morphologies did occur. The
initial dune morphology was parameterized so it could be
modeled as a confounding variable in multivariate statistical
analysis. Nine capacitance wave gauges (WG) measured the
free surface elevation of water within the flume and were
positioned at select cross-shore locations throughout the flume
(Figure 2 and Table 1). WG1 was used as the cross-shore
coordinate origin and was located 1.9 m from the wave paddle

in a water depth of h = 103 cm. The wave gauge data were used to
calculate wave statistics (wave height, wave period, spectral
energy density) and are described in more detail in subsequent
sections. Additionally, a side-looking Nortek Vectrino Plus (a
type of acoustic Doppler velocimeter or ADV) was placed near
the dune base within the swash zone. This instrument recorded
water velocities at 200 Hz and these data were used to calculate
TKE and average swash velocity (additional details also in
subsequent sections). Each trial consisted of 12 irregular wave
runs, each wave run lasting 210 s to accommodate enough
individual waves to complete the statistical analysis but at the
same time provide the opportunity for frequent profile scans in
between wave runs. Three control trials (C1, C2, C3) with the
same initial bare dune and 12 vegetated trials (four species at
three respective maturity levels) were conducted. No replicate
tests of the vegetated trials were performed. This was a deliberate
decision primarily due to logistical constraints related to available
greenhouse space and time. The decision was made to focus on
various plant morphotypes and transplant age rather than
replicates under the given constraints. Before each trial, still
water level elevation was maintained for about 1 h to allow for
comparable sediment moisture conditions to establish
throughout the dune interior before starting the waves.
Additionally, the dune surface was sprayed with water before
each trial using a spray bottle to attain comparable sediment
moisture conditions but also to mimic more realistically the dune
surface conditions during storms. An irregular, JONSWAP wave
spectrum with a 6.7 cm significant wave height and a peak period
of 0.53 s formed the basis for each run for which identical incident
wave time series were used. A summary of all experiment
parameters is provided in Table 1.

Plant Measurements
Data on above- and belowground vegetation parameters were
obtained for each plant that had been part of the wave flume
experiment. Once each trial had been completed, all included
plants were carefully removed from the flume followed by a
thorough wash to remove any attached sediment. Further
processing involved separation into aboveground and
belowground components and determination of dry
biomass. The total aboveground vegetation surface area

FIGURE 2 | Schematic of sediment wave flume setup including the area of vegetation plantings.
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(stems and leaves) interacting with wave up- and downrush on
the dune face was quantified via spectral image analysis. Based
on measured water depth time series on the dune face, only the
lowest 5 cm of the aboveground plant structure were deemed
to contribute to flow-vegetation interactions in this
experiment. Stems and leaves from five of the used plants in
each trial were photographed against a white background with
length scale markings. Care was taken to make sure no plant
structures were stacked on top of one another. Images were
then spectrally analyzed in ArcMap where any non-white pixel
was considered plant area. Total plant surface area was then
calculated by converting the sum of all vegetation pixels up to
5 cm in plant height to an actual surface area value. Both
average surface area per plant as well as total surface area per
wave flume trial were determined. Belowground plant
parameters were divided into two categories and included
fine roots with a diameter less than 1 mm and coarse roots
with a diameter larger than 1 mm.

Rotational stiffness (RS) of plant stems was determined via a
cantilever beam setup by measuring the angle of deflection (θ)
resulting from applying a force (F) at a distance (D) from the fixed
anchor point (1):

RS � F × D

θ
(1)

Where:

RS = Rotational stiffness
F = Magnitude of the force applied to the plant stem
D = Distance of the applied force from the anchor of the
plant stem
θ = Angle of deflection caused by applied force

Five different stems for each plant species were used to
determine the respective average RS. The level of mycorrhiza
presence on roots was quantified using Trypan Blue to stain the
fine roots of each plant species following Morton & Amarasinghe
(2006). By examining the roots under a microscope
(magnification factor 200) in 1-cm length increments, the
percentage of root length showing signs of mycorrhiza was
recorded. Each 1-cm increment of roots displaying either

hyphae, spore structures, arbuscule, or vacuole was taken to
have active mycorrhiza.

Hydrodynamics
The swash zone water velocity was collected for every wave run
and trial at 200 Hz sampling frequency with a Nortek Vectrino
Plus acoustic Doppler velocimeter (ADV) in “side-looker”
configuration. The ADV relies on Doppler shifts in reflected
acoustic bursts to determine the velocity of particles moving in
water. When exposed to air, the ADV records only noise.
Therefore, bubbles in the water column or backwash
occurrences that exposed the ADV would cause erroneous
readings. Both sources of error were filtered out. Because the
ADV sensor head was placed in the swash zone, good data were
logged intermittently during full sensor submergence. Based off
each ADV dataset’s collocated wave gauge data, velocity data
were removed when the local water free surface elevation was less
than 0.5 cm below the still water level. As reference, the center of
the ADV head was roughly 1 cm above the initial sediment bed
and the tips of the top-most receiver prongs were roughly at the
surface of the water (Figure 3). The 0.5 cm below still-water mark
was the minimum level at which the ADV sensor head could
record data. This technique filtered out the noise generated by air
exposure for the ADV data so that turbulence and velocity
calculations could be made. It should be noted that even
though the center of the ADV sensor head was on average
around 1 cm above the sediment bed over the course of all
trials and wave runs, the sediment bed would shift slightly at
this location (+/− 1 cm). For this reason, the distance from the
sediment bed to the ADV sensor-head was used as a confounding
variable for multivariate modeling of swash velocity and
turbulent kinetic energy.

Turbulent velocity fluctuations (u′, v′, w′) were computed
by subtracting the mean flow velocity from the measured
velocity signal for each dimension, respectively. The mean
flow velocity was calculated as a running average over 21
adjacent points (i.e., a 0.1 s window) in the 200-Hz data set.
The cross-shore and alongshore location of the velocity
measurements remained the same for each trial (only the
vertical position was adjusted to maintain similar distance
to the bed at the beginning of each trial): The sensor head was
positioned along the center axis of the flume just landward of

TABLE 1 | Summary of wave flume experiment parameters.

Plant species None (control) P. amarum
(tall grass)

R. phyllocephala
(short shrub)

S. portulacastrum
(vine)

S. virginicus
(short grass)

Trial ID C1, C2, C3 PA1, PA2, PA3 RP1, RP2, RP3 SP1, SP2, SP3 SV1, SV2, SV3
Maturity (weeks) N/A 3, 6, 9 3, 6, 9 3, 6, 9 3, 6, 9
No. of plants 0 15
Plant density 0 28 plants/m2

Total duration 42 min
Hs, Tp, h, D50 6.7 cm, 1.9 s, 103 cm, 0.14 mm (Figure 3)
Profile scan times 0, 3.5, 7, 14, 28, 42 min
WG and ADV x-positions WG: 0.0, 0.2, 1.0, 3.5, 6.6, 8.7, 9.7, 10.4, 11.6 m

ADV: 11.6 m (all relative to WG1)
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the first row of plants approximately at the transition point
between erosion and accretion of the dune profile. Various
filtering mechanisms (i.e., acceleration, amplitude return,
correlation, and signal-to-noise ratio filters) were applied to
the raw velocity data to remove outliers that could occur due to
the presence of bubbles, for example.

Turbulent kinetic energy (TKE) was calculated using the post-
processed data of each wave run (2) where time-averaging is
denoted by overbars. The absolute value of the mean flow velocity
in the cross-shore direction was taken to be representative of the
velocity magnitude of both the uprush and downrush during
swash motion.

TKE � 1
2
(u′2 + v′2 + w′2) (2)

where:
TKE = Mean turbulent kinetic.
u′, v′, w′ = Turbulent velocity fluctuations in the cross-shore,

alongshore, and vertical direction, respectively.
Nine capacitance wave gauges collected data for every wave

run in every trial at 20 Hz and were used to calculate the wave
reflection coefficient and other wave parameters. Wave reflection
coefficients were obtained from the records of the three wave
gauges furthest offshore (WG1 – WG3, see Figure 2) following
the technique by Mansard and Funke (1980). Wave reflection
coefficients were calculated for every 400-s window of wave
action.

R � Hr

Hi
(3)

where R is the wave reflection coefficient, and Hr and Hi are the
reflected and incident wave height, respectively.

Sediment Properties
Data were collected for two sediment properties: sediment
shear strength and sediment aggregation. As these two

properties could not be sampled from the wave flume
before or after a trial without interrupting the trial or being
disrupted by wave action, samples were taken from a harvested
pot representative of each plant trial (control samples were
simply collected from the flume sediment without plants
present). Shear strength was measured by applying shear
forcing across a 6 cm long, 7 cm diameter core using a
horizontal soil shear apparatus. Cores were sheared at a
speed of approximately 1 mm per second over a distance of
2.5 cm. Shear curves were created by video analysis of an
attached force gauge display. Both peak shear and
cumulative shear (the area under the shear curve) were
calculated from the recorded data. In addition, the fine and
coarse root biomass from each core was measured. Sediment
aggregation was measured from a small sample (~50 g) of
sediment obtained from the same harvested plant that was run
through a sieve tower submerged in water and placed on an
INNOVA 2100 platform shaker at 80 RPM for 20 min. The
advantage of using a water submerged tower was that unaltered
sediment could be used (not dried, frozen, or ground up).
Unaltered sediment is assumed to have binding properties
(adhesive compounds, mycorrhizal entanglements, etc.) intact.
The resulting grain size distribution represents the sediment’s
effective grain size during a water-based forcing event. The
sieve sizes of 63, 125, 180, and 250 microns were used and
provided high resolution for this sediment’s grain size
distribution.

Dune and Beach Morphology
Measurements
Three-dimensional dune and beach morphology changes were
measured using a combination of a laser line scanner (Acuity
AP820-1000) mounted on a movable cart and a laser range finder
(Acuity AR 2000). The elevation of the evolving morphology was
scanned six times per trial, including the initial scan and
subsequent scans following wave runs 1, 2, 4, 8, and 12 (or

FIGURE 3 | Schematic side view of ADV sensor head placement relative to the initial sediment bed (left panel). Cumulative grain size distribution of the sediment
used to build the dunes in the sediment wave flume (right panel). D50 is the median grain size, Cu is the coefficient of uniformity, and Cc is the coefficient of curvature.
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3.5, 7, 14, 28, 42 min, respectively). Scans consisted of a 50-cm
alongshore swath along the center transect (5 cmwere excluded on
each side to minimize interference with the walls of the wave
flume) at 1-cm cross-shore increments. Plant structures measured
by the laser were consistently removed from all profile scans. After
filtering out plant elevations, the three-dimensional sediment
surfaces were averaged at each cross-shore increment to yield
representative 2D cross-shore profiles for calculation of the
eroded volume of sediment from the dune area. For every final
and initial profile comparison, there is a point near the base of the
initial dune which marks the transition between erosion and
accretion areas. All erosion that occurred landward of this point
was summed and multiplied by the width of the flume.

Statistical Analysis
The correlation between plant characteristics and physical
response variables was determined via stepwise multivariate
regression analysis. However, due to the large number of
variables, a dredge algorithm (Barton, 2015) was used to
narrow the list of predictor variables from the large pool. This
algorithm is a type of automated model selection that creates all
possible models (every combination of predictive/independent
variables) and produces a ranking of the best possible fit models
(based off R2). Stepwise forwards and backwards modeling
techniques along with collinearity assessments (Variable
Inflation Factors - VIFS) were then used on the dredge-
optimized models to create a coherent model with only
significant (α < 0.05) predictive variables. This statistical
analysis also accounted for confounding variables which could
influence physical response variables. These confounding
variables arose due to differential patterns of erosion and
sediment redistribution as a trial proceeded and due to slight
user-based variation in the initial setup of dune/beach
morphology and wave conditions. The Appendix includes
additional details on the specific confounding variables that
were analyzed in conjunction with the plant metrics.

Some predicted variables were modeled by the number of trials
(n = 15) while others were modeled by the number of wave runs
(n = 180). This sample size discrepancy is because dune
morphological change variables and sediment data (shear
strength, aggregation, eroded volume) only had one data point
per trial (based off differences between beginning and end profile
of each respective run). Alternatively, hydrodynamic data (TKE,
swash velocity, wave reflection) were collected for each wave run
and though there were repeated vegetation conditions for some
wave runs, these hydrodynamic data were independent of each
other. For example, measured TKE for any given wave run
depends on profile, wave, and vegetation characteristics of that
wave run and was modeled as such. It is possible in this type of
analysis, however, that a certain variable (vegetation as well as
confounding variable) does not show up as a significant predictor
for a specific outcome simply because the tested range was not
adequate. Additionally, if two plant variables were collinear, the
modeling techniques used in this analysis cannot detect the
independent importance of each plant variable with respect to
a predicted variable.

RESULTS

Wave Flume Observations
As waves approached the shoreline, they shoaled and eventually
broke between 40 (for the smallest waves) and 80 cm (for the
largest waves) from the toe of the dune. The surf zone
transitioned into the swash zone with swash runup passing
through the first row of vegetation before reaching the
location of the ADV sensor head. Vegetation structures had a
visible effect on water flow, forming wakes behind stems
indicating turbulence generation and energy dissipation. The
average swash zone cross-shore velocity component u at the
ADV was reduced from 0.272 m/s for the three control trials (C1
– C3) to an average of 0.238 m/s over all vegetated trials. Figure 4
shows the cross-shore swash velocity component u as well as the
TKE obtained from (2) in color matrix form for each wave run
and all experiment trials. Swash velocity decreased in all vegetated
trials compared to the control trials without vegetation. This is
likely caused by increased friction and drag provided by the
above-ground plant structure and felt by the flow passing through
the vegetation. However, for most of the vegetated trials the
velocity increased with increasing plant growth duration. This
indicates that while overall vegetation reduces flow velocities at
the measurement location, the increased level of flow obstruction
in trials with more mature vegetation can lead to localized small
relative increases in velocity due to flow acceleration around the
plant obstacles. The only exception were the vegetated trials with
S. virginicus (SV1 – 3) where, on average, velocity decreased with
increased plant maturity level. This can be explained by the
relatively low rotational stiffness of this plant morphotype
where added above-ground biomass via leaves may increase
overall friction levels, but the lack of rigid stems may lead to
negligible plant area reduction perpendicular to the flow
(i.e., leaves sway back and forth aligning themselves with the
flow direction rather than acting as a rigid object forcing flow
acceleration around it). TKE at the ADV measurement location
varied from 0.01 J/kg to 0.03 J/kg across all trials where the higher
values always occurred during the initial wave run of each trial.
For the control trials, TKE reduced to about 0.02 J/kg as profiles
adjusted to the wave forcing conditions while all vegetated trials
showed further reduction even down to the lowest values of
0.01 J/kg by the end of PA3, RP3, SP2, and SP3 (Figure 4). This
showed that the more matured vegetation enhanced dissipation
due to added above-ground surface structure. Reflection
coefficients, R, were 0.27 on average for all control trials,
compared to 0.23 on average across all vegetated trials
indicating enhanced wave energy dissipation in the vegetated
trials. Scour occurred in the sediment bed in front of and along
the sides of the vegetation stems. Vegetation structures moved
with the swash flow, with the magnitude of the swaying motion
seemingly proportional to the rigidity of the plant structures. P.
amarummotion was minimal while S. portulacastrum undulated
greatly with each passing uprush and downrush. For all tests, the
initial wave run exhibited the most severe morphodynamic
changes, as the profile started to adjust toward an equilibrium
based on the incoming wave energy. During the first wave run
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of each trial, the runup limit exceeded the first three rows of
vegetation and nearly reached the crest of the dune. By design,
only the collision regime was tested, so trials were stopped
before the dune crest was breached to avoid any overwash. As
erosion occurred in the swash zone, roots were exposed along a
20 cm cross-shore segment of shoreline. Roots, when exposed
to waves, also had a visible impact on the motion of water in
the swash zone that was similar to the above-ground plant
structures.

As waves began washing up onto the dune during the first
wave run, dune sediment became wet and was pulled offshore
into the swash zone by the return flow (downrush). By the end of
the first wave run, rapid erosion of the seaward dune face had
taken place forming a pronounced vertical scarp. Typically, this
dune scarp started between the third and fourth rows of
vegetation with a vertical extent between 5 and 6 cm. During
the second wave run, the erosion dynamic shifted due to the
adjusted profile featuring a growing offshore bar that aided in
wave energy dissipation further away from the vegetation line.
Thus, smaller waves from the JONSWAP spectrum began having
less impact, barely running up to the base of the scarp. Larger
waves, however, still interacted with the vegetation and substrate
and collided with the base of the dune scarp continuing to erode
sediment. This dynamic created a scarp overhang which would
eventually slump into the swash zone as the base was undermined
by attacking waves. The occurrence of intermittent slumping

therefore appeared to be a dominant driver of erosion. When the
overhang remained intact, minimal amounts of sediment were
carried offshore from the dune. When the overhang collapsed,
sediment slumped into attacking waves and the active swash
zone. This sediment was then moved offshore by wave action and
the previous dynamic of scarp overhang and base erosion
commenced.

For trials without plants, two or three major slumping
events would take place over the duration of the whole
series of wave runs. For plant trials, often no or only one
major slumping event occurred. As slumping occurred during
plant trials, large cracks formed on the dune crest and plant
roots were observed to span these cracks, providing a source of
attachment of the slumping sediment to the rest of the dune.
Plant trial slumping events would generally be prolonged and
less violent than those observed in control trials. The eroded
dune volume (E) and the scarp retreat (S) since the start of the
respective experiment trial are listed in Table 2. Trial IDs
correspond to those explained in Table 1. For the three bare
dune control trials (C1-3) the average values are given. Time in
minutes indicates the duration after the start of each trial at
which profile scans were conducted.

Variability of Vegetation Aspects
The 5-spoke star plots in Figure 5 are a tool to visualize variations
of a select set of five vegetation parameters across the different

FIGURE 4 | ADV-measured cross-shore swash velocity component u (left panels) and computed TKE (right panels) using Eq. 2 for each wave run and every
experiment trial. The top row of panels includes the respective color key maps linking colors to specific parameter value ranges. The bottom row of panels shows the
actual data as color matrices. Each column represents a separate trial as indicated by the trial ID (Table 1). Each row represents a single wave run (210 s) from top (1) to
bottom (12). The frequency of occurrence of specific value bins is indicated by the histograms overlaid on top of the respective color key maps.
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plant species and growth durations. The five parameters included
are the fine (FR) and coarse (CR) root mass, respectively, percent
of roots with mycorrhiza colonization (MC), the plant surface
area (SA) in contact with the flow, and the rotational stiffness
(RS) of plant stems starting at the top of the star and proceeding
in a counterclockwise direction. Parameter values relative to all
other trials are indicated on the respective spokes of the star plots
where the maximum value observed is shown at the point along
the spoke farthest away from the center of the star. Connecting all
the values to form a shaded 5-point area allows for easy
comparison of dominant vegetation characteristics among
various trials and to baseline control tests without vegetation.

The star plots reveal contrasts in plant parameters between
vegetation types, but also changes based on growth duration.
For example, a substantial increase in fine roots (FR), coarse
roots (CR), and rotational stiffness (RS) was observed for P.
amarum as growth duration increased from 3 (PA1) to 6 (PA2)
and eventually 9 (PA3) weeks, while at the same time
mycorrhizal colonization (MC) and plant surface area (SA)
remained low (Figure 5). This behavior can be explained in
part by specific plant morphotype growth. P. amarum grows
relatively tall with individual stems increasing in rigidity over
time while maintaining a relatively low stem density (number
of stems per unit area). Since most of the stem and leaf growth
occurs above the elevation where flow interactions are
expected, the aboveground changes in P. amarum over time
do not significantly affect SA. Both the amount of fine (FR) and
coarse (CR) roots of this plant, however, seem to have

flourished with increasing growth duration to maximum
levels across all tested plant morphotypes. In contrast, the
dune forb R. phyllocephala did not show significant amounts of
change in any of the vegetation parameters over the allotted
growth time in this experiment, leading to continued small star
plot area for all tests. Fine roots (FR), coarse roots (CR),
surface area (SA), as well as stem rotational stiffness (RS)
increased less than 5% of the respective maximum value for
each parameter. A relatively moderate increase in fine roots
(FR) and coarse roots (CR) in combination with the largest
increase in surface area (SA) while maintaining low rotational
stiffness (RS) was observed for S. portulacastrum. These
observations make sense as this plant remains low to the
ground as it spreads out over time (i.e., increased surface
area in contact with the flow) without necessarily increasing
its stem rigidity. The plant type S. virginicus did also not
increase its rotational stiffness (RS) significantly over time but
displayed a relatively large value for coarse roots (CR) by the 9-
week mark (13.2 g/L for SV3) with only moderate increase in
fine root (FR) and plant surface area (SA) values. Mycorrhiza
presence remained relatively low for all tested morphotypes
and growth durations, varying only between zero and 34.6%
with a mean value of 5.4%. In general, the gray area formed by
the 5-spoke star plots allows grouping of trial runs into three
broad categories: Control trials without any vegetation present
(C1, C2, C3), trials with relatively low vegetation influence
(PA1, RP1, RP2, RP3, SP1, SV1, SV2), and trials with high
vegetation influence (PA2, PA3, SP2, SP3, SV3).

The erosion response of the beach-dune system to
hydrodynamic forcing is captured by the 3-spoke star plots
shown in Figure 5. Parameters displayed include the eroded
volume (E), the dune scarp retreat (S), and the cross-shore
shift in profile area centroid (CS). A larger black triangle area
indicates a more substantial erosion response with individual
parameter values relative to all trials shown along the
respective parameter spoke of the star. The highest values
for erosion response parameters were measured in the bare
dune control trials without any vegetation. Average values
across all three control trials for E, S, and CS were 18379.4 cm3,
64.8 cm, and 11.9 cm, respectively. The trials listed above with
measurable but still relatively low vegetation influence
produced average erosion response values for E, S, and CS
of 17588.5 cm3, 57.9 cm, and 10.7 cm, respectively, a notable
reduction across the board. The trials considered to have high
vegetation influence further decreased the overall erosion
response. For these trials, the average values for parameters
E, S, and CS were 13610.1 cm3, 51.3 cm, and 6.6 cm,
respectively.

Multivariate statistical modeling of these vegetation variables
with regards to erosion and other physical processes will add
specificity to these generalizations and are detailed in the next
sections. It should be noted that several of the plant variables were
collinear with one another. Fine and coarse root biomass were
strongly and positively correlated to one another. Both fine and
coarse root biomass were also strongly and positively correlated
to rotational stiffness. Lastly, mycorrhizal colonization showed a
moderate correlation to plant surface area.

TABLE 2 | Eroded dune volume and scarp retreat.

Trial ID/Time 3.5 min 7 min 14 min 28 min 42 min

C1-3 12281.3 13756.2 15401.3 17103.1 18379.4
43.3 48.5 54.3 60.3 64.8

PA1 11883.4 14041.3 14588.4 16108.0 15013.8
39.1 46.2 48 53 49.4

PA2 10559.1 10957.1 12761.2 13689.7 14565.2
39.8 41.3 48.1 51.6 54.9

PA3 10559.1 11036.7 12655.0 14087.7 14379.5
39.8 41.6 47.7 53.1 54.2

RP1 12308.9 13281.5 14254.0 15469.7 16989.4
40.5 43.7 46.9 50.9 55.9

RP2 12187.4 14162.9 15013.8 17080.5 19147.2
40.1 46.6 49.4 56.2 63

RP3 12521.7 13950.1 15682.5 15773.7 17749.2
41.2 45.9 51.6 51.9 58.4

SP1 12187.4 13281.5 15257.0 16563.9 17323.7
40.1 43.7 50.2 54.5 57

SP2 9524.4 10293.8 11620.4 12469.3 12840.8
35.9 38.8 43.8 47 48.4

SP3 9895.9 10293.8 12097.9 12575.5 12840.8
37.3 38.8 45.6 47.4 48.4

SV1 13190.3 13494.2 16108.0 18812.9 19147.2
43.4 44.4 53 61.9 63

SV2 12977.6 14497.2 16563.9 17627.6 17749.2
42.7 47.7 54.5 58 58.4

SV3 10665.3 10851.0 11142.8 13026.5 13424.4
40.2 40.9 42 49.1 50.6

The first row of values for each trial is eroded dune volume (cm3) since the beginning of
the respective trial and the second row of values is scarp retreat (cm). C1-3 indicates
averages across the three control trials.
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Statistical Model Outcomes
Data were collected over 15 flume trials on plant
characteristics (plant surface area, rotational stiffness, fine
root biomass, coarse root biomass, and mycorrhizal
colonization) as well as physical response variables
(average swash velocity, TKE, wave reflection coefficient,
shear strength, sediment aggregation, erosion, profile
centroid shift, and dune scarp retreat rate). To evaluate

whether vegetation aspects affected physical properties
during the experiments, multivariate regression analyses
were conducted for all predictive and response variables
(Table 3). Minus signs mark negative relationships and
plus signs note positive relationships (asterisks show the
level of significance of the relationship based on statistical
p-values; N/A indicates “not applicable”; N/S indicates “not
significant”).

FIGURE 5 | Evolution of beach and dune profiles for all wave runs. Panel letters (A–O) indicate each of the 15 individual experiment trials with specific trial ID given in
the lower right corner of each panel as detailed in Table 1. Profiles are plotted at set times t in minutes as indicated in the legend with the initial profile depicted as a solid
gray line and the final profile as a solid black line. Star plots summarizing beach/dunemorphological change (three spokes) and plant (five spokes) data between initial and
final run for each trial are also shown in each panel with individual spoke parameters explained in the legend at the bottom.
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Three hydrodynamic parameters were modeled during the
flume trials: TKE (Supplementary Appendix Table SA1),
average swash velocity (cross-shore direction, absolute value,
Supplementary Appendix Table SA2), and wave reflection
(Supplementary Appendix Table SA3). The aboveground
plant surface area of stems and leaves were negatively and
significantly related to swash velocity, TKE, and wave
reflection coefficient. In other words, wave runs with more
abundant aboveground structures had reduced flow velocities
and turbulence in the swash zone. Plant structures also caused less
wave energy to be reflected (a more dissipative shoreline).
Rotational stiffness also had a similar negative relationship
with mean flow velocity and swash zone TKE. Additional
statistical model specifications for these models, including the
influence of confounding variables, can be found in the Appendix
(Supplementary Appendix Tables SA1–SA3).

Data were collected on two sediment properties: shear strength
and effective grain size (aggregation). For shear testing, both peak
shear (Supplementary Appendix Table SA4) and cumulative

shear, i.e., the area under a shear curve (Supplementary
Appendix Table SA5), were evaluated for relationships with
root properties within tested cores. Fine root biomass was
positively and significantly related to peak shear and
cumulative shear and displayed a stronger relationship than
coarse root biomass or total root biomass. Figure 6 shows a
comparison of sediment shear curves between a core taken from
S. virginicus at 9 weeks (SV3, the plant/growth increment with the
highest cumulative shear as well as the highest fine root density)
and a control core from trial C3. The two shear curves have
similar peaks (the core with plant roots being slightly higher) but
the core with plant material resisted a continuously high shear
stress throughout the full length of the shear test, basically
providing a more ductile failure mode. In contrast, the control
core essentially crumbled when shear stress built up, failing rather
rapidly. No significant trend was found between sediment
aggregation (effective grain size) and mycorrhizal colonization
or fine root biomass. Additional information on sediment shear
models can be found in the Appendix (Supplementary Appendix
Tables SA4–SA5).

The three erosion response parameters (E, S, and CS) all had
similar relationships with respect to plant characteristics.
Specifically, FR (fine root biomass) and SA (aboveground
plant surface area) showed a significant negative correlation
with eroded sediment volume (E) in that trials with high
parameter values of FR and SA led to significant erosion
reduction. For each additional 100 mg/L of fine roots (dry),
erosion volume was reduced by roughly 1.2k cm3 or about
6.6% of the average erosion volume that occurred during the
control trials. Erosion volume was reduced by roughly 380 cm3

(~2.1% of the average erosion volume that occurred during the
control trials) for each cm2 of plant surface area per alongshore
centimeter of shoreline (Supplementary Appendix Table SA6).

Similarly, the erosion response parameter S (scarp retreat
distance) showed a significant negative correlation with FR
and SA. For each additional 100 mg/L of fine roots (dry),
scarp retreat was reduced by roughly 3 cm or about 4.6% of
the average retreat that occurred in the control trials. Scarp retreat
was reduced by roughly 1.1 cm (~1.7% of the average scarp retreat
that occurred during the control trials) for each cm2 of plant
surface area per alongshore centimeter of shoreline
(Supplementary Appendix Table SA7). Consistent with the

TABLE 3 | Summary of all multivariate models.

Predicted variable Plant surface
area

Rotational stiffness Fine root
biomass

Coarse root
biomass

Mycorrhizal
colonization

Swash Velocity −*** −*** N/S N/S N/S
Turbulent Kinetic Energy −*** −* N/S N/S N/S
Wave Reflection Coefficient −*** N/S −*** N/S N/S
Cumulative Sediment Shear Strength N/A N/A +** N/S N/S
Peak Sediment Shear Strength N/A N/A N/S N/S N/S
Sediment Aggregation N/A N/A N/S N/S N/S
Erosion −* N/S −* N/S N/S
Cross-shore Centroid Shift −** N/S −* N/S N/S
Scarp Retreat −** N/S −*** N/S N/S

Notes on p values: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.

FIGURE 6 |Comparison between shear curves produced from a core of
control trial C3 and SV3 (S. virginicus at 9 weeks maturity).
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other measures of erosion, offshore centroid shift (CS) was also
significantly and negatively correlated with FR and SA
(Supplementary Appendix Table SA7). In trials with more
fine roots, stems, or leaves, the offshore shift of sediment was
reduced. For each additional 100 mg/L of fine roots (dry),
offshore centroid shift was reduced by roughly 1.1 cm or
about 9.6% of the average centroid shift that occurred in the
control trials. Cross-shore centroid shift was reduced by roughly
0.2 cm (~1.8% of the average off-shore centroid shift that
occurred during the control trials) for each cm2 of plant
surface area per alongshore centimeter of shoreline. Additional
details on all three erosion models are given in the Appendix
(Supplementary Appendix Tables SA6–SA7).

DISCUSSION

Conceptualizing Statistical Models
The presented physical model experiment data indicate that
aboveground as well as belowground components of plants
contribute to a dune and beach system’s resistance against
erosion, as has been seen in similar and related studies. For
example, the present study found that the rotational stiffness of
plant stems and structures contributed to reductions of turbulence
and swash flow velocity, though rotational stiffness could not be
statistically tied to erosion reduction. This calming effect in both
turbulence and flow velocity has been reported from measurements
in hydrological settings including emergent vegetation in wetlands
(Leonard and Luther, 1995) and beach macroalgae (Innocenti et al.,
2018), and related to differing dune plant structures (Maximiliano-
Cordova et al., 2019; Oderiz et al., 2020; Innocenti et al., 2021).

The results of the present study also found that the surface area
of aboveground plant structures created a more dissipative
shoreline and a less energetic swash zone, and that this was
indeed related to less erosion. Feagin et al. (2019) similarly found
erosion reduction by aboveground structures that are connected
to belowground structures, as found in this study and as in the
field, but further explained that the belowground structures alone
provided still better protection. Their findings implied that while
the aboveground structures do dissipate wave energy and reduce
velocities, they also provide a cantilever upon which waves can
begin to leverage a plant. This cantilever effect can ultimately
uproot a plant, extract sediment, and offset the erosion reduction
provided by the energy dissipation effect. While the current study
did not similarly partition aboveground versus belowground
structures into separate treatments, it points to the importance
of belowground structures in a novel way.

In particular, the present study shows that the fine roots of
plants are a key determinant of erosion reduction. The results
show that for erosion reduction, the fine roots are more
important than coarse roots, mycorrhizal colonization, or
aboveground plant structures. Moreover, these fine roots
provide a unique mechanism that binds the sediment grains
together and prevents gravity-driving slumping and collapse. Fine
roots uniquely enhance the sediment shear strength.

It should be noted that with regards to statistical modeling,
beach and dune morphological variables (such as the location and

size of the sandbar, or the distance of the ADV head to the
sediment surface) were accounted for during the statistical
modeling process, implying that plant surface area played a
causal role. In other words, it was not some feedback
mechanism between plant surface area and shoreline
morphology that modified swash hydrodynamics. Rather, plant
surface area reduced swash velocity, TKE, and wave reflection
independently of confounding shoreline features (see Appendix
for additional details on the interplay between confounding
variables and plant variables). This means that even in the
absence of changes in morphological parameters, the surface
area of the plants contributes to wave energy dissipation.

Ramifications for Dune Management
The effect of vegetation on erosion was substantial under the
presented experiment conditions (based off Model A6, see
Appendix). Erosion reduction of up to approximately 1/3 (37%)
of the erosion experienced by the control trials could be achieved if
the aboveground plant surface area of trial SP3 and the biomass of
fine roots of trial PA3were combined. Kobayashi et al. (2013), Sigren
et al. (2014), and Silva et al. (2016), among others, have obtained
similar values of erosion reduction in physical model studies due to
the presence of vegetation (real or surrogate) on the seaward dune
face. The temporal aspect of this erosion reduction by vegetation
should also enter flood risk management considerations since the
time to a complete breach during storm impact is extended. A
prolonged dune breach could mean that vegetation will enhance
dune storm damage mitigation with regards to homes and
infrastructure, though that would depend on the flume results
scaling to larger systems (see section 4.3).

Taking the findings from this study a step further, dune
management and restoration practices could consider adopting
a combination of multiple native plant morphotypes with specific
beneficial characteristics to reduce storm damage and erosion and
further enhance the observed effects of vegetation. For example, a
combination of species targeting extensive fine root system
development as well as substantial low-elevation aboveground
surface area may maximize desired benefits. Those plant
morphotypes that err on the side of root production would be
more important in areas where a scarp forms (i.e., the dune ridge
and slopes) because of their contribution to sediment shear
strength (at least for a wave collision scenario that is similar
to the one that was used in this flume experiment).

Limitations of Experiment and Research
Outlook
There were some limitations to the approach taken in this
experiment. Due to the usage of a small-scale wave flume, the
obtained results are not directly transferrable to larger dune systems
or longer temporal events. First, if a comparable amount of S.
portulacastrum was growing in situ as was used in this
experiment’s S. portulacastrum 9 week trial (SP3), it would likely
not reduce erosion by the same amount as was observed in the flume
(~26%) during a real-life storm surge. This discrepancy occurs
because the wave parameters and shoreline profile were scaled
down for the experiment, while the plants were not. However,
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the general trends that were observed in the flume should take place
in situ (i.e., more roots would reduce more erosion). However, the
true magnitude of the erosion reducing effects in scaled up dune and
beach systems remains undetermined.

Second, the obtained results do not account for the dynamics
that may occur during a longer temporal event, such as during a
hurricane. At time scales of hours to days, such events progress
through multiple regimes of erosion (Sallenger Jr., 2000), often
beginning with swash and runup, then transitioning into
collision, and finally resulting in overtopping or inundation of
the dune. The obtained results solely apply to the dynamics that
occur during the wave collision regime.

Third, the vegetated trials did not include replicates to allow
for some form of ensemble averaging or determination of
variability. While this is certainly a limitation the choice to
run experiments on four different plant morphotypes at three
different transplant age levels showed significant trends detailed
in the conclusions that would likely not change even if replicate
trials were conducted. The minimal variability observed across
the three control trial replicates further underscores that point.

There were also some statistical limitations to the approach taken
in this experiment. For example, if a variable was not a significant
determinant of erosion or a physical process, this does not
necessarily mean that it was irrelevant for in situ dune systems.
Rather, themethodology utilized tomodel these variables could have
tested an inadequate range of variation. For example, sediment
aggregation should, in concept, lead to less erosion in sand dunes. If a
substantial amount of sediment particles is bound together in a
water-stable manner as to shift that sediment’s effective grain size
distribution, less erosion would take place. Such sediment binding
caused by mycorrhizal fungi has been measured in dune systems
(Forster and Nicholson, 1981), but may take place over many years
as organic materials build up in soil and mycorrhizal fungi increase
in abundance. The time allotted for plant growth in this experiment
(3–9 weeks) was probably not a long enough time for these soil
structures to develop. Therefore, sediment aggregation could be
important in dune erosion, but the range of parameters tested in this
experiment failed to yield statistically significant results.

Additionally, the collinear relationship of certain plant parameters
means that statistical modeling techniques could not verify each
variable’s independent effect on dependent variables. Fine and
coarse roots, for example, were collinear during this experiment.
Fine root biomass densitywas found to be amore significant predictor
of dune erosion during statisticalmodeling but both variables could be
important to dune erosion resistance. Further testing of a broader
range of variable combinations (a non-collinear dataset) would need
to be conducted to parse the independent contribution of these two
belowground variables.

CONCLUSION

The physical model experiment conducted in a wave flume led to the
conclusion that plant-related parameters that change aboveground
as well as belowground properties of a vegetated dune can
significantly influence dune erosion. Their net effect was to
reduce wave-induced erosion volume by up to 37%. The surface

area of aboveground plant structures was related to decreases in
turbulence and uprush/backwash velocities, helping create a
shoreline that was more effective at dissipating incoming wave
energy. Fine roots increased the mechanical strength of sediment,
making it more resistant to shearing forces and preventing sediment
from slumping into incoming waves. In concept, increasing the
quantity of fine roots would create a dune system more resistant to
erosive forces. Future research on this topic could expand to larger
length and temporal scales, with the aim of guiding coastal dune
management and restoration techniques.
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Investigation of the effectiveness of Natural and Nature-Based Features (NNBF)

for protecting shorelines from ship wake is increasingly important with

continued development along the coast, especially when combined with sea

level rise. Studies that investigate the wave energy dissipation capacity of

different techniques and account for variation in context will lead to

improvements and innovation in designed NNBF. Few studies have

examined the performance of NNBF in protecting shorelines from ship

wake. In this study of a low-sloping estuarine shoreline adjacent to a major

shipping route, a natural design using coir logs and wooden staking was

implemented in a T-head groin configuration. Pressure transducers and

electromagnetic current meters were deployed over ~1.5 months to

investigate the energy dissipation and velocity attenuation capabilities of the

installation. Results indicate that ship wakes account for 25%–50% of the total

daily energy impacting the shoreline at the study site. Peak background

velocities are typically over 50% smaller than the largest ship wake velocities.

Field data and results of the fully nonlinear Boussinesq model, FUNWAVE-TVD,

indicate that the installation is capable of decreasing energy impacting the

shoreline by 10%–80% and is effective over the lower 50% of the tidal range and

when submerged up to twice its height. Elevation surveys of the site indicate

accrual of sediment within the installation, suggesting wave diffraction patterns

promoting further accretion at the site over time. Observations indicate that

coir logs may be effective in reducing wave energy from ship wakes but may fail

under storm conditions in a moderate fetch confined channel. Findings from

this study illustrate the opportunities and challenges nature-based solutions

face in addressing ship wakes, and their ability to protect shorelines under high

energy stressors.

KEYWORDS

ship wake, FUNWAVE-TVD, living shoreline, nature-based solution, coir logs, wave
attenuation
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1 Introduction

Marshes and coastal wetlands along estuaries provide a buffer

of protection against hydrodynamic forcing. Natural sediment

transport in tidal waterways is affected by the tidal range and

controls the development and erosion of marshes and shorelines

(Ross et al., 2017). Growing pressures from sea level rise and

reductions in sediment supply due to upriver development,

combined with effects of ship wakes, influence shoreline

morphology and alter the formation and subsistence of coastal

wetlands (Syvitski et al., 2005; Brophy et al., 2019; Ezcurra et al.,

2019). The inland regions of estuarine waterways lack defense

against large wave events because they are primarily subjected to

weaker forcing resulting from currents, tides, and small wind

waves that are limited by the relatively narrow fetch and shallow

bathymetry. The built and natural environment along these

waterways will become increasingly susceptible to erosion with

an increase in global mean sea level (Neumann et al., 2015). For

example, it is estimated that 46%–59% of global coastal wetlands

will be lost to 0.5 m of sea level rise, and up to 78% will be flooded

by 1.1 m of sea level rise under normal and high projections for

sea level rise by 2,100 (Spencer et al., 2016).

Estuarine waterway systems provide valuable shipping routes

for inland cities and ports. Increased trade and economic activity

(Almaz and Altiok, 2012) has influenced the growth of marine

traffic and the necessity for larger ships to transport cargo.

Increased large-vessel traffic amplifies the negative impacts of

ship-generated waves (Schroevers et al., 2011), hereafter referred

to as ship wakes or wakes. Ship movement displaces water,

forcing it to flow in front of, around, and under the hull from

bow to stern, analogous to a moving surface pressure disturbance

(Soomere, 2006). A typical ship wake event consists of a group of

low-frequency waves followed by high-frequency large-

amplitude waves, and an ultra-low-frequency wave component

(Herbert et al., 2018). Vessel length may be an important variable

in the development of high amplitude wakes in confined

channels (Scarpa et al., 2019).

Ship wakes, due to their higher energy content relative to

wind-generated waves in a short fetch environment, have the

potential to increase erosion along waterway shorelines (Verney

et al., 2007; Soomere et al., 2009; Houser, 2011; Bilkovic et al.,

2019; Styles and Hartman, 2019), and cause a variety of negative

ecological effects including marsh degradation, wildlife

disturbance, and light attenuation for local vegetation (Gabel

et al., 2017; Bilkovic et al., 2019). Ship wake events typically

produce waves with amplitudes greater than those of wind waves

in fetch-limited waters and occur more frequently than storm

surge events that produce waves of a similar size (Gabel et al.,

2017). Ship wake events can also increase current velocities by an

order of magnitude (Rapaglia et al., 2015), and can produce

higher near-bottom velocities than wind waves of the same

amplitude (Gabel et al., 2017), causing increased sediment

suspension. In addition, extreme events and ship wake activity

are a known cause of bank failure in fetch-limited environments,

and the erosive potential of ship wakes increases with

diminishing width in the waterway (De Roo and Troch,

2015). Suspended sediment concentration also increases

during ship wake activity as compared to calm conditions

before the wake (Safak et al., 2021). The increase in

suspension is likely to lead to increased sediment transport

under ship wakes relative to background wind-wave forcing

(e.g. Safak et al., 2021).

Populations are increasing along coastlines, leading to high

density coastal development and a need to protect onshore

structures often with hard structures (Douglass and Pickel,

1999). As a conservative estimate, 14% of coastlines in the

continental U.S. are hard armored, with the highest

concentrations in cities (Gittman et al., 2015). Traditional

structures like bulkheads starve estuarine shorelines of

sediment (Zabawa et al., 1981) and lead to the loss of

intertidal habitat (Douglass and Pickel, 1999). Hard structures

prevent physical energy from impacting the shoreline onshore of

their placement and help maintain shoreline position. However,

they do not decrease the energy or erosion capacity of the wave

environment offshore of the structure, allowing for continued

erosion and elevation loss. In fact, the reflection of waves,

including ship wakes, off of the bulkhead may increase the

local energy levels. When compared to natural and restored

shorelines, bulkheads may perform worse in protecting

shorelines from erosion (Gittman et al., 2014; Smith et al.,

2017) and have shown greater and more costly damages

during hurricane events (Smith et al., 2017).

Research concerning natural alternatives to hard structure

shoreline protection has increased rapidly since the term “living

shoreline” was introduced in 2008 (Smith et al., 2020); where

living shoreline is generally used to refer to shoreline protection

strategies that include an element of habitat restoration (NOAA,

2015). Living shorelines have the potential to dissipate wave

energy, stabilize shorelines, reduce flooding, and reduce the

impact of large storms while providing co-benefits to

ecological and economic systems (Temmerman et al., 2013;

Davis et al., 2015; SAGE, 2015; O’Donnell, 2017; Kibler et al.,

2019). The value of nature-based solutions is not well

understood, especially in terms of coastal defense benefit, due

to variations in materials, environment, and desired outcomes,

and lack of research of different designs within these contexts

(Gedan et al., 2011). Living shorelines are rarely monitored in the

long-term for their effectiveness (Polk and Eulie, 2018;

Bayraktarov et al., 2019) and those that have been

implemented are not always intended to achieve coastal

protection outcomes. Other measures of success, such as

habitat creation, are often the primary focus of various

investigations (Morris et al., 2018).

Living shorelines range widely in their ability to protect

shorelines, require careful consideration of ecological

components to ensure their sustained success, and may fail in
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high energy conditions (De Roo and Troch, 2015; SAGE, 2015;

Morris et al., 2018), such as ship wakes. The interaction between

waves and living shoreline structures has shown successful wave

dissipation by different designs (Meyer et al., 1997; Ellis et al.,

2002; Dao et al., 2018; Safak et al., 2020a; Safak et al., 2020b; Mai

Van et al., 2021), but requires further investigation. Few studies

have examined the performance of living shorelines and natural

and nature-based features in protecting shorelines from ship

wake-induced erosion. However, shipping traffic can

significantly alter the wave environment in low-energy

waterways. Hydrodynamic processes and tidal depths play a

vital role in the success of living shorelines installation such as

low-crested brush bundle breakwaters (Ellis et al., 2002). Natural

materials are chosen for accessibility, low cost relative to

engineered materials, lack of interference with local ecology,

biodegradability (impermanence in changing systems), and/or

their permeability for wave dissipation as opposed to reflection.

However, the applicability of these materials in different contexts

is not well researched. In Delaware, and according to the

Delaware Department of Natural Resources and

Environmental Control (DNREC), “conventional living

shorelines” are those employing natural materials, of which

coir logs and oyster shell are the most common materials, and

are typically constructed in lower energy areas (Delaware

Department of Natural Resources and Environmental Control,

2020). Coir logs are accessible, low cost, handleable (low weight),

and flexible in terms of application to project configurations.

They typically break down in two to five years and are often used

to establish a slope of ground elevation through accretion that

supports plant material along a gradually sloping shoreline.

Oyster shell is used to dissipate wave energy and establish a

living breakwater by recruiting live oysters to establish a reef.

Therefore, part of this study includes investigating such material

recommendations in moderate energy systems. The aim of this

study is to quantify the relative importance of ship wakes in the

Delaware estuary and develop and test a low-cost nature-based

living shoreline in a ship wake-influenced area. Investigating the

behavior of such a structure composed of natural materials in an

environment with heavy commercial shipping traffic will

contribute to the growing body of knowledge surrounding

living shoreline design.

2 Ship wake field and numerical study

2.1 Study site

The Delaware River is one of the most commercially

navigated estuarine systems on the East Coast, serving as a

major artery for over 40 ports and anchorages. About

3,000 ships traverse the waterway each year, supplying and

exporting goods to and from major cities such as Camden,

Philadelphia, Wilmington, and Trenton (Almaz and Altiok,

2012). The river is subjected to flood dominant semidiurnal

tides as far inland as Trenton, limiting the passage of larger and

deeper draft ships during low tides. Dredging projects since

2002 have increased the channel depth to 15 m to

accommodate larger ships and increased shipping traffic

(Cook et al., 2007).

Pea Patch Island is a silt deposit-formed island located on the

Delaware River about 1.4 km east of Delaware City and about

1.6 km west of Fort Mott State Park (39°35.67′N, 75°34.35′W,

Figure 1A). It has an average elevation of 1.38 m relative to the

North American Vertical Datum of 1988 (NAVD88; mean water

level is 0.85 m NAVD88) and roughly 95% of the island is less

than 2.25 m in elevation. Pea Patch Island has a total area of

about 1 km2, with a length of ~1.9 km and a width of 0.8 km at its

widest point. The small island is the site of Fort Delaware, a

historic military fort, as well as the largest wading bird nesting

area on the East Coast north of Florida. Historically, Pea Patch

Island has been susceptible to shoreline erosion due to its location

in the middle of the river near the shipping channel and has been

the subject of many ongoing shoreline protection efforts to

preserve the cultural history of the site and facilitate the

roughly 30,000 annual visitors touring the island hosted by

the Delaware State Parks (USACE, 2009).

The installation location is on the east side of Pea Patch

Island (Figure 1B) adjacent to the main shipping channel, where

the shoreline experiences severe erosion as evidenced by exposed

tree roots. The river at this location is 1.6 km wide and more than

half of this width is spanned by the channel of interest at 900 m

wide (Figure 1C). The shipping lane within the channel is

approximately 250 m wide and has navigational depths of

10–15 m. The channel runs closest to the shore along the

southeastern side of the island and distance between the

channel and the island shoreline increases farther north. At

the installation location there is a silty-mud tidal flat that

spans roughly 140 m between the channel and the shoreline.

The tidal flat widens to the northwest and contains sandy shoals

offshore.

Wetlands and shorelines are dynamic protection

mechanisms for inland areas. A rising concern is whether Pea

Patch Island will be able to adapt fast enough to the acceleration

of external forces. Increased shipping traffic in the channel, sea

level rise and increased storm intensity will result in growth of the

mean annual wave power density. Wave power density may be

directly proportional to the volumetric retreat of marsh edges

(Marani et al., 2011). Shoreline retreat and cross-shore sediment

transport result in a decrease in foreshore slope to dissipate wave

energy (Dean and Dalrymple, 2002). However, continual

dredging of the Delaware River channel decreases frictional

forces and increases tidal amplitude resulting in faster tidal

(alongshore) currents (van Maren et al., 2015; van Rijn et al.,

2018; Ralston et al., 2019). The increase in alongshore currents

removes suspended sediment from the local system. The

shoreline south of the study site was armored with stone to
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protect the Fort. The protection creates a deficit in downdrift

sediment transport upriver, and recent observations have shown

erosional flanking at the lateral ends of the structure (Tait and

Griggs, 1991; Schaefer, 2019). Moreover, an abrupt change in

alongshore sediment transport causes beach erosion (Komar,

1998). The armoring around the Fort induces this type of abrupt

FIGURE 1
(A) Location of Pea Patch Island in the Delaware River. (B) Area of living shoreline and field instrumentation deployment. (C) Bathymetry in the
shipping channel surrounding Pea Patch Island The subplot indicates the elevation of the cross-shore transect from the study site through the
shipping channel.

Frontiers in Built Environment frontiersin.org04

Everett et al. 10.3389/fbuil.2022.917945

168

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2022.917945


change in alongshore sediment transport and disrupts the

island’s natural ability to keep pace with sea level rise and

increased shipping traffic.

2.2 Field study design and deployment

Two pilot field studies were conducted to test the

feasibility of using coir logs and matting, wood or branch

bundles, and oyster shells as natural materials within the

context of the Pea Patch Island wave environment. In

October 2020, a week-long pilot test consisting of staked

single coir logs and staked modified coir logs with an

oyster shell core were installed at the study site. These

implements were tested at two different distances from the

shoreline to determine qualitatively the depth dependence of a

coir log breakwater as a shoreline protection strategy. Pilot

testing revealed that the coir logs decreased wave height and

wave energy impacting the shoreline (Baldauf, 2021). In

November 2020, following these results, a T-head groin

(THG) configuration consisting of coir logs with a wood

bundle breakwater head was constructed using onsite

driftwood. Recycled oyster shell bags were used to line the

coir logs. The THG configuration was based on a similarly

designed living shoreline in Vietnam composed of bamboo

bundles (Albers and Schmitt, 2015). While the brush bundle

breakwaters did not perform effectively in the environment at

the pilot study site (excessive buoyancy and failure due to

repeated rubbing of sisal twine), a THG configuration of coir

logs was deemed appropriate for use under these conditions

using field data and model simulations. Results of the pilot

studies demonstrated dissipation capacity of natural

FIGURE 2
(A) Location of the study site in a local coordinate system with the layout of coir log THGs and locations of the deployed sensors. (B) Installed
coir log THGs at Pea Patch Island. Photograph from Erdman Video Systems, Inc. livestream camera.
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materials, as well as the failure of these materials to stay in

place, likely due to insufficient anchoring.

Feedback from pilot studies was incorporated into a final

design (Figure 2A) receiving a statewide permit on 8 April

2021 and was installed on 17–18 June 2021. The constructed

living shoreline segment (Figure 2B) consisted of four THGs

spanning ~65 m of beach. The westernmost coir log of the head

of each THG was set at an angle of 45° clockwise from the

centerline of the head of the THG. This modification was made to

address the visually observed obliquely incident wakes produced

by northbound ships. Each groin consisted of two 0.4 m (16 in.)

diameter coir logs, placed farthest onshore, and eight 0.5 m

(20 in.) diameter high density coir logs. The coir logs at the

heads of the THGs were wrapped in jute matting to further

protect them from the high-energy ship wakes. All coir logs were

anchored using 0.05 m (2 in.) × 0.05 m (2 in.) × 2.44 m (8 ft.) oak

stakes driven by a gas-powered post driver and secured with sisal

twine using one-way square knots.

A field experiment was conducted from July 2 to 12 August

2021 (Figure 2). A cross-shore transect was established through

the center of the installation that spanned from 22.7 m offshore

from the heads of the THGs to 6.1 m offshore, at the onshore

ends of the THGs (in line with the offshore end of the most

onshore coir log). Additionally, an alongshore transect was

established from 9.4 m northwest of the installation, with

stations halfway between each pair of THGs, extending 18.2 m

southeast of the installation. A5 and C4 were located to

approximate tidal and wave conditions unaffected by the

structure, while A1 was located to approximate the effects of

being sheltered by only one THG. Note that ship wakes rarely

reach the foreshore/berm during low tides and this study focused

primarily on the propagation of waves and dissipation of energy

across the THGs. The draft of ships is restricted to less than 12 m

during low tides causing larger and more heavily loaded ships to

work around the tide or transfer cargo to lightering barges

(Almaz and Altiok, 2012). Wind speed and direction data

were obtained from National Oceanic and Atmospheric

Administration’s (NOAA) National Ocean Service Physical

Oceanographic Real Time System Program Station

DELD1 Buoy at Delaware City, DE.

Eight stations were occupied and numbered C1–C4 in the

cross-shore direction and A1–A5 in the alongshore direction

(Figure 2A). C1 doubled as A3. Each station included a structure

made from galvanized steel and aluminum pipes pounded into

the sediment. Water depths were recorded with RBR Ltd.

compact pressure transducers (RBRs). Two additional RBRs

were placed above the high-water line to record atmospheric

pressure. Fluid velocities at each station were recorded with JFE

Advantech Co., Ltd. INFINITY-EM AEM-USB custom two-

dimensional electromagnetic current meters (JFEs). RBRs and

JFEs were deployed initially at 0.01 and 0.1 m above the bed,

respectively. Battery life for the JFEs is approximately three days,

resulting in the need for four deployments over the course of the

study: July 2–4 July 2021, July 15–17 July 2021, July 20–22 July

2021, and July 29–31 July 2021. Battery life for the RBRs is

approximately 30 days, resulting in the need for two deployments

over the course of the study: July 2–19 July 2021 and July

20–12 August 2021.

The JFEs sampled continuously at a rate of 5 Hz. Velocity

data were used to compare alongshore and cross-shore

components and magnitudes among ship wakes and against

background forcing. The RBRs sampled continuously at a rate

of 2 Hz (A1, A5, C2, C3) or 16 Hz (A2, C1/A3, A4, C4). A Brinno

TLC 200 PRO time lapse camera was deployed near the

installation to record an image every 10 s. Additionally, a

1080p livestream camera with 3x zoom powered by solar

panel from Erdman Video Systems, Inc., was placed on the

northwestern end of the site to record an image every 1 min.

The cameras captured ship passages, ship wakes, and tidal

fluctuations and were used as a preliminary technique for

identification of ship wake events.

Elevation surveys of the project area and a cross-shore

transect through the center of the installation were collected

in May (pre-deployment) and September (post-deployment)

2021 using a Leica Global Navigation Satellite System (GNSS)

real-time kinetic global positioning system (RTK GPS),

referenced to UTM zone 18 and NAVD88. Measurements

were taken at intervals of ~5 m in the alongshore direction

and ~1 m in the cross-shore direction. Vertical error in the

elevation data is estimated as 0.05 m due to GPS system

accuracy and the silty substrate.

2.3 Data processing

2.3.1 Depth and energy flux data
Pressure data were adjusted for atmospheric pressure and

then water depth was estimated as:

d � P

ρg
(1)

where d is local depth in meters, p is the measured pressure in

Pascals, g is the gravitational acceleration constant (9.81 m/

s2), and ρ is an average water density for the Delaware River

Estuary in kg/m3 calculated using the International one

atmosphere equation of state of seawater (Millero and

Poisson, 1981). Salinities in the Delaware River Estuary

range from 0.5–19 ppt (PDE, 2012) and the average

temperature obtained from the offshore electromagnetic

current meter (C4) was ~24°C. A range of densities was

established (994.2–1,013.1 kg/m3) and a typical density for

brackish water of 1,013 kg/m3 was selected. Using the lower

bound of the density range increased the depth by 0.01 m,

within the error range of the RBRs. Measurements were taken

in shallow water, where dispersion is minimal, so Eq. (1) is a

reasonable estimate for both long and short waves.
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The tide signal was estimated from a time series of depth

measurements using a running average filter with a 15-min

window (Figure 3A). The demeaned tidal trend from C4 was

used to identify the local water depth for each wake event. The

high- and low-frequency signals generated by the ships were

isolated by applying a Savitzky-Golay finite impulse response

(FIR) convolution filter of polynomial order 10 and a frame

length of 100 s to the residual time series (Figure 3B). The

Savitzky-Golay filtered data were subtracted from the tide-

removed data to separate the high-frequency signal from the

low-frequency signal.

Approximate start times for each wake event were identified

using time lapse video. The peak water elevation preceding the

initial drawdown and a 20-min window of the subsequent data was

retained. Data were catalogued chronologically by when the ship

travelled past the island for subsequent identification. A 20-min

window was chosen by inspection such that only small amplitude

seiching on the order of background conditions remained visible in

the signal.

Individual wave heights and periods in ship wakes were

estimated differently for the low and high-frequency signals, due

to the elevated water level in the low-frequency wake. Small

amplitude (< 0.02 m) oscillations were neglected based on

observations of typical wind wave amplitudes at the site. High-

frequency waves (on the order of background conditions, with a

typical period of < 5 s) were identified using the zero down-crossing

method. Low-frequency waves (typical period of > 100 s) were

identified by retaining successive local extrema with differences in

water level greater than 0.02 m.Wave periods were taken as the time

difference between successive troughs.

Wave energy density per unit surface area (Joules per square

meter) can be estimated using small-amplitude linear wave

theory as (Kamphuis, 2010):

E � 1
8
ρgH2 (2)

where E is the energy density and H is the wave height. Wave

power, or wave energy flux, per unit crest length (Watts per

meter) can be estimated roughly as the energy density per unit

surface area multiplied by the group velocity Cg (Kamphuis,

2010):

F � ECg � 1
2
EC(1 + 2kd

sinh(2kd)) (3)

where F is the wave energy flux, C is the wave celerity (estimated

as the wavelength divided by the wave period), and k is the wave

number. The wavenumber and wavelength were determined

using the Newton-Raphson method to solve the dispersion

relationship where the inputs were local water depth and the

period identified in the filtered signal. Estimates of wave energy

density and wave power using linear wave theory have been used

previously to quantify the erosive potential of ship wakes (Gharbi

et al., 2008). Percent decrease of energy fluxes between stations

was calculated to estimate the relative efficiency of the

installation.

2.3.2 Velocity data
Velocity data were removed from the record when the water

depth was below 0.35 m, where a conservative 0.35 m rather than

0.1 m cut-off was used to account for the size of the measurement

FIGURE 3
(A) Raw depth overlaid with computed tidal signal. (B) Depth data after tidal removal overlaid with Savitzky-Golay filtered data.
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portion of the sensor, sensor hysteresis upon intermittent

submergence under wave activity, and the potential for GPS

error due to unconsolidated silty-mud (where sensor elevation

was determined using bed level elevation from RTK GPS).

Acceleration magnitudes were calculated using a forward

difference and a 98th percentile cut-off was established.

Velocities were removed from the record when acceleration

magnitude was greater than this cut-off or the velocity

magnitude was greater than 0.5 m/s, which was the upper

bound of the remaining ship wake velocities. For each wake,

positive (offshore or southerly-directed) and negative (onshore

or northerly-directed) velocities were separated and a 98th

percentile velocity (peak) and mean velocity were calculated

for each in the cross-shore and alongshore direction. The

same percentile calculations were performed for background

conditions after removing ship wake velocities.

2.4 FUNWAVE-TVD

FUNWAVE-TVD, a nonlinear Boussinesq wave model, was

used to simulate wake conditions. This model contains a ship

wake module added to the existing Boussinesq formulation,

modelling vessels as a moving pressure source (Shi et al.,

2018). The model was validated (Shi et al., 2018) using

laboratory data (Gourlay, 2001) examining supercritical wake

in various flow regimes including slow-moving, large container

ships (Forlini et al., 2021). The model was first used to inform

installation design by simulating conditions with and without the

THGs, comparing maximum velocities and water surface

elevations (Williams, Forthcoming 2022). Model

bathymetry was collected in 2012 and altered with

subsequent data collected in 2018, 2020, and 2021. The

data include low tide surveys using GPS and channel

bathymetry from the United States Army Corps of

Engineers (USACE). The domain spans ~4,812 m in

northing and ~3,207 m in easting with grid spacing of

1.3 m (easting) by 1.7 m (northing). Coir logs were added

to the bathymetry by raising the bed 0.4 and 0.5 m at the

locations where the respective sized coir logs were located.

Simulations showed a reduction of maximum velocity and

maximum water level onshore of the THGs.

2.4.1 Automatic Identification System data
A log of all large commercial ships that navigated the

Delaware River from July 9 to August 12 was provided by the

Maritime Exchange for the Delaware River and Bay. The log was

generated using the United States Coast Guard’s Automatic

Identification System (AIS) containing records of ship

specifications and time stamps when entering a waterway or

port. Each ship will have at least three recordings per visit to the

waterway, one upon entry, one for arrival at the port of

destination, and one upon exiting the waterway. Often ships

will have more than three recordings, accounting for anchorage

stops and lightering locations.

Analysis of the timelapse footage revealed 680 ships passing

the area (341 northbound and 339 southbound) during the study

period, at a rate of ~16 ship passages per day. AIS data were

filtered to retain nonstationary commercial vessels by neglecting

vessels with a speed of 0 m/s, a draft less than 5 m, or a length less

than 100 m. The timelapse footage results and AIS data were

compared to match vessel data to individual wake events. Events

during which the wake signal would be significantly altered, such

as a second vessel passing within the 20-min analysis window,

were neglected for the subsequent analysis, leaving 147 wake

events.

AIS data including vessel length, width (or beam), draft,

and course were then used to force individual ship passages in

the model. However, AIS data report maximum vessel drafts.

So, the drafts were adjusted to optimize model performance.

Simulations lasted for 20 min of field time, a typical time

from the start of a wake event to the return to background

conditions.

2.4.2 Model validation
The model was validated using measured water levels. Key

factors in model validation are the magnitude of maximum

drawdown and subsequent surge (commonly referred to as

the transverse stern wave) and the amplitude of the Kelvin

wake. The phasing of the field data was not well modeled

using the AIS course data. This mismatch is likely due to

incongruencies between the modeled and actual bathymetry.

Thus, for validation purposes, the phasing of the events was

matched using the point of maximum drawdown as a reference

point.

Model tests were performed separately for a chosen

northbound and southbound ship wake event, due to the

differences in their wake profiles. As previously mentioned

the ship draft was adjusted to optimize model performance

(Williams, Forthcoming 2022). The model accurately

predicted the magnitude of peak drawdown within 4.0%,

magnitude of peak subsequent surge within 3.6%, and the

amplitude of the seiche within 1.4% for a northbound ship

wake (Figure 4). The phasing between drawdown and surge

was incorrect by 43 s. However, the south bound wake

simulations were less successful (not shown). Drawdown

and surge were predicted within 14.9% and 16.9%,

respectively, but the southbound ship wake signal contains

a higher frequency, high amplitude (~0.18 m) component,

representing some of the largest waves observed, that the

model does not predict. This component may be due to

model inability to account for a tidal current and

inconsistencies between the modeled and real bathymetry.

For example, sand shoals to the north of the island, not well-

represented in the model bathymetry, could alter wave

patterns. The unmodeled high-frequency component also
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exists in the northbound case (Figure 4), but with a smaller

amplitude relative to the low-frequency drawdown and surge.

De Roo and Troch (2015) note that for commercial shipping

vessels, the drawdown and surge, rather than the higher

frequency Kelvin wake, tend to contain the majority of the

wave energy within a ship wake event. The inability to

reproduce the high-frequency component is less

detrimental to the northbound validation and further

numerical analysis was performed only for a northbound

ship wake event. The model was subsequently used to test

the efficacy of the installation, as well as the effect of water

level on the installation performance.

3 Results

3.1 Field conditions

The meteorological conditions during the study period were

mild with a maximum wind speed of 11 m/s from the E and an

average wind speed of 2.3 ± 1.4 m/s, predominantly from the SW

(Figure 5A). The beach was sheltered from most of the wind

influence from the SW. Conversely, the strongest wind influences

from the E and NE directly impacting the beach had the longest

fetch, despite being infrequent and duration limited. Typical

background significant wave heights and periods at the site, taken

as the significant wave height and period during all periods of no

ship activity, range from not detectable to 0.06 m and 1.5 s (C4),

respectively.

The beach profile in Figure 5B cross-shore bathymetric

transect through the center of the installation, exhibits a slope

of ~1:8 shoreward of the toe of the foreshore and a gradual slope

of ~1:100 from the toe of the foreshore towards the channel. The

profile shows a change in slope at an elevation of −0.51 m

(NAVD88). At this location, ~12 m in the local cross-shore

coordinate system (Figure 5B), there is also a change in the

observed typical grain size from sandy to gravel/cobble to silty-

mud. The cross-shore location of the slope break remained

approximately the same over the study duration. The tidal

range is ~1.7 m for this micro-tidal beach. The average high

tide was 1.4 m above the toe of the foreshore (Figures 5B,C),

indicating that wave breaking occurs mostly offshore of the

installation. The average low tide was 0.3 m below the toe of

the foreshore.

Elevation data were interpolated to a uniform grid (Figure 6)

using smoothing scales of 5 m (Plant et al., 2002). Changes in

elevation over the short timescale of the study were difficult to

quantify from the individual surveys (Figures 6A,B). The

elevation difference between the May and September surveys

(Figure 6C) shows only small magnitude changes. In general,

there was erosion directly behind the heads of the THGs (<
0.1 m ± 0.05 m) and accretion of similar magnitude farther

onshore. In addition, there was more area of erosion between

the two eastern THGs that gradually transitioned, moving west,

to more area of accretion between the western THGs. Directly

onshore of the three eastern THGs, there was accretion up to

~0.2 ± 0.05 m. There was erosion of a similar magnitude onshore

of the western T, which can likely be attributed to the loss of the

farthest shoreward coir log in an early September storm (see

Section 4).

3.2 Wave characteristics

Data revealed that ships with deep drafts traveling in this

confined waterway produce a fairly consistent wave signal

FIGURE 4
Comparison of measured and modeled surface displacements during wake event generated by northbound vessel JS Ineos Intuition.
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compared to the wakes generated by other vessels and natural

wave conditions (Figure 7). Initially, a slight increase in water

level travels along with the passing of the ship. The initial

pulse is immediately followed by a substantial drawdown in

water level resulting in a surging runup minutes after the ship

has passed. The typical period of this drawdown and surge is

approximately three to four minutes making it a low-

frequency oscillation compared to other ship-induced

wakes and wind waves. The low-frequency oscillations are

followed by a high-frequency diverging and transverse wave

train (Kelvin wake), the amplitude of which is related to ship

geometry and speed. The drawdown and surge is followed by

low-frequency seiching of smaller magnitude in addition to

high-frequency wake. The period of harmonic mode one of the

seiche as estimated by Merian’s formula (Proudman, 1963) is

200 s–400 s. The seiche gradually decays in wave height due to

the frictional forces acting upon the waves (Kamphuis, 2010).

The combined drawdown and surge wave can reach heights

greater than 0.3 m with seiche wave heights typically less than

0.1 m (Figures 7E,F). High-frequency waves (typical period <
5 s; Figure 7D) can reach heights greater than 0.4 m

superimposed on the low-frequency wave heights. Previous

studies indicate the wake amplitude is related to ship size and

speed (Ng and Byres, 2011; Scarpa et al., 2019). However,

observations at Pea Patch Island did not follow a discernable

pattern when classified by length (Figure 7E) or average speed

FIGURE 5
(A) Wind rose using data collected 10 times hourly from NOAA buoy DELD1 from 2 July 2021 to 12 August 2021. (B) Cross-shore bathymetric
transect through themiddle of the installation. July (September) denoted by dashed (dotted) black line. Installation delimited by shaded area. Stations
denoted by solid lines and labelled. (C) Sample water level (NAVD88) data denoted by black line. Mean high water line denoted by blue line in (B)
and (C).
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(Figure 7F). Observed ship wake variation may result from

tidal level, distance from sailing line to shore, or ship draft.

A notable difference was observed during northbound and

southbound ship wake events. For northbound ship wakes, the

orientation of the shoreline with respect to the orientation of the

shipping channel creates a strong alongshore component of the

wave train. The heads of the THGs were modified to impede the

propagation of this alongshore wave train, as noted in Section 2.2.

The distinct alongshore component of a northbound ship wake

was not present in southbound wake events. As such,

northbound and southbound ship wakes events were analyzed

separately to examine whether the alongshore component had an

effect on the efficiency of the installation.

Velocity data were collected for 52 ship wake events when

the JFEs were active (see Section 2.3). Magnitudes of peak

offshore ship wake velocities in the cross-shore direction

reached ~0.5 m/s and magnitudes of time-averaged (over the

20-min window) offshore cross-shore ship wake velocities

reached ~0.2 m/s. In the alongshore direction, magnitudes of

peak ship wake velocities reached ~0.4 m/s, and magnitudes of

time-averaged (over the 20-min window) alongshore ship wake

velocities reached ~0.2 m/s. Ranges of peak northbound and

southbound ship wake cross-shore and alongshore velocities

are shown as gray lines in Figures 8A–D. Peak velocities of all

ship wake events were averaged to obtain the peak velocities of a

typical ship passing the site (delineated by circles in Figure 8)

and 98% confidence interval (black lines in Figure 8), where

solid markers/lines represent positive (offshore or north-

directed) velocities and dotted lines/open markers represent

negative (onshore or south-directed) velocities. Cross-shore

velocities decayed as the waves propagated through the

installation from the offshore (C4) to onshore (C1) station

(Figures 8A,C). Over the range of ship wake events, the trend of

cross-shore velocity decay through the installation is more

obvious for northbound ship wake events. However, for

southbound ship wake events, the decrease in cross-shore

velocity between the offshore station (C4) and the start of

the installation (C3) indicates an installation-induced cross-

shore velocity decay. For the typical northbound ship wake

event, the peak cross-shore velocity decreased from ~0.08 ±

0.03 m/s (98% confidence interval) at C4 to ~0.05 ± 0.02 m/s

(98% confidence interval) at C1. For the typical southbound

ship wake event, the peak cross-shore velocity decreased from

~0.08 ± 0.03 m/s (98% confidence interval) at C4 to ~0.07 ±

0.01 m/s (98% confidence interval) at C1. Regardless of ship

wake presence or direction, the net alongshore current is

northerly directed (Figures 8B,D). The presence of a north-

directed alongshore velocity for a southbound ship or a south-

FIGURE 6
Elevation surveys taken in (A)May and (B) September and (C) the difference between the two surveys in (A) and (B). THGs are delimited by black
lines. In (C) the zero-contour line is shown in black.
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FIGURE 7
Snapshots of signature ship wake event structure: (A) elevated water level with ship path, (B) drawdown, (C) surge, and (D) high-frequency wave
train. The low-frequency water level follows the graph of each event in (E) and (F) with notable features called out. Events are organized by ship
length in (E) and average ship speed in (F).
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bound alongshore velocity for a northbound ship may be

attributed to a dominant tidal current which exceeded the

ship wake-induced alongshore current (Figure 8).

Velocity data were removed from the record for the 20-

min period following all wake events (including those not

analyzed) and the remaining data were taken as background

conditions (represented by squares in Figure 8), which

includes wind wave-induced velocities as well as tidal

current velocities. Background conditions, unaffected by

ship wake, are the same for the northbound and

southbound ship wake event plots. Peak background

velocities in the cross-shore (0.05–0.08 m/s) and alongshore

(0.06–0.17 m/s) directions were, on average, ~74% and ~54%

smaller, respectively, than the largest peak ship wake velocities

(0.08–0.4 m/s; Figure 8). Peak background velocities are

within ~10% of typical peak ship wake velocities

(0.04–0.08 m/s; Figure 8). However, peak north-directed

background velocities are ~51% greater than average peak

north-directed ship wake velocities (0.08–0.1 m/s), indicating

net flow in a northerly direction regardless of ship wake events

at the site (Figures 8B,D).

3.3 Wave energy flux

Linear wave theory can be used to provide a rough

estimate of energy dissipation through the installation.

Changes in wave height, as opposed to other variables, are

FIGURE 8
Peak (98th percentile) velocities in the cross-shore (A,C) and alongshore (B,D) directions for northbound (A,B) and southbound (C,D) ship wake
events. Solid black lines/markers denote positive (offshore or north-directed) velocities and dotted lines/open markers denote negative (onshore or
south-directed) velocities. Gray lines denote the ranges for ship wakes, black lines denote 98th percent confidence interval, circles are the
ensemble-average for ship wakes, and squares are background conditions.
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addressed first because the energy flux is a function of the

wave height squared.

Water levels for sample southbound and northbound

events are displayed in Figures 9, 10, respectively, where

subplots A-C show the cross-shore component and subplots

D-F show the alongshore component of the wake. In Figures

9, 10, subplots A and D show the low frequency (typical

periods > 100 s) while subplots B and E show the high-

frequency signal (typical period < 5 s) over the 20-min

event duration. Subplots C and F show the same high-

frequency signal over the time duration shaded in subplots

B and E. Cross-shore sensors are denoted as C1–C4, onshore

to offshore, and alongshore sensors are denoted as A1–A5,

left to right (North to South), where C1 and A3 are the same

station. Northbound wakes first reach C4 and A5, and

southbound wakes first reach C4, lacking a significant

alongshore wave component. It should be noted that the

sample southbound event, which occurred on August 11,

beginning at 13:09:43, represents some of the largest waves at

the site over the course of the study, while the sample

northbound event, which occurred on July 25, beginning

at 9:22:17, had relatively small waves for a typical event at

the site.

The installation tended to have a minimal impact on the

low-frequency waves of the ship wake event (Figures 9A,

10A), but reduction of wave height is more significant for the

high-frequency waves (Figures 9C, 10C) in the cross-shore

direction. However, in the case of a northbound ship wake

FIGURE 9
Propagation of a sample southbound wake event through the installation, where (A–C) show the cross-shore sensor array and (D–F) show the
alongshore sensor array. (A) and (D) are the low-frequency signal; (B) and (E) are the high-frequency signal; and (C) and (F) are the high-frequency
signal contained in the shaded area in (B) and (E), respectively.
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event, the orientation of the shoreline with respect to the

orientation of the shipping channel creates a strong

alongshore component of the wave train. As expected, in

the case of a northbound ship wake event, there was a time

delay between arrival of the wake event at successive sensors

(Figure 10D) due to the propagation of the alongshore waves

through the installation. The time delay was not observed in

the case of a southbound ship wake event (Figure 9D) due to

the lack of a strong alongshore wave component. For a

southbound ship wake event, the waves were approximately

shore-normal, so the wave train reached the alongshore sensor

array at approximately the same time. As in the case of the

cross-shore signals, there was little effect of the installation on

the wave height of the low-frequency alongshore portion of

the wake event (Figures 9D, 10D). In contrast to the cross-

shore signals, there is no discernable positive or negative effect

of the installation on the high-frequency signal in the

alongshore direction (Figures 9F, 10F).

The total ship wake energy flux for an event was calculated

as a summation of energy fluxes for individual waves in the

low- and high-frequency signals. Ship wake data were

removed from the signal, and flux calculations were

performed over the remainder of the signal to obtain

background energy conditions. The collected ship wake

energy fluxes were averaged per day and compared to the

daily averaged background energy experienced across the

cross-shore transect. The study area is impacted by

11,000–25,000 N/m of wave power per day, 2,700–12,000 N/

FIGURE 10
Propagation of a sample northbound wake event through the installation, where (A–C) show the cross-shore sensor array and (D–F) show the
alongshore sensor array. (A) and (D) are the low frequency signal; (B) and (E) are the high-frequency signal; and (C) and (F) are the high-frequency
signal contained in the shaded area in (B) and (E), respectively.
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m of which is ship wake-generated (depending on station and

tidal level). Notably, ship wake events account for 25–50% of

the energy flux impacting the area each day, but only account

for roughly 22% of the duration of each day (~320 min). It is

important to note that the overall energy flux imposed on the

onshore regions of the beach was noticeably smaller than the

offshore stations due to tidal influences resulting in varying

water depth. The reduced exposure to natural hydrodynamic

forces subsequently reduces the risk of ship-induced impacts.

Northbound and southbound ship wake events were

analyzed separately to determine percent decrease in energy

flux between C4 (offshore) and C1 (onshore). Decreases in

energy flux were analyzed for trends over portions of the tidal

cycle, and average ship speed, ship length, and water depth

(Everett, Forthcoming 2022). Trends in the decrease in energy

flux were most compelling in relation to water depth (Figure 11).

The larger decreases in energy flux are represented by blue colors

corresponding to shallower water depths. Similarly, in general,

smaller decreases in energy flux (and amplifications of energy

flux, see Section 4) are represented by red colors, corresponding

to greater water depths. While the trend is more evident for

southbound ship wake events, it is similar regardless of direction

of ship travel. Events above the magenta line for each bin

occurred when the heads of the THGs were submerged.

Nineteen events (15 southbound and 4 northbound) occurred

at shallower depths and had greater than a 10% decrease in

FIGURE 11
Histograms of percent decrease in energy flux from C4 to C1 for (A) southbound and (B) northbound ship wake events. Color represents water
depth at sensor C4 for the event. Events above the magenta line take place with the heads of the THGs submerged.
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energy flux and an average decrease in energy flux of ~50%

(Figure 11).

Out of 87 southbound ship wake events, roughly a quarter

had a decrease in energy flux between 10% and 20%. The

distribution of percent decrease in energy flux is roughly

Gaussian around this mean (Figure 11A). Nearly 11% of these

events had greater than a 50% decrease in energy flux. The

60 northbound events do not have a similar distribution

(Figure 11B). The largest bin of events (10) had a decrease of

energy flux between 50% and 60%, larger than for the

southbound events. However, these events represent only

~17% of the northbound wakes. Nearly a quarter of the

northbound wakes had greater than a 50% decrease in

energy flux.

3.4 Model Results

Energy dissipation has previously been shown to have a

depth dependence for living shorelines designed to dissipate

wave energy (Ellis et al., 2002; Chowdhury et al., 2019; Safak

et al., 2020a). As such, FUNWAVE-TVD was used to simulate

energy fluxes during wake conditions for water levels

from −0.25 m to +1.0 m (NAVD88) at 0.25 m intervals, and

the previously tested water level of −0.34 m. At water levels of

approximately −0.4 m, the heads of the THGs are just

submerged. JS INEOS INTUITION, a large oil tanker

travelling northbound at ~7 m/s was used for the simulation.

The length, width, and draft of the simulated vessel are 180, 26,

and 6 m, respectively, where the draft was estimated through

parameter studies (Williams, Forthcoming 2022).

Model simulations were performed first to estimate energy

flux without the installation present. Depth-integrated energy flux,

normalized to that at C4, was defined using the general definitions

of kinetic and potential energy. Regardless of water level, the

energy flux calculated at C1 was 60%–80% of the energy flux

calculated at C4 (Figure 12A). An additional estimate wasmade for

a water level of −0.34 m using linear wave theory with moderate

comparison (10%–20% difference) to estimates based on kinetic

and potential energy. Simulations with the THGs present

(Figure 12B) show variation depending on water level. Linear

wave theory estimates from the model (gray dashed line) and field

data (solid black line) show similar trends but differences in the

cross-shore decrease in energy flux. At C1, the energy flux

decreases to ~40% of the energy flux at C4 and the linear wave

theory estimates of energy flux are in good agreement. Modeled

energy flux at C1 decreased to ~10% of the flux at C4 for −0.34 m

and−0.25 mwater levels (Figure 12B). At a water level of 0.0 m, the

FIGURE 12
Modeled total energy flux normalized relative to C4 for simulations (A)with installation and (B)without installation. Dotted vertical lines denote
labeled field sensor locations. Shaded area delineates the installation area.
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energy flux at C1 was ~40% of the energy flux at C4, similar to the

linear wave theory estimates at a water level of −0.34 m

(Figure 12B). Reduction in energy flux to this extent did not

occur for higher water level simulations, suggesting that the

installation effectiveness decreases sharply between water levels

of 0.0 and 0.25 m. For the highest water levels (0.75 and 1.0 m),

indicative of high tides and storm surge, simulations with and

without the THGs yielded similar results, indicating little to no

installation-induced energy dissipation when the installation is

submerged in a depth greater than 1.5 m. While estimates of

energy flux using linear wave theory indicated that the installation

is less effective when submerged, model results indicate that the

installation may still be effective when submerged up to

approximately twice its height. The simulations indicate that

the installation could perform optimally for the lower 50% of

the tidal range (up to 0.0 m NAVD88).

4 Discussion

Decreases in energy flux across the installation indicate a

depth dependence in agreement with studies on oyster reefs

(Taube, 2010; Chowdhury et al., 2019; Wiberg et al., 2019; Safak

et al., 2020a), brush bundle breakwaters, (Ellis et al., 2002),

coastal fringe marshes (Knutson et al., 1982), and laboratory

studies (van der Meer et al., 2005) and numerical simulations

(Ting et al., 2004) on porous breakwaters. Morris et al. (2018)

note that there is likely an optimal depth for living shorelines, and

at greater depths, there is a decoupling of the interaction between

surface waves and the habitat or structure. Over the lower 25% of

the tidal range (up to −0.4 m elevation), the full impact of the

THG was expected to be realized and was supported by field

observations. During the surge and successive waves, water

would impinge the heads of the THGs, often filtering through

the gaps between THGs and eventually overtopping the heads of

the THGs. A clear diffraction pattern was visible when water

moved through the gaps, indicating a potential for additional

energy dissipation. The natural trenching extending onshore

from the gaps between the heads of the THGs noted in

similar living shorelines (Dinh et al., 2013) was absent at the

Pea Patch Island study site. However, the sediment accumulation

between comparable emergent THGs (Dinh et al., 2013) is

similar to that behind the heads of the three western THGs

on the Pea Patch Island site (Figure 6C). The accretion observed

at the three western THGs was approximately twice the expected

error in elevation measurements, indicating that the actual

change in elevation may have been between 0.05 and 0.15 m.

Kraus et al. (1994) recommend that groins not be used in

environments where overpassing may occur at high tides. When

overpassing occurred at the present study site, the installation

may behave akin to a submerged breakwater where wave

attenuation of the structure deceases with increased depth of

the crest of the structure (Dean et al., 1994). When the

installation was submerged approximately twice its height

(over ~50% of the tidal range), little to no effect on the

energy flux was identified (Figure 12B), similar to oyster reefs

(Wiberg et al., 2019) and segmented breakwaters (Dean et al.,

1994). In fact, the greatest energy flux reduction occurred when

the THGs were submerged between 50%–138% of their height, in

agreement with the optimal water level range of ± 0.25 m of the

crest of the structure reported by Wiberg et al. (2019). In

addition, breakwaters submerged in depths 100%–125% of

their height tend to display a specific circulation pattern

dominated by a pumping mechanism rather than background

alongshore currents (Dean et al., 1994). Water becomes trapped

onshore of the structure and cannot form a typical undertow

current. Rather, water travels as alongshore currents diverging

from the center of the structure along the onshore side until it

reaches a gap in the structure and forms a roughly shore normal

offshore flowing current (Dean et al., 1994). The alongshore

current generated by the pumping mechanism can be up to five

times as strong as the undertow current in a control condition

(Dean et al., 1994), which can cause increased sediment motion

and potential erosion onshore of the structure. This circulation

pattern, observed during lower tide levels and wakes from

southbound ships, is a likely explanation for the small-scale

erosion evident onshore of the heads of the THGs (Figure 6C).

The structure-induced flow alteration can lead to enhanced

sediment motion. Critical bottom shear stresses, τb,cr, for fine-

grained sediment on a similar tidal flat ranged from 0.10 to 2.0 N/

m2 (Lanuru, 2008). Bottom shear stress can be estimated through

the quadratic drag law as

τb � 1
2
ρfu2 (4)

where u is the magnitude of the instantaneous velocity and f is a

friction factor. Friction factors depend on Reynolds number and

grain characteristics and can vary widely. A friction factor of

0.05 is used here (Lacy and MacVean, 2016). Inverting Eq. (4)

provides a range of critical velocities ucr for motion of fine-

grained sediment as

ucr �
�����
2τb,cr
ρf

√
� 0.06 − 0.3m/s (5)

Near bed velocities were not collected behind the heads of

the THGs. However, near bed velocities at C3, between the

heads of the THGs, indicate, based on this simple analysis,

that critical velocities for sediment motion are exceeded under

ship wake conditions over 50% of the time. These simple

estimates are supported by visual observation of turbid water

during ship wake events near the heads of the THGs during

low tides.

In the case of obliquely incident waves, the interaction of

the alongshore current with pumping-induced return flow can

lead to accretion on the downdrift end of the structure

(Ranasinghe and Turner, 2006). Northbound wakes, due to
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the orientation of the channel and shoreline, produced

obliquely incident waves at the study site. The increased

accretion on the downdrift (western) end of the installation

as compared to the updrift (eastern) end indicates the

dominance of northbound ship wake activity in

combination with a net north-directed flow (flood

dominance) at the site. Notably, higher overall energy

dissipation occurred for northbound ship wake events. The

greater effect by the structure on the northbound ship wakes is

further supported by the decay of the alongshore current

down-drift of the eastern THG. Further understanding of

the circulation patterns within the installation would

require additional investigation and more spatially resolved

velocity data.

Interestingly, in both directions of ship wake propagation,

there are outliers with an increase in energy flux (Figure 11).

All increases in energy flux occurred when the installation was

fully submerged, which may indicate wave reflection and

constructive convergence due to limited offshore wave

breaking in deeper water. Amplification of energy flux may

be attributed to sensor noise and the assumption of linear

wave theory for events with an increase of energy flux up to

10%. For the remaining 15 events, many of which occurred at

night, timelapse footage was analyzed, but no discernable

disturbance or anomaly was detected. It may be suggested

that, for the northbound ship wake events, the shore normal

wave train may converge with the alongshore wave train from

the south, leading to wave amplification. For southbound ship

wake events, there may be some impact of the sand shoals

north of the site. Limitations imposed by the experimental

layout prevent further investigation.

Further analysis of the effect of the installation on the

erosional trend of the northeastern beach on Pea Patch Island

would require long-term monitoring of the project. One way to

predict potential performance of this living shoreline is to

examine the performance over approximately two years of a

similarly shaped living shoreline (Albers and Schmitt, 2015).

Those structures were able to reduce wave heights up to 80% and

performed most effectively when not submerged (Albers and

Schmitt, 2015). Additionally, structure-induced sedimentation

with similar sediment characteristics as the Pea Patch Island tidal

flat allowed floodplain and mangrove forest recovery (Albers and

Schmitt, 2015). Notably, the Albers and Schmitt (2015) study

reported shorter period higher amplitude waves, and a larger

tidal range, than the ship wake forcing studied at Pea Patch

Island. As such, the Pea Patch Island wave climate may be less

energetic than that studied by Albers and Schmitt (2015), making

it a potentially more suitable environment for the success of a

living shoreline installation in the absence of storm conditions.

Although living shorelines are site specific, it is expected that the

general morphological changes (erosion and accretion patterns

on the tidal flat) observed at Pea Patch Island could have

continued if calm and ship-wake conditions remained similar

to those during the study period.

Guidance for the design and use of living shorelines in

different environments and under different conditions is still

being developed. Most guidance recommends soft solutions (no

hard structural component such as rock) only be used in low

energy environments, which is typically described as waves

heights < 0.3 m or minimal wave and boat action (NOAA, 2015;

Miller et al., 2016; Delaware Living Shorelines Committee, 2020).

Ship wakes can increase the energy level of the wave climate at a site

(Hardaway et al., 2017); at Pea Patch Island, maximum ship wake

heights are more typical of an environment with moderate energy

levels (wave heights 0.3–0.6 m). In addition, previous reports have

indicated that coir logs are not a recommended material for high

energy saltwater environments or environments with significant

boating activity (Duhring, 2008; Skrabal, 2013). Often when

design guidelines refer to wake, the relation is to smaller,

recreational boats rather than large container ships and tankers.

Despite this prior guidance, results from Pea Patch Island indicate

that coir logs arranged in a repeating T-head groin configurationmay

offer some wave attenuation and erosion protection to a silty-mud

tidal flat affected by ship wake energy. However, the installation was

not robust under storm conditions. Stormsmay increase in frequency

and severity during winter months when in situ data were not

available. Review of timelapse footage during the winter season

indicated structural failure, coir log damage, and coir log shiftings.

As such, it is likely that the installation would not be effective year-

round. Thus, a coir log installation may not be suitable under

sustained high energy conditions, but may be effective in

mitigating intermittent moderate energy activity induced by ship

wakes similar to conditions at Pea Patch Island (when storm energy is

not a factor). A different design approach, potentially a hybrid

solution including some hard features, may be necessary for an

effective mitigation scheme at this site and similar sites affected by

ship wake forcing and seasonal storms.

5 Conclusion

Results of this investigation indicate the severity of negative

outcomes arising from ship wakes reaching the shores of the

Delaware River Estuary as well as the ability of living shoreline

configuration made up of coir log T-head groins to mitigate the

effects of ship wakes.

1) Ship wakes account for 25–50% of the total daily energy

impacting the shoreline at the site. Peak background velocities

are, on average, ~74% (~54%) smaller than the largest cross-

shore (alongshore) ship wake velocities. In a moderate fetch

confined compound channel, ship wakes can contribute a

considerable amount of energy to the hydrodynamic system

and increase nearshore velocities.
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2) Northbound and southbound ship wake events had different

outcomes in part due to the alongshore component of

northbound ship wakes. Approximately 11% of

southbound wake events had a decrease in energy flux

greater than 50% whereas ~25% of northbound ship wake

events displayed a similar decrease in energy flux. Channel

and nearshore bathymetry play a significant role in the

transformation of ship wakes from offshore to onshore,

which has implications for the performance of any structure

intended to decrease the total energy impacting the shoreline.

3) The installation displayed a strong depth dependence.

Over the lower 25% of the tidal range, the installation

induced a wave diffraction pattern between the THGs that

resulted in onshore accretion of up to 0.1 m and decreases

in energy flux of 10–80%. The installation had potential to

reduce wave energy impacting the shoreline over the lower

50% of the tidal range and when submerged up to twice its

height. The tidal range at a given site and placement of

shoreline protection implements within that range are

important variables in the performance and efficacy of a

living shoreline installation.

4) Morphological changes are commensurate with

observations near submerged breakwaters under oblique

wave forcing. Erosion of up to 0.1 m occurred just onshore

of the heads of the THGs, likely due to the circulation

pattern created by a structure-induced pumping

mechanism. Shoreline changes showed a larger area of

accretion of up to 0.1 m on the northern side of the

installation likely due to the interaction of the

circulation pattern and north-directed alongshore

current. Elevation changes of up to 0.2 m were observed

onshore of the installation area. A natural low-crested

breakwater arranged in a THG configuration on an

estuarine shoreline can produce circulation patterns and

morphological changes comparable to similarly designed

hard shoreline protection measures.

5) Coir logs were sustained and secured in place through ship

wake, non-storm conditions but were damaged during storm

conditions. Monitoring of the installation with the time-lapse

footage revealed the dislodging and loss of coir logs from their

original position. Coir logs demonstrate an ability to sustain

position through ship wake conditions in areas with moderate

fetch, allowing accretion to occur. However, coir logs may not

be suitable for long-term installations addressing ship wake in

moderate fetch areas where increased energy from storms is a

factor.

Though living shorelines are generally only recommended

for low energy environments, results indicate the potential

application of nature-based solutions (including coir logs) in

environments with intermittent higher energy activity produced

by large vessel shipping traffic. Future research directions may

investigate alternate nature-based materials and designs in areas

affected by ship wakes, or potential hybrid approaches to address

storm events in areas with a similar moderate fetch.
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Among others, dam-break waves are a common representation for tsunami waves
near- or on-shore as well as for large storm waves riding on top of storm surge water
levels at coasts. These extreme hydrodynamic events are a frequent cause of
destruction and losses along coastlines worldwide. Within this study, dam-break
waves are propagated over a composite bathymetry, consisting of a linear slope
and an adjacent horizontal plane. The wave propagation on the slope as well as its
subsequent inundation of the horizontal hinterland is investigated, by varying an
extensive set of parameters, for the first time. To that end, a numerical multi-phase
computational fluid dynamics model is calibrated against large-scale physical flume
tests. The model is used to systematically alter the parameters governing the
hydrodynamics and to link them with the physical processes observed. The
parameters governing the flow are the slope length, the height of the horizontal
plane with respect to the ocean bottom elevation, and the initial impoundment
depth of the dam-break. It is found that the overland flow features are governed by
the non-dimensional height of the horizontal plane. Empirical equations are presented
to predict the features of the overland flow, such as flow depth and velocities along the
horizontal plane, as a function of the aforementioned parameters. In addition, analytical
considerations concerning these dam-break flow features are presented, highlighting
the changing hydrodynamics over space and time and rising attention to this
phenomenon to be considered in future experimental tests.

Keywords: tsunami, dam-break, hydrodynamics, composite bathymetry, slope, overland flow

1 INTRODUCTION

Tsunamis are recurring, devastating natural disasters that vulnerable regions can hardly shelter from.
They frequently cause numerous casualties and considerable damage to economic assets, as
demonstrated by the Indian Ocean tsunami in 2004 (Borrero et al., 2006; Fritz et al., 2006a;
Ghobarah et al., 2006; Goff et al., 2006; Jaffe et al., 2006; Rodriguez et al., 2006; Saatcioglu et al., 2006;
Tomita et al., 2006), the Chilean tsunami in 2010 (Fritz et al., 2011; Palermo et al., 2013), the Japanese
tsunami in 2011 (von Hippel, 2011; Mikami et al., 2012; Chock et al., 2013; Satake et al., 2013; Mori
et al., 2014), or the 2018 Indonesian tsunami (Mikami et al., 2019; Paulik et al., 2019; Aránguiz et al.,
2020; Stolle et al., 2020; Krautwald et al., 2021). To improve predictions and estimations as to the
damage potential of these extreme hydrodynamic events, research is ongoing and carried out by a
large group of scientists all over the world. The overarching ambition is to understand the effects and
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implications of tsunamis more comprehensively; this happens in
order to minimize the severe consequences of a tsunami disaster
by optimizing evacuation concepts (e.g., Taubenböck et al., 2009)
or refining standards (e.g., Naito et al., 2014).

1.1 Literature Review on Dam-Break Waves
as an Analogy to Tsunami Waves
Tsunami waves are often caused by tectonic events, usually
originating from seabed displacements at larger water depths.
In combination with their wave length, they are predominantly
shallow-water waves by definition. While propagating in the deep
ocean, tectonic tsunamis have small wave heights and usually
cause no damage. They can often be detected by early warning
systems facilitating pressure sensors on the seafloor (DART
system, Bernard and Titov, 2015). More recent attempts have
used satellite altimetry to detect tsunamis in deep water (Ablain
et al., 2006). Once reaching shallower waters, shoaling increases
the wave height while the wave gets shorter and more devastating.
Wave breaking occurs mostly prior to landfall and undular bores
might develop (Matsuyama et al., 2007; Grue et al., 2008).

Storm waves, which are much shorter than tsunamis, can be
simulated almost in their original scale in the largest wave flumes
in the world equipped with flap or piston-type wave makers
(Oumeraci, 2010). These facilities are also capable of generating
solitary or N-waves, which have been often used in simulating
tsunami waves. However, even though leading solitary-like waves
might reach the shoreline first, Madsen et al. (2008) revealed in a
comprehensive study that solitary waves as a model are
inappropriate to represent the bulk tsunami on its geophysical
scale by affirming that they are “magnitudes” too short. Later on,
in 2010, Madsen and Schäffer (2010) conclude that from its
generation in the ocean to its impact at the shore, the relevant
length- and time-scales of the bulk tsunami are never defined by
the solitary wave tie, that is, given by the ratio of the wave height
to the water depth. In 2012, Chan and Liu (2012) relax the
statement that a solitary wave is “magnitudes” too short (Madsen
et al., 2008) by analyzing the time history of an offshore buoy
affected by the Tohoku tsunami. They found that in this case, a
solitary wave would be approximately six times too short but not
magnitudes. However, generating sufficiently long waves is not
(or only on a small scale) possible in common wave flumes due to
the limited stroke of these facilities. Hence, pump-driven wave
generators are often used to cope with this limitation (Goseberg
et al., 2013; Park et al., 2013; Schimmels et al., 2016; Sriram et al.,
2016; Tomiczek et al., 2016). In line with Madsen et al. (2008) and
Madsen and Schäffer (2010), Chanson (2006) suggested using
dam-break waves in analogy to tsunami waves propagating on-
shore and proposed an analytical two-dimensional (2D) model to
calculate dam-break waves of real fluids, including friction. This
author found good agreement between calculations and
observations made by video cameras during the 2004 Banda
Ache tsunami (Chanson, 2006).

Similar to tsunami inundation, dam-break waves are
characterized by a quasi-infinite wavelength, increasing water
level over time and simultaneously decreasing depth-averaged
flow velocities. Ritter (1897) first derived equations to describe

the surface, depth-averaged velocity, and wave tip celerity of an
ideal fluid dam-break wave in a horizontal, initially dry flume.
However, his equations do not consider friction. Addressing this
issue, Dressler (1952) used the Chezy resistance coefficient to
propose an improved approximation. Whitham and Lighthill
(1955) adapted the Ritter (1897) solution to consider friction in
the wavefront tip region, where friction and turbulence cause the
wavefront to slow down and thicken. A more recent analytical
solution was presented by Chanson (2009) who additionally
included a variable Darcy friction factor for the wave tip
region and successfully validated the model against large-scale
experimental data. The latter solution is applicable to horizontal
and sloping channels.

In laboratory testing, dam-break waves are commonly
generated by lift or swing gates, either driven by rapidly
opening actuators (von Häfen et al., 2018; von Häfen et al.,
2019) or using the vertical release method where an elevated
reservoir is quickly emptied into a lower basin that is again
connected to a propagation flume (Wüthrich et al., 2018).

Some authors investigated dam-break waves propagating on
sloped bathymetry. Mostly, past studies focused on the wave
propagating down an inclined bottom in analogy to a dam-
break wave triggered by a bursting river dam in the mountains
rushing down into the valley (positively inclined slope), while
few others focused their work on dam-break waves propagating
up an inclined bottom, this then in analogy to a tsunami wave
inundating a site with rising topography (negatively inclined
slope). Studies dealing with positively inclined slopes are not in
the scope of this thesis. The interested reader is referred to
Dressler and Stoneley (1958), Hunt (1983), Hunt (1984), Nsom
et al. (2000), Fernandez-Feria (2006), and Chanson (2009), who
proposed the previously mentioned analytical solution to
describe the dam-break wave celerity and surface in a
positively or negatively inclined channel. Among others,
studies dealing with dam-break wave propagation on
negatively inclined slopes are those of Yeh et al. (1989) and
Yeh (1991) who investigated broken bores running up a slope
in laboratory experiments. These authors used water on both
sides of a lift gate in initial settings and a constant slope angle of
7.5°. Once the gate was opened, the dam-break wave slumped
into the resting water downstream of the gate. Yeh et al. (1989)
and Yeh (1991) observed a so-called “momentum exchange”
between the dam-break wave and the resting water downstream
of the gate and found that the resting water is pushed up the
slope first, followed by the bore. Lu et al. (2018) conducted
experimental tests similar to those of Yeh et al. (1989) and Yeh
(1991) but using a larger distance between the gate and the toe
of the slope (0.4 m vs. 1.8 m). They found a linear relationship
with a uniform gradient between impoundment depth and
maximum run-up height. Also, given the same
impoundment depth, the run-up height increases with
increasing initial water depth downstream of the gate.
Hence, run-up height is the smallest for an initially dry
flume. Furthermore, Lu et al. (2018) analyzed the
spatiotemporal development of the run-up process in detail.
Barranco and Liu (2021) generated dam-break waves in a flume
with water on both sides of the dam-break gate and used a
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variable reservoir length to investigate the features of the waves’
run-up. They found a dependency between the run-up height
and the initial impoundment depth and flood duration. By
facilitating a numerical model, they proposed equations to
predict the inundation depth, run-up height, and duration of
the flood in relation to the bore characteristics (Barranco and
Liu, 2021).

Following Chanson (2006) and Madsen et al. (2008), dam-
break waves are frequently used by a multitude of authors in the
context of tsunami engineering: Derschum et al. (2018), Khan
et al. (2000), Stolle et al. (2018), Stolle et al. (2019), Stolle et al.
(2020b), Stolle et al. (2020a), and von Häfen et al. (2021) used
dam-break waves to study debris transport and debris-induced
loadings, and Nistor et al. (2017a), Nistor et al. (2017b), Stolle
et al. (2016), and Wüthrich et al. (2020) used the vertical release
method to investigate debris motion as well. Al-Faesly et al.
(2012), Arnason et al. (2009), Aureli et al. (2015), Cross (1967),
Farahmandpour et al. (2020), Moon et al. (2019), Ramsden
(1996), Shafiei et al. (2016), Soares-Frazão and Zech (2007),
Soares-Frazão and Zech (2008), Winter Andrew et al. (2021),
and Xu et al. (2020) used dam-break waves to investigate loads on
structures like residential houses, breakwaters or idealized cities,
and the associated flow regime. Kuswandi and Triatmadja (2019),
Maqtan et al. (2018), and Triatmadja et al. (2011) used dam-break
waves to investigate scouring around structures during tsunami
inundations.

Since tsunami forecasting is challenging and only allows for
a short-term warning, evacuation plans need to be applied
rapidly after a tsunami hazard is detected (Taubenböck et al.,
2013), and no measuring equipment can be installed before the
wave reaches the site. Therefore, very limited measurements of
flow depths and velocities of real-world tsunami events exist.
Fritz et al. (2006b) analyzed survivor videos taken during the
2004 Banda Aceh tsunami. Both survivors observed sites about
3 km inland; one in downtown Banda Aceh, and one in a
residential area. Extensive image processing and referencing
allowed for extracting surface velocimetry and flow depth from
the camera feeds. Fritz et al. (2006b) calculated the Froude
numbers for both sites and found that they are close to
Fr � 1.0. Matsutomi et al. (2010) analyzed field data of
several tsunami events and calculated Froude numbers in
the range of Fr � 0.42–2.0 (also depending on velocity
estimation). Chanson (2006) also used camera footage from
the Banda Ache tsunami in 2004 to validate his analytical dam-
break wave approach and highlights the importance of real-
fluid bottom-friction interaction. He reports a wavefront
velocity of about 1.5 to 1.6 m/s at a site located about 1.5 to
3.0 km inland. Fritz et al. (2012) conducted field surveys in
2011 in Kesennuma Bay (Japan), which was heavily affected by
the Tohoku tsunami. They used video recordings taken during
the inundation and calibrated them with real-world
coordinates measured in field surveys. Focusing on the
hydrodynamics in the Kesennuma Bay narrows, they report
a wave trough of −3 m followed by 12 min of flooding with a
wave crest height of up to 9 m before the flow direction reverses
into an outflow. Observed standing water surface waves within
the navigation channel (typical water depth of 10 m) support

the finding that the Froude number, extracted from the camera
recordings, approached approximately unity.

1.2 Identified Knowledge Gaps, Objectives,
and Aspects of Novelty
Dam-break waves are widely used to simulate tsunami
hydrodynamics, both in numerical and physical tests. This is
due to their ability to mimic some relevant features that govern
tsunami wave hydrodynamics, such as their very long wavelength.
In addition to the applications in the field of tsunami-related
research, dam-break waves are frequently used in numerical fluid
modeling as it is a common test case to validate the accuracy of
numerical formulation. Also, numerous publications exist dealing
with the obvious analogy to breaking river dams and the
associated flood wave. Due to their wide field of application, a
multitude of approximations and analytical solutions exists,
predicting the surface elevation and flow features of dam-
break waves.

However, the aforementioned literature review on tsunami-
related applications revealed a lack of knowledge regarding dam-
break waves propagation over a sloping bathymetry adjacent to a
horizontal plane (composite bathymetry) in analogy to a tsunami
wave reaching a sloping bathymetry, approaching a shore, and
subsequently inundating a horizontal site (see Figure 1). To date,
it remains unclear how the dam-break-induced flow evolves after
it has climbed the slope and then suddenly being exposed to a
change in inclination.

This study, hence, intends to shed light on the features of a
dam-break waves’ overland flow. Previous studies on tsunami
effects, where dam-break waves have been used, did simply set a
specific distance between the dam-break gate and their test setup;
very rarely was that distance discussed. However, the surface
elevation η is a function of space x and time t with the largest
gradients for small x (von Häfen et al., 2019). This study, hence,
also aims to raise awareness of the fact that the distance parameter
x has to be taken into account when planning dam-break-based
laboratory tests in analogy to tsunami waves.

FIGURE 1 | Conceptual sketch of a tsunami wave propagating on a
sloped bathymetry while approaching the shore. The inland topography is
approximately horizontal (composite bathymetry). The still water line is
indicated by a dashed line. Note that a tsunami not necessarily consists
of a leading trough, as shown here, when approaching the shore (Fritz et al.,
2006a).
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This study presents a unique, novel set of physical large-scale
dam-break tests propagating over a composite bathymetry; the
data set is subsequently used to calibrate a high-resolution
numerical model. That model is then used to analyze the
parameters governing the hydrodynamics. The following
specific objectives are addressed within this study:

1) To raise awareness of and quantify the dam-break waves’
changing hydrodynamics over space and time using simple
analytical considerations.

2) To introduce qualitative categories (referred to as classes) to
describe types of flow patterns observed and gained through
an extensive numerical parameter study.

3) To correlate the classes with the governing parameters varied
within the parameter study.

4) To describe the flow features quantitatively (flow depth,
velocity, and Froude number) of the dam-break wave
affected by the composite bathymetry over space and time
and link them to the qualitative categories (classes) to gain
knowledge about the underlying physics.

5) Toprovide empirical equations to predict the overlandflow features.

Although there might be additional interest in the sloping
region of the composite slope, this study focuses specifically on
the flow characteristics along the horizontal plane, as it represents
the region where urban siting would typically be present (see
Figure 1). The authors deem this region mostly important since
improving knowledge in this area is of great interest for reducing
the number of severe losses caused by a tsunami event.

2 METHODOLOGY

2.1 Laboratory Experiments
Laboratory experiments are conducted to calibrate and validate the
numerical model Reef3D (see Section 2.2). The test facility is situated
at the Leichtweiß-Institute for Hydraulic Engineering and Water
Resources, Technische Universität Braunschweig, Germany. The
flume used for the dam-break experiments is 2m wide and

approximately 100m long. A swing gate separates the flume into a
20-m long reservoir section, where water is impounded, and an 80-m
long propagation section. The gate is driven by an electric linear drive,
which allows a fully controllablemovement of the gate. The gate opens
within 0.7 s ensuring an unaffected, quasi-instantaneous dam-break
(comparable to the ideal numerical dam-break used within this study,
see Section 2-3), leading to a dam-break bore propagating
downstream the flume (von Häfen et al., 2019). The flume is
equipped with four wave gauges, capacity type (200Hz, accuracy
~1%, tailor-made). One of the gauges is located in the reservoir and
three downstream the gate in the propagation section of the flume
whose positions are indicated in Figure 2. Wave gauges and linear
drive are synchronized using a data acquisition system (ADLINK
DAQe-2206, 64 channel, 16 bit, 250 kS/s). Capacitance wave gauges
have been used successfully in accurately detecting aerated flows as
occurring during advancing broken bores (Derschum et al., 2018;
Ghodoosipour et al., 2019; Stolle et al., 2019a; Stolle et al., 2019b).
Figure 2 shows the flume including a composite bathymetry and
measuring devices. Wave reflection at the end of the flume is not
recorded by the data acquisition system since the length of the flume is
sufficient to stop the measurements before a reflection arrives.

For calibration and validation purposes, four experimental tests
are conducted: two with a flat bottom and two with a composite
bathymetry installed. Each of these four tests is repeated twice.Table 1
contains the experimental protocol including the impoundment
depth d0 and the positions of the wave gauges. In the case of an
installed composite slope (test nos. 3 & 4), the distance between the
gate and toe of the slopes xtoe is given, as well as the parameters
describing the slope geometry; the height of the horizontal plane w
and slope length lsl (see Figure 2). A numerical model (see Section
2.3) is calibrated using the flat bottom test no. 1 (see Table 1) and
validated later on against the remaining tests with (no. 2) and without
the composite bathymetry (nos. 3 & 4).

2.2 Calibration and Validation of the
Numerical Model
Within this study, the software package REEF3D is used. REEF3D
is an open-source hydrodynamics framework developed by Bihs

FIGURE 2 | Dam-break facility equipped with a fully controllable gate and four wave gauges in side- (A) and top-view (B). The composite bathymetry and the
parameters describing its geometry are indicated.
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et al. (2016), consisting of several numerical modules. The
computational fluid dynamics (CFD) solver within REEF3D is
used to solve the incompressible unsteady Reynolds-averaged
Navier–Stokes (URANS) equations. This approach is selected
since the flow is expected to be highly transient, which cannot be
represented by the classical RANS formulation. The URANS
approach can consider vortices in the front of the dam-break
wave and is less costly in terms of computation compared to LES
(large eddy simulation, see Iaccarino et al. (2003) for a
comparison of the approaches). In addition to these CFD
approaches, REEF3D is also used to solve depth-averaged non-
hydrostatic shallow water equations (SWE) (Wang et al., 2020),
which are much more computationally efficient than CFD
calculations and are used by a multitude of authors to
approximate dam-breaks; see Brufau and Garcia-Navarro
(2000), Liang (2010), Ostapenko (2007), and Ozmen-Cagatay
and Kocaman (2010). In order to identify the approach that
represents the best compromise between efficiency and accuracy,
URANS, SWE, and LES are compared against laboratory data of a
flat bottom setup (test no. 1, see Table 1). This approach was
chosen as the domain was still fairly large to be efficiently

computed by the URANS approach. Figure 3 displays the
time histories of the four wave gauges in comparison to the
numerical approaches. Deviations in the measured time histories
of the wave gauges are small in the reservoir (WG 1), where
bottom friction almost does not influence the flow and no
turbulences are present. The positive wavefront, however,
propagating over the flumes’ bottom, results in larger
deviations in the measurements. This is due to small
imperfections in the flumes’ concrete bottom and a highly
turbulent flow associated with large fluctuations. Calculations
are performed on a regular grid with 0.01 m cell size in a two-
dimensional domain and for a duration of 20 s (see Appendix 6.1
for a convergence study on cell size). The cell size represents the
finest resolution, which leads to just acceptable long computing
times (approx. 15 h per test in the numerical flume, see Section
2.3 and Appendix 6.1) on the available computing servers (two
dual-socket CPU servers with AMD EPYC 7452; in total
128 cores at 2.35 GHz and 128 GB RAM) with the setting of
the numerical model summarized in Appendix 6.2.

All approaches are in good agreement with the experimentally
measured data. However, large eddy simulations are
computationally costly, hence, the validation concentrates on
the URANS and SWE approaches with the following settings
(also summarized in Appendix 6.2, showing the control file of
REEF3D): for the URANS approach, the WENO (weighted
essentially non-oscillatory) scheme (Jiang and Shu, 1996) is
used for the convection discretization and the level set method
is used to track the free surface (Osher and Sethian, 1988). The
scheme can handle large gradients accurately by taking
smoothness into account, and it is deemed to be appropriate
to handle wet front progress; it was confirmed to be accurate in
simulating dam-break scenarios as well (Sun et al., 2012; Cannata
et al., 2018; Li et al., 2020). Turbulence is approximated by using
the k − ω turbulence model (Wilcox, 2006), where k is the
turbulent kinetic energy and ω is the specific turbulent
dissipation. Time stepping for the momentum equation is
performed by the TVD Runge–Kutta scheme, which is also
applied to the level set and reinitialization method. The
pressure is calculated using the projection method (Chorin,
1968). In the case of the SWE approach, the REEF3D:SFLOW
implementation is used (Wang et al., 2020), which solves for non-
hydrostatic pressure using a quadratic approximation (Jeschke
et al., 2017) and uses the WENO scheme for convection. Figure 4
shows validation runs of the URANS and the SWE approach
against wave gauge time histories of the experimental tests 2–4
(see Table 1). In analogy to Figure 3, the SWE approach shows

TABLE 1 | Experimental protocol. Variables and coordinates correspond to Figure 2. Impoundment depth d0, the distance between gate and toe of the slope xtoe, length of
the slope lsl , and height of the horizontal plane w. The positions of the wave gauges are given in the flume’s coordinates.

Test no. Wave type Repetitions d0 [m] xtoe [m] w [m] lsl [m] WGpos [m]

WG1 WG2 WG3 WG4

1 Dam-break 2 0.40 - - - −18.0 12.5 16.5 25.5
2 2 0.60 - - - −18.0 12.5 16.5 25.5
3 2 0.50 10.0 0.30 6.00 −16.6 12.0 14.0 22.0
4 2 0.60 10.0 0.30 6.00 −16.6 12.0 14.0 22.0

FIGURE 3 | Comparison between three numerical approaches
compared against experimental data of a dam-break wave propagating on a
flat bottom (test no. 1, see Table 1). Four wave gauge time histories are
displayed; one in the reservoir section (A) and three in the propagation
section (B-D) of the flume. The mean squared errors (MSE) over all four time
histories are given.
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good results compared to a larger dam-break wave on the
horizontal bottom (test 2, see Table 1), cp. Figures 4A–D.
However, once a composite bathymetry is modeled
(Figure 4E-L), the SWE solution significantly underestimates
the water depth along the slope (Figures 4F, G, J, K); it also
overestimates the water depth on the adjacent horizontal plane
(Figures 4H, L). The SWE cannot resolve vertical velocities, yet
these would become relevant, especially where slope change
occurs. Equally, these are also important to resolve reflection
processes at and along the slope (see Section 3.2.1). However, the
URANS approach is in good agreement with the experimental
data and will hence be used within this study.

2.3 Numerical Flume and Test Protocol
The two-dimensional (2D) numerical flume (see Figure 5)
consists of a solid bottom and left boundary, while the right
boundary is an outflow to prevent reflections. The sides of the

numerical flume are symmetry planes. The length of the reservoir
lres equals the length of the propagation section
(lres � xToe + lsl + lhor). Since—theoretically and neglecting
friction—the negative wavefront, propagating upstream in the
reservoir section, is half the celerity of the positive wavefront, a
reservoir length equal to the length of the propagation section
minimizes the influences of an emptying reservoir on the
hydrodynamics on the horizontal plane. The simulation time
tsim is hence chosen to be twice the time the negative wavefront
needs to reach the end of the flume and is, therefore, a function of
the impoundment depth and the reservoir length and reads as
follows:

tsim � 2(lres/
���
gd0

√
) [s]. (1)

The simulation time tsim can be converted into a
dimensionless simulation time Tsim in analogy to the

FIGURE 4 |Numerically calculated wave gauge time histories (SWE and URANS approach) compared to laboratory data. Flat bottom test with initial impoundment
depth d0 � 0.60m ((A–D), test no. 2, see Table 1), composite bathymetry with d0 � 0.50m ((E–H), test no. 3, see Table 1), and composite bathymetry with d0 � 0.60m
((I–L), test no. 4, see Table 1). Deviations between experimental and numerical data are given as MSE in each subfigure.

FIGURE5 | Side-view sketch of the numerical flume.Wave gauges and velocimetry profilers are placed over the entire domain with a spacing of 0.10m and 10.0m.
The free surface profile is indicated by η, the length of the reservoir lres, the constant length of the horizontal plane lhor � 10m, the length lsl and the heightw of the slope,
the distance between the initial water column and slope xToe, and the initial impoundment depth d0.

Frontiers in Built Environment | www.frontiersin.org August 2022 | Volume 8 | Article 8773786

von Häfen et al. Dam-Break Waves’ Hydrodynamics on Composite Bathymetry

193

https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles


expression from Wüthrich et al. (2018): T � t
����
g/d0

√
, so that the

dimensionless simulation time Tsim reads as follows:

Tsim � 2lres/d0[ − ]. (2)
An ideal dam-break wave is ensured by an instantaneous

release of the water column (starting with the first
computational iteration, without simulating any gate). Wave
gauges and velocimetry profilers, distributed over the entire
domain with increments of 0.1 m in the propagation and 10 m
in the reservoir section, yield spatio-temporal information about
the flow features and the surface elevation. Simulations are
performed on a regular grid with 0.01 m spacing using the
URANS approach (see Section 2.2 for detailed settings and
reasoning, as well as Appendix 6.2).

The geometry and the position of the composite bathymetry
affect the hydrodynamics of the dam-break wave during
propagation. To connect the parameters describing the
composite bathymetry’s geometry with the hydrodynamics and
the underlying physical processes, the parameters are
systematically varied. Those parameters investigated in this
work are (see Figure 5) the initial impoundment depth d0, the
distance between the initial water column and the toe of the slope
xtoe, the length of the slope lsl, and the height of the horizontal
plane w. Three values are examined for each of these four
parameters. This results in 34 � 81 possible combinations of
parameters or a number of tests, respectively. In addition,
three reference tests with changing impoundment depth but a
horizontal bottom (without composite bathymetry) are
performed. Thus, in total, 84 tests are conducted. Table 2 lists
the values of the four parameters being varied systematically (d0,
xtoe, lsl, and w). In addition, the table contains the range of these
values in dimensionless writing (indicated by capital letters: Xtoe,
Lsl, and W) normalized by the initial impoundment depth d0 as
commonly applied in studies on dam-break waves (Lauber and
Hager, 1998; Chanson, 2009; Nouri et al., 2010; Oertel and Bung,
2012; Goseberg et al., 2013; Goseberg and Schlurmann, 2014;
Hooshyaripor et al., 2017; von Häfen et al., 2018; Wüthrich et al.,
2018; von Häfen et al., 2019; von Häfen et al., 2021).

3 RESULTS

3.1 Flow Features over Space and
Time–Analytical Considerations
The literature review revealed that in most experimental or
numerical studies incorporating dam-break waves, there is
little information on how the distance between the test setup

and the (idealized) gate is chosen. However, dam-break waves’
hydrodynamics change considerably over space and time, which
will be briefly highlighted in this section. Based on the analytical
approach of Ritter (1897), Figures 6A–C show the computed
surface elevation (η, panel A), depth-averaged flow velocity (U,
panel B), and the Froude number (Fr, panel C) of a dam-break
wave over space (abscissa) and time (ordinate). The dam-break
location is at x � 0 m, the reservoir extends into negative
x-direction, whereas the propagation section is positive in
x-direction. The positive wavefront is indicated as a red solid
line, while the negative wave, propagating in opposite direction
within the reservoir, is shown as a red dashed line.

Figure 6 shows that surface elevation, velocity, and,
subsequently, also the Froude number always depend on space
and time. This is evident from the changing color gradients at
constant x in Figures 6A–C and is emphasized in Figures 6D–F,
which show the time series along the transects A and B, shifted to
the time of positive wavefront arrival (twf). The larger the
distance between the gate and the location being considered
(e.g., the location of the test setup), the

1) lower and flatter the surface elevation time history (see
Figure 6D),

2) higher the depth-averaged flow velocities over time (see
Figure 6E), and

3) larger the Froude number time history (see Figure 6F).

Hence, the distance between the gate and test setup should
preferably be provided in dam-break wave-structure interaction
studies; this is to ensure comparability and repeatability of tests.
In addition, the distance can be utilized to adjust the local
hydrodynamic setting and to achieve conditions as close to in situ
conditions as possible. Within the subsequently evaluated numerical
test program, the distance between the gate and the toe of the slope
(xtoe) is hence varied (seeTable 2) to adjust for the gate to compound
beach distance effect and to provide just comparisons.

Note that friction is neglected by the analytical approach of
Ritter (1897). Even though the approach resembles the overall
characteristics of a dam-break wave well, friction significantly
influences the waves’ tip region (e.g., addressed by Chanson
(2009)). Hence, close to the wave tip, the surface elevation will
be larger and the depth-averaged velocities and Froude numbers
smaller in nature than predicted by Ritter (1897) and presented in
Figure 6.

3.2 Numerical Investigations
The following sections are using the computational results of the
numerical model to investigate the flow features of the dam-break

TABLE 2 | Values of the parameters varied (left) and normalized parameter range (right).

Parameter Dimension Values Parameter Dimension Range

xtoe [m] 2.00, 10.0, and 20.0 Xtoe � xtoe/d0 [-] 2.00–50.0
w [m] 0.10, 0.20, and 0.30 W � w/d0 [-] 0.10–0.75
lsl [m] 0.60, 2.00, and 10.0 Lsl � lsl/d0 [-] 0.60–25.0
d0 [m] 0.40, 0.70, and 1.00 tan(α) [-] 1:2.00–1:100

Frontiers in Built Environment | www.frontiersin.org August 2022 | Volume 8 | Article 8773787

von Häfen et al. Dam-Break Waves’ Hydrodynamics on Composite Bathymetry

194

https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles


waves over compound bathymetries. First, some qualitative
observations will be presented before flow depth and velocities
as well as Froude numbers are investigated next.

3.2.1 Qualitative Observations
To introduce the data set of computed results with 84 individual
tests, all of them with changing domain size, bottom profile, and
impoundment depth, a qualitative analysis is performed first. The
analysis is based on the velocity field (left column of Figure 7) and
the turbulent kinetic energy (TKE, right column of Figure 7) in
the x-z plane at two instants in time. The analysis first looks at the
time T(posfront � 9m), which is the instant in time when the
wavefront reached the end of the computational domain, and

afterward at the time T � Tsim (see Eq. 2) representing the end of
the computational time.

Visual inspection of the surface elevation data along with the
velocity fields and the TKE in the x-z plain has led to a
classification of numerical test runs described hereafter in
Table 3. The classification introduces four classes the authors
identified (hereinafter referred to as classes C1 to C4), which are
used in the subsequent data evaluation. Table 3 also indicated
whether the surface elevation, front velocity, and Froude number
of the classes are typically smaller or larger than the reference
tests, where no composite bathymetry is present.

Although the classification presented in Table 3 is qualitative
at this point, the subsequent data analysis of each class presents a

FIGURE 6 | Flow features of a dam-break wave in space and time derived from the analytical approximation by Ritter (1897). Surface elevation (A), depth-averaged
velocity (B), and Froude number (C) are indicated as colors. Dam-break location at x = 0 m, reservoir spreading in negative x-direction. Dry, frictionless propagation
section on positive x-direction. Positive and negative wavefronts are indicated as solid and dashed red lines. These lines also indicate the time when the positive or
negative wave reaches a specific position (twf and tnwf , respectively). Isolines are displayed as thin black solid lines. Transects over time (A–A, B–B) are indicated in
each subfigure (A–C) as dashed lines. Time histories at these transects are displayed in subfigures (D–F).
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quantitative classification. However, since surface elevations,
front velocities, and Froude numbers always depend on space,
time, and the initial impoundment depth (A-C), no absolute
values can be given per class in Table 3.

Looking at the flow visualizations mentioned earlier, it
becomes clear that the complex two-dimensional flow patterns
observed on the slope in classes C2–C4 cannot be represented
well by a depth-averaged numerical approach, such as the shallow
water wave equations (SWE). This explains the numerical results
observed when validating the model (see Section 2.2); the SWE
represented tests without a composite bathymetry were accurate
and highly efficient in terms of computational time. However,
once a composite bathymetry profile is installed, averaging over
the water columns is an oversimplification as can be seen in
Figure 7.

The remainder of this work uses a couple of definitions that are
defined next. A “class” describes a group of tests showing similar
hydrodynamics, as described earlier. ‘Class-averaged’ means that
all data belonging to a class are averaged (eventually further
subdivided into the different impoundment depths). The entire

dataset of 81 tests is next classified into the previously defined
classes. To link the geometrical parameters of the composite
bathymetry with the previously identified classes (C1-C4,
Figure 7), all tests are analyzed and displayed dimensionless
in Figure 8.

The dimensionless abscissa of Figure 8 shows that for large
impoundment depth (Figure 8C) and W � 0.3[−], classes
C1–C3 are mostly observed, while for small impoundment
depth (Figure 8A), only C3 classes occur, comparing the same
W -value. Thus, the smaller the impoundment depth, the more
pronounced the reflections for the same dimensionless height W
of the horizontal plane. Taking the ordinate into account, which
displays the dimensionless slope steepness, it is revealed that the
steeper the slope (large w/lsl values), the more pronounced the
occurrence of reflections (C2–C4 classes). Based on the findings
presented in the previous section, an obvious relation between
class occurrence and xtoe, represented by the triangle, circle, and
plus signs, was expected. These symbols always lie on top of each
other since each test is performed with each value of xtoe. A
dependency on xtoe would result in changing color coding of the

FIGURE 7 | Velocity fields (left column) and turbulent kinetic energy (right columns) of classes C1–C4 (indicated by brackets on the left) at two instants in time (upper
and lower row of each class) of class C1 (A,B,H,I), class C2 (C,D,J,K), class C3 (E,F,L,M), and class C4 (G,N). Velocities are given in bolt and the turbulent kinetic
energy in m2/s2. The composite bathymetry is indicated as a black area.
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signs laying on top of each other, however, this cannot be seen; a
finding being discussed in Section 4. In conclusion, the more
pronounced the reflections (increasing order of the class
numbers):

1) the smaller the initial impoundment depth (d0),
2) the larger the dimensionless height of the horizontal

plane (W), and
3) the steeper the slope (w/lsl).

A dimensionless slope steepness larger than approximately
W ~ 0.55 is found to be a delimitation criterion above which very
minor to no overland flow is observed (class C4; total reflection).

3.2.2 Flow Depth on Horizontal Plane
After classifying the investigated tests, the flow conditions as a
result of the dam-break waves are investigated next. To that end,
the flow depth at the transition point between the slope and the
upper horizontal elevation (x � 0 m) is considered. Figure 9
shows the class-averaged surface elevation time histories at
this position. They are normalized over the initial
impoundment depth (d0) and displayed over the
dimensionless time (T � t

����
g/d0

√
) for each impoundment

depth separately. Classes are indicated as colored areas which
extend plus-minus the standard deviation (σ) above and below
the class-averaged time-histories (η/d0). Lines (solid, dashed, and
dotted) represent approximations of the time histories.
Coefficients of determination (r2) between time histories and
approximations are given.

Figure 9 shows a dependency of the dimensionless class-
averaged surface elevation time-histories on the initial

impoundment depth; the larger the initial impoundment
depth, the larger the dimensionless flow depth. This
observation reveals that flow depth at the transition point is
disproportional to the initial impoundment depth. However, it is
common practice to normalize the flow depth of a dam-break
wave over the initial impoundment depth (see e.g., Lauber and
Hager, 1998; Chanson, 2009; Nouri et al., 2010; Oertel and Bung,
2012; Goseberg et al., 2013; Goseberg and Schlurmann, 2014;
Hooshyaripor et al., 2017; von Häfen et al., 2018; Wüthrich et al.,
2018; von Häfen et al., 2019; von Häfen et al., 2021). This
observation is being discussed further in Section 4.
Considering the classes C1–C3, it becomes apparent that C3
(pronounced reflections) leads to a steeper increasing surface
elevation time history than C2 (medium reflections) or C1
(minor/no reflections) (see Figure 9B or Figure 9C). Thus,
the more dominant the reflections in the run-up/overland flow
evolution, the faster the surface elevation increases at the
beginning of the time histories. Tests associated with
pronounced reflections (C3) also lead to larger flow depth
than C2 or C1. In addition, the larger the standard deviation,
the more pronounced the reflection. To predict the class-averaged
surface elevation time history, an approximation is fitted to the
data, which is a function of the initial impoundment depth, the
dimensionless time, and the class, that follows the form of Eq. 3
with the coefficients (a − g) given in Table 4. Eq. 3 is an
exponential function over dimensionless time with a linear
dependency on the initial impoundment depth, and it reads as
follows:

η

d0
(d0,T,C) � {a d0 + b}e−{c d0+d}T + {f d0 + g}[ − ]. (3)

TABLE 3 | Class definition and relation of flow features to reference tests.

Class Qualitative
observation (Figure 7)

Relation to reference tests

C1 The velocity field is uniform at both time steps (Figures 7A, B). No turbulence outside
the boundary layer can be observed in the first time step (Figure 7H), and only minor
turbulences in the second one (Figure 7I). No reflections can be observed. It is
expected that C1 leads to minor energy dissipation. Thus, this class is associated with
an almost unaffected flow. The ratio W � w/d0 is fairly small (see Figure 8), indicating
that the impoundment depth or the flow depth of the dam-break wave is large as
compared to the change in elevation as a result of the compound beach

Surface elevation
(Figure 10)

Front velocity
(Figure 11)

Froude number
(Figure 13)

Sig. larger Slightly smaller Sig. larger

C2 At the instant when the wavefront reaches x � 9m, the velocity field is uniform
(Figure 7C) and without significant reflections or turbulences (Figure 7J) visible. At the
end of the computational time, however, reflections, characterized by waves
propagating upstream, are observed (Figure 7D) as well as turbulences (Figure 7K).
The energy dissipation is expected to be significantly higher than in C1; Figure 7C
shows an area of reduced flow velocities and a thicker boundary layer with smaller
velocities compared to the flow downstream (on the horizontal plane) and upstream the
slopes’ toe. This class is associated with a flowmoderately reflected. This class is also
associated with medium numbers for the ratio W

Slightly larger Smaller Slightly larger

C3 At both instants in time selected for the classification analysis (Figures 7E, F),
pronounced reflections, along with high turbulences (Figures 7L, M), which are
associated with high energy dissipation, are observed. This class is associated with
pronounced reflections. This class is also associated with large numbers for the ratioW

Smaller Sig. smaller Sig. smaller

C4 Almost the entire reflection leads to very minor or no overland flow at all (Figure 7G).
Within the computational time, the wavefront did not reach the end of the horizontal
plane. This class is associated with a total reflection. This class is also associated with
large numbers for the ratio W

Almost zero Almost zero Not calculated
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To obtain information about the class-averaged surface
elevation over the entire length of the horizontal plane, surface
elevation lines (η over space, referred to as SEL) are calculated at
three instants in time. The surface elevation lines are normalized
using the reference tests (ηref, plain horizontal bottom, no
composite bathymetry present) as displayed in Figure 10.

Figure 10A shows SELs for three dimensionless instants in
time; the instant when the wavefront reaches the end of the
horizontal plane and two later ones (plus ΔT � 4 and ΔT � 12).
The following can be extracted from Figure 10A:

1) Independent of time and space, tests associated with minor
reflections and turbulences (C1) show overall larger
normalized flow depths than those tests with more
pronounced reflections (C2 and C3).

2) Class C3 shows smaller flow depths than the reference tests.
This is due to the significant energy dissipation and reflection
associated with this class. Class C2 shows normalized flow
depths close to one (except for the peaks at x � 6 m), while
C1 shows the largest normalized flow depth.

3) Close to the transition point (x � 0 m), larger class-averaged
normalized flow depths are observed than further
downstream (except for the peaks at x � 6 m). This is due
to the inertia of the flow coming from the slope and evolving

over the slope transition into the horizontal plane. This leads
to a change in flow direction at the transition point, which is
associated with forces (gravity in this case) acting on the flow.

4) Thus, the stronger the effect is, the more pronounced the
change in flow direction in relation to flow velocity is.
Therefore, this effect is more pronounced for C3
(pronounced reflections due to steep and high slopes, see
Figure 8 for class occurrence with respect to the slope
parameters) than for C2. For C1, almost no change in flow
depth at the transition point is observed.

Peaks are observed in the class-averaged dimensionless SEL for all
classes (C1–C3) and for ΔT � 0. Figure 10B reveals the cause of the
peaks’ occurrence; in some tests, a leading bore front is observed in
the surface elevation (solid line in Figure 10B) and in the reference
SEL too. The dashed vertical line in Figure 10 indicates that small
surface elevation in the reference class (SELref) occurs
simultaneously with large surface elevation in the concerned tests,
leading to the peaks in the normalized surface elevation in
Figure 10A. This phenomenon, which is discussed in Section 5,
is typical for dam-break waves. Therefore, velocity time histories are
not displayed, but median velocities over space normalized by the
velocity of the corresponding reference tests (cref) are provided in
Figure 11.

FIGURE 8 | Dimensionless visualization of the observed classes in relation to the composite bathymetries’ parameters; slope steepness on the ordinate,
dimensionless elevation of the horizontal plane (W) on the abscissa, and xtoe indicated by markers and separated by initial impoundment depth(A-C). Dashed lines
indicate tests with equal slope length. Classes are indicated by colors. Gray-shaded area covers W-values larger than ~0.55 (only visible in (A)), which is found to be a
delimitation criterion above which no overland flow is observed (class C4; total reflection).
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Figure 11 covers all front velocities for tests belonging to
C1–C3, and C4 (almost the entire reflection) is excluded as almost
no overland flow occurred in this class. The following can be
extracted from the data analysis and Figure 11:

1) The higher the horizontal plane, the lower the front velocity.
This observation is plausible since the larger the height of the
horizontal plane, the more pronounced the reflections, and
thus the energy dissipation increases considerably.

2) The median c/cref - values are always smaller than unity. The
median wavefront velocity is slower than the corresponding
reference. Due to energy dissipation on the composite
bathymetry, which is not present in the reference class, this
observation is plausible too.

3) In contrast to all other data points, the data for the smallest
dimensionless height of the horizontal plane (w/d0 � 0.1)

shows a 75th percentile larger than one, indicating that the
wavefront is moving faster than the reference class. This
phenomenon can be explained by a fast-moving leading
bore front (see Figure 10B) observed in many of these tests.

4) The decreasing trend, indicated by the black solid line, is
almost linear up to W � 0.43. For larger values, the front
velocity, however, rapidly decreases. The linear trend is due to
the fact that the larger the normalized height of the horizontal
plane, the more pronounced the reflections. The rapid
decrease for values beyond W � 0.43 is caused by almost
the entire energy being dissipated at the slope. In line with the
qualitative observations (see Figure 8), total reflections and
consequently front velocities of zero are expected for values
larger than W ~ 0.55.

The approximation and its extrapolation, to be seen in
Figure 11, read as follows:

c
cref

� e−0.53(w/d0) − 10−8e33(w/d0)[ − ], (4)

where c is the front velocity of the overland flow, cref is the
front velocity of the reference class at the same longitudinal
distance to the waves’ origin, w is the height of the horizontal
plane, and d0 is the initial impoundment depth. The

FIGURE 9 | Class-averaged normalized surface elevation time history (η/d0, on the ordinate) separated by classes (C1–C3) at the transition point (x � 0m) over
dimensionless time (T � t

�����
g/d0

√
) and separated by initial impoundment depth (A–C). Colored areas represent class-averaged surface elevation time history plus-minus

the standard deviation. Lines represent an approximation following Eq. 3. Coefficients of determination (r2) between time histories and approximations are given.

TABLE 4 | Coefficients to Eq. 3.

a b c d f g

C1 −0.490 0.016 −0.096 0.124 0.474 0.038
C2 −0.044 −0.310 0.041 0.041 −0.064 0.427
C3 −0.248 −0.126 −0.133 0.241 0.180 0.212
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approximation correlates well with the median values (red bars in
Figure 11, r2 � 0.81).

3.2.3 Froude Number on Horizontal Plane
The dimensionless Froude number can be calculated based on the
flow velocity and the corresponding water depth at a certain position

over time and is frequently reported in studies about post-tsunami
surveys (e.g., Fritz et al., 2006b). In Figures 12G and H, the depth-
averaged Froude number at the transition point (x � 0 m) over
dimensionless time is displayed beside the corresponding surface
elevation time histories (Figures 12A–C) and depth-averaged flow
velocities (Figures 12D–F) separated by initial impoundment depth

FIGURE 10 | Visualization of class-averaged surface elevation lines (SELs) over space (A). Classes are indicated by color and instants in time by line type. Local flow
velocities (B) are color coded according to the color bar, Reference SEL by a dashed line. Dimensionless time steps ΔT describe the additional time after wavefront first
reached the end of the horizontal plane at x � 9m.

FIGURE 11 | Bore front velocities (c) normalized over the corresponding reference front velocities (cref , no compound beach present) and averaged over space
using the median. Data are plotted over the height of the horizontal plane normalized over the initial impoundment depth (W � w/d0). Boxplots are defined as follows: the
median is indicated as a red bar, and the box indicates the 75th and 25th percentile, respectively. Whiskers extend to the most extreme data points. The black solid line
represents the approximation given by Eq. 4. The dashed line indicates the extrapolation of Eq. 4. Gray-shaded area covers values ofW larger than 0.55, where no
overland flow is observed.
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and class. Reference time histories are extracted from the reference
tests for each considered test using the same distance between the
idealized gate and transition point (since hydrodynamics change
over space, as presented in Section 3.1). All time histories displayed
in Figure 12 are class averaged.

Figures 12A–C show that flow depths at the transition point
are similar to the reference tests without a composite bathymetry
present. Figures 12D–F, however, reveal flow velocities
significantly smaller than the reference. The more pronounced
the reflections (higher class number), the lower the depth-
averaged flow velocities. In general, all velocity time histories
show higher values at the beginning and decrease over time. The
following can be extracted from Figures 12G–I displaying the
Froude time histories:

1) In the first instant, very large Froude numbers are
observed, rapidly decreasing over time. These high

values are typical for dam-break waves and are due to
the small flow depths combined with the large flow
velocities in the wavefront.

2) The Froude numbers at the transition point of a composite
bathymetry are generally smaller compared to those without
such a bottom profile.

3) The more pronounced the reflections (thus, the higher the
class number), the smaller the Froude numbers. This is caused
by the flow velocities showing the same trend.

4) Class C3 shows, for later instants, Froude numbers smaller
than one. Thus, the flow changes from super to subcritical.

To obtain spatial information about Froude numbers on the
horizontal plane, three dimensionless instants in time ΔT after
wavefront arrival at x � 9 m (end of the horizontal plane) are
selected with ΔT � [4, 8, 12]. Figure 13 displays class-averaged
Froude numbers over space (indicated as thin, colored lines) and

FIGURE 12 | Visualization of class-averaged surface elevation (η, (A–C)), depth- and class-averaged velocity (v, (D–F)), and class-averaged Froude number (Fr,
(F–I)) at the transition point over dimensionless time and separated by initial impoundment depth (d0). Standard deviation (2 σ) is displayed as a shaded area.
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the reference tests. A multilinear approximation as given by Eq. 5
is indicated in wide, transparent lines.

The following findings can be extracted from Figure 13:

1) Froude numbers are independent of space, the smaller the
Froude numbers are, the more pronounced the reflections
(higher class numbers) are.

2) Class C3 (pronounced reflections) shows overall smaller
Froude numbers than the reference, while for the classes
with no and minor reflections (C1 and C2), Froude
numbers are, except for the transition point at x � 0 m,
always larger than the reference.

3) The Froude numbers rise over space; this is typical for dam-
break waves showing the largest Froude numbers in the
wavefront region, decreasing downstream, where water
depth increases and flow velocities decrease.

4) The Froude numbers show an almost linear trend over space;
the more pronounced the linear trend, the smaller the
influences of the composite bathymetry. However, the
reference class shows the weakest linear trend; especially
for ΔT � 4, the linear approximation underestimates the
reference class at x � 0 m and x � 9 m. This can be
explained as follows: for large x-values, the approximation
underestimates all Froude numbers. For small x-values, the
approximation underestimates the reference class
significantly, while the composite bathymetry tests are

slightly overestimated. This is due to the transition point
lowering the Froude numbers here.

5) The differences between the Froude numbers at the transition
point differ from class to class; while the reference and C1
(Figure 13A) show a significantly changing Froude number
over time at x � 0 m (in the same order of magnitude of the
reference class); tests with more pronounced (C2) and
significant reflection (C3) show a small variation in Froude
number at the transition point over time. This is probably due
to the strong turbulence on the slope associated with classes
C2 and C3, partially interrupting the original hydrodynamics
of the dam-break wave. This is indicated by the flow velocity at
the transition point being significantly reduced compared to
the reference tests (see Figures 12D–F).

6) Over space, the differences in Froude numbers increase over
time. Thus, the largest variations in Froude number over time
are observed at x � 9 m.

The approximation displayed in Figure 13 is a multilinear
function over space and dimensionless time. It is determined
individually per class, yields a high coefficient of determination of
r2 > 0.97, and reads as follows:

Fr(x,T,C) � {aT + b}x + {c T + d}[ − ]. (5)

Coefficients in Eq. 5 are given in Table 5.

FIGURE 13 | Visualization of class-averaged Froude numbers (thin lines) over space (at the horizontal plane) at three dimensionless instants in time ΔT � [4, 8,12].
Data are displayed separately per class (A–C). The multilinear approximation is displayed as wide transparent lines.
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4 DISCUSSION

It was observed that the class occurrence (Figure 8) as well as the
normalized flow depth at the transition point (Figure 9) change
with changing initial impoundment depth d0, even though the
data are normalized over the initial impoundment depth, which is
a common normalization. This phenomenon is unexpected since
a dam-break wave is driven by gravity only and its energy/
momentum is correlated with the initial impoundment depth.
Theoretically, the larger the impoundment depth, the larger the
ability to overcome a certain elevation (height of the horizontal
plane). However, this study, which evaluates a large data set and
focuses on the flow features on the horizontal plane, does not
cover the complex processes on the slope. It is expected that
vortex patterns, interactions of the incoming and reflected wave
energy as well as the associated energy dissipation over the slope
highly depend on the slope geometry and the initial
impoundment depth, and that dam-break waves of smaller
impoundment depth are more strongly affected by these effects.

As shown in Section 3.1, the distance between the gate and the
place under consideration xtoe (e.g., the position of test setup in a
flume) must be considered since the hydrodynamics of a dam-
break wave change over space. Therefore, a clear dependency
between xtoe and the class number (Figure 8) was originally
expected but was not found. It is assumed that the turbulence on
the slope disturbs the hydrodynamics of the dam-break wave to
such an extent that these effects override the influence of xtoe.

Instead of a single leading bore front, in some classes,
sequences of bores riding on top or next to each other were
observed (see Figure 10). This phenomenon appears for both, the
reference tests and the tests with composite bathymetries, but
only at a distance of approximately 20 m downstream of the
idealized gate and only for tests with an initial impoundment
depth of 1 m. The formation of the leading bore is either an effect
of the collapsing water column (like observed by Lauber (1997))
once the dam-break is initiated or due to disintegration of the
wave while propagating. However, this study focuses on the flow
features on the horizontal plane of the composite bathymetry, and
thus this phenomenon is beyond the study’s scope. Further
research is required to investigate the observed phenomenon.

Wall and bottom roughness are not varied within the study but
set to a fixed equivalent sand roughness of ks � 0.001,
representing a smooth surface. This roughness value compares
well to the smooth surface of the composite bathymetry used in
the physical tests and is a conservative assumption for the
numerical parameter study since it leads to little friction and
thus to large Froude numbers. Systematically varying the
roughness with also three values (as performed for d0, xtoe, w,
and lsl) would have increased the number of tests in the parameter

study from 81 to 243 combinations. This would have tripled the
computational time for the entire data set (from 50 days to about
half a year), which would not have been possible within the scope
of this study. However, it is expected that the bottom roughness
influences the features of the overland flow, and hence future
research should deepen research on this topic.

Froude numbers are found to be always larger than unity in the
experiments, except for class C3 close to the transition point (x � 0 m
in Figure 13C). In general, the larger the class order, the lower the
Froude numbers. However, Fritz et al. (2006b) have reported that
Froude numbers were close to unity during the 2004 Indian Ocean
tsunami. Thus, even though a composite bathymetry can reduce
Froude numbers in the experiment, the bathymetry profile alone is
not enough to reach fully matching Froude numbers. It is expected
that roughness elements (like the build environment) and debris lead
to the lower Froude number observed by Fritz et al. (2006b).
Generally, for both numerical and physical tests, Froude numbers
should always be measured and test results qualified in terms of their
comparability to real tsunami events.

The dimensionless ratio of the height of the horizontal plane to
the initial impoundment depth W ~ 0.55 is found to be a
delimitation criterion. For W values larger than approximately
0.55, only class C4 was observed and thus almost total reflection
of the wave and only a little water on the horizontal plane. The
wavefront did not reach the end of the computational domain
within the simulation time. Shen and Meyer (1963) investigated
the run-up of dam-break waves on a sloping bathymetry and
found the following relationship:

R � U2/(2 g). (6)
Equation 6 is based on the nonlinear shallow water equation,

where R is the run-up height and U is the velocity on the slope toe.
This relationship yields a dimensionless run-up height ofR/d0 ~ 0.3
for U(d0 � 0.4 m) ~ 1.5 m/s observed in this study, being much
smaller than the delimitation criterionW � w/d0 ~ 0.55. However,
as mentioned by Lu and Liu (2017), Eq. 6 underestimates the run-up
due to simplifications made by the shallow water equation, which is
not capable of representing the flow features as observed in Section
2.2. Even though more refined approximations exist, they are not
applicable to the present dataset due to using different boundary
conditions (like an initially wet flume and limited reservoir length in
Barranco and Liu (2021)) or waves (breaking dam-break waves used
by Lu et al. (2018)) or bores (resulting from solitary waves used by
Jensen et al. (2003)). The delimitation criterion found here should be
verified in future work as well.

5 CONCLUSION

This study utilizes large-scale physical flume tests to validate and
calibrate a numerical, two-dimensional CFD model. The
numerical model is then used to investigate the flow features
of a dam-break wave swashing over a composite bathymetry.
Therefore, a parameter study is conducted altering all parameters
influencing the dam-break waves’ hydrodynamics and the
geometry of the composite bathymetry. The study focuses on

TABLE 5 | Coefficients to Eq. 5.

a b c d

C1 −0.005 0.139 −0.024 1.494
C2 −0.008 0.171 −0.013 1.247
C3 −0.004 0.116 −0.003 0.953
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the flow features observed on the horizontal plane in analogy to
an urbanized site inundated by a tsunami propagating over a
sloping bathymetry. The following findings are obtained and
justified by data:

1) Classes are first proposed based on a qualitative rating system
to distinguish between typical flow patterns based on visual
inspection, which allows an assessment of the degree of
reflection or energy dissipation due to the bathymetry profile.

2) These classes are correlated with the parameters
systematically altered within the parameter study. This
allows for predicting the class that will occur within the
investigated parameter range. In addition, the typical flow
features associated with a class are related to reference tests,
where no composite bathymetry is present.

3) Flow features observed and associated with a class are
described quantitatively (flow depth, velocity, and Froude
number) over space and time, and the observations are
linked to the underlying physical processes.

4) Empirical equations for the flow depth, velocity, and Froude
number are presented based on the proposed classes and
hence provide an approximate prediction for each test
investigated. It is found that the flow features on the
horizontal plane are governed by the (dimensionless)
height of the horizontal plane and the initial impoundment
depth. The slope angle and the distance between dam-break
initiation and the toe of the slope are of minor importance.

5) Apart from the parameter study, simple and basic analytical
considerations are made to display the changing
hydromechanics of a dam-break wave over space and time.
Therefore, the distance between dam-break initiation and test
setup should always be given and, ideally, also justified.

The findings and approximations presented in this study first
allow for predicting the flow regime on the horizontal plane of a
composite bathymetry and, therefore, provide an approximate
design tool for laboratory testing and significantly gain process
understanding of real-world tsunami inundations.
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6 APPENDIX

6.1 Convergence Study on Cell Size
The reference test with d0 � 1.0 m is used to investigate numerical
convergence on cell size. Therefore, the test is calculated five times on
a regular grid with cell sizes altered from 0.005m to 0.02m. The time
histories of all numerical wave gauges are compared in each
calculated time step to the test with the finest resolution using the
coefficient of determination r2. Figure 14 displays the coefficient as
well as the computational time.

6.2 Settings of Reef3D
Settings made within the input file of Reef3D which are not on
default and which are not specific to the computing server used
(like the number of cores) or the output (like the time step of vtk.
output files) are summarized in Table 6.

FIGURE 14 | Convergence on cell size.

TABLE 6 | Settings of Reef3D.

Parameter Description Input

D 10 7 Discretization of the convection terms in the momentum equation WENO3 FLUX
D 20 2 Treatment of the diffusion term in the momentum equation Implicit
F 30 3 Free surface level set time scheme Third-order TVD Runge–Kutta
F 40 3 Free surface reinitialization time scheme Third-order TVD Runge–Kutta
F 50 4 Fixed water level set for in and outflow None fixed
N 40 2 Time scheme for the momentum equations Second-order TVD Runge–Kutta
N 47 0.1 Relaxation factor for time step size 0.1
T 10 22 Turbulence model URANS with k-ω
T 36 1 Free surface boundary condition for turbulent dissipation On

Frontiers in Built Environment | www.frontiersin.org August 2022 | Volume 8 | Article 87737821

von Häfen et al. Dam-Break Waves’ Hydrodynamics on Composite Bathymetry

208

https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles


Natural and nature based
features for environmental
enhancement and coastal storm
risk management: a case study
on Marco Island, Florida,
United States

Mohamed A. Dabees*, Matthew Fleming and Marc Damon

Humiston & Moore Engineers, Naples, FL, United States

Natural and Nature-Based systems provide an opportunity for adaptive

response to Coastal Storm Risk Management and Sea Level Rise. The

Tigertail Lagoon/Sand Dollar Island Restoration on Marco Island, Florida,

presents a case study designed to maintain and enhance an existing coastal

barrier system consisting of a 3-km-long sand spit and tidal lagoon ecosystem

that is otherwise evolving toward closure. The case study is part of a nature-

based adaptive management plan to restore and stabilize the sandspit and tidal

lagoon through cyclic use of sediment within the system. This approach seeks

to preserve existing protective habitats and landforms that also serve as natural

coastal barriers to protect upland development. Design of the restoration plan

considers the functions of a wildlife nature preserve and evolution of complex

tidal inlet morphologic features bordered by a heavily developed barrier Island.

The design aims to restore and enhance a sandspit degraded by a sequence of

storms since Major Hurricane Irma impacted Southwest Florida in 2017 and

improve the existing deteriorated habitat by enhancing tidal exchange through

restoration of the lagoon flow channel. Total wetland area will be increased by

relocating the sand spit seaward of its present location to where it was located

in approximately 2017. The reconstructed beach berm will provide enhanced

resiliency to high frequency weather events. Sediment will be sourced from the

existing sand spit and an innovative sand trap that will maintain the lagoon

entrance open while providing beneficial re-use for excess sediment that

continues to accumulate at the end of the spit. Components of the project

were analyzed using existing engineering models and methods such as the

Coastal Modeling System (CMS) and XBeach. Enhancing and preserving this

barrier island feature and productive ecosystem provides an example of the

enhanced coastal resiliency provided by natural and nature-based systems that

are adaptable and responsive to sea level rise and ongoing coastal processes.
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coastal storm risk management, resiliency (environmental), sea level rise adaptation,
barrier islands, inlet processes, geomorphology
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1 Background

This paper discusses the use of natural and nature-based

systems at the Tigertail Lagoon/Sand Dollar Island Restoration

on Marco Island, Florida. The restoration plan provides an

example of habitat restoration that enhances coastal resiliency.

It is designed to preserve and enhance a productive natural

coastal ecosystem that has existed in some form for

approximately 20 years. The alternative “do-nothing”

approach would result in deterioration, closure, and isolation

of productive coastal ecosystems. The “do-nothing” approach

has been observed to lead to progressive armoring of the coast as

upland infrastructure becomes vulnerable, as illustrated in the

regional examples of sand spit evolution presented in this paper.

The coastline of Southwest Florida includes a series of barrier

islands separated by tidal inlets and bound by large back-bay

waterbodies which present added challenges to coastal resiliency

planning in the form of back-bay flooding. Potential

vulnerabilities and flooding risks are compounded by Sea

Level Rise (SLR) and barrier island evolution. Barrier islands

and tidal inlets are dynamic in nature and their evolution occurs

at larger time scales than the planning and design horizons of

typical coastal projects. The timing of early beachfront

development relative to the transitory barrier island and inlet

processes is a primary factor in the potential long-term stability

of constructed beach resiliency projects and long term

sustainability relative to new equilibrium conditions (Dabees

2020). Southwest Florida developed along the coastline

primarily in the middle of the 20th century conforming with

the equilibrium planform at that time. Natural evolution and

anthropogenic changes over the past century created

geomorphologic changes in the coastal equilibrium planform

that deviate from the planform at the time of development.

Developed coastal areas that were once sheltered from direct

open coast by sand spits and tidal lagoons become more

vulnerable as those features evolve naturally or migrate

landward toward existing development. Over the past few

decades, the inlet processes associated with the collapse of

sand spits onto developed barrier islands and subsequent

erosion has been observed to lead to shoreline hardening or

erosion control structures. Such structural solutions may address

short term beach erosion and provide upland protection but

don’t provide long term adaptation to natural inlet and barrier

island evolution or potential SLR. Natural coastal systems

provide opportunities in planning and adaptation for Coastal

Storm Risk Management as was recently identified in the US

Army Corps of Engineer’s South Atlantic Coastal Study Main

Report Final Draft (2021). Use of natural and nature based

features may range from including minor ecological elements

in otherwise engineered systems to ecological restoration of

heavily altered systems. The wide range of natural features

and the level of inclusion in infrastructure planning and

design makes it difficult to define natural and nature based

features. Literature review and a proposed system of

classification is provided in Chavez et al. (2021).

Dabees (2017 and 2018) discussed the evolution of sand

spits along the barrier islands of the Florida Gulf coast through

various case studies. The analysis indicated the large time scale

of natural sand spit evolution and responses to anthropogenic

changes. In cases where development encroached on an active

sand spit, future erosion of that feature often led to a chronic

erosion condition and loss of habitat for beach and aquatic

species, sometimes referred to as “Coastal Squeeze”. Shoreline

stabilization strategies typically result in beach restoration with

or without coastal structures to protect vulnerable development

or existing infrastructure. Figure 1 shows an example at Big

Carlos Pass in Lee County, Southwest Florida where the

onshore migration of the sand spit and tidal lagoon collapse

have increased the vulnerability of existing coastal

development. In prior decades, the shoal and sand spit

served as coastal protection from high frequency and major

storm events. Since the spit has attached and eroded ongoing

erosion threatens existing infrastructure while sand from the

eroded sand spit accumulated at the inlet bank. The present

condition represents the end point of approximately 40 years of

landward migration of the protective emergent shoals. As a

result of this coastal squeeze, seawalls and beach restoration are

being considered at vulnerable areas at the time of writing this

paper. Figure 2 shows another example of erosion control

structures implemented to manage shoreline retreat at a

location where a sand spit and tidal lagoon once provided

natural coastal protection to upland development at Longboat

Pass in Manatee County, Florida. At this location a sand spit

persisted over several decades and sheltered the north part of

Longboat Key. Natural inlet evolution processes and

cumulative dredging of the ebb shoal impacted the sandspit

(Dabees and Kraus 2008). The sandspit collapse presented

coastal management challenges related to vulnerabilities to

existing upland development and excess sediment

accumulation at the inlet bank and closure of the lagoon.

At present, this area has been managed by placement of

sediment, installation of erosion control structures, and an

existing older seawall that becomes exposed between fill

placement events. In both cases, the shoal and sandspit

features provided transient protection which is lost or

nearly lost as barrier island evolution progresses. While the

sand spit growth and collapse in many cases can be caused by

natural inlet evolution, anthropogenic influences can also

factor in the evolution of sandspits and future management

of upland areas in their shadows. The intersection between an

evolving inlet/sandspit system bordered by a developed

barrier island presents added coastal management

challenges that can lead to coastal armoring. Such armoring

creates a fixed coastal interface that often results in less

effective coastal protection and does not allow for future

adaptation to inlet processes and SLR.
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In this paper a case study aims at restoration of a sand spit

and tidal lagoon system as an example of natural and nature-

based solutions that sustain and enhance the natural

environment and also maintain the protection from coastal

storm flooding and sea level rise afforded by natural coastal

systems. The project implements regional sediment management

principles in the beneficial re-use of excess sediment removed

from areas of accumulation and applied to areas of need.

1.2 Marco island case study

This case study, located along the north part of the Gulf of

Mexico coastline of Marco Island, Florida, discusses a coastal

restoration project that will restore and enhance a deteriorating

coastal lagoon and sandspit that provide critical habitat and

upland storm protection. The tidal wetland and large island/sand

spit have provided vital environmental habitat for wildlife,

FIGURE 1
Evolution of sandspit at Big Carlos Pass, Southwest Florida.

FIGURE 2
Evolution of sandspit and coastal management at Longboat Pass, Florida.
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coastal protection, and recreational benefits for over 2 decades.

This case study demonstrates an alternative to typical coastal

management practice of shore protection in areas of protected

natural preserves. Typical coastal management in Florida, and

the United States generally, would not intervene in designated

natural preserves areas until erosion met a critical threshold

threatening upland infrastructure. By that time, storm protective

functions and valuable habitat will have been lost. Restoration of

storm protective functions at this point often results in shoreline

hardening and would not restore aquatic habitat similar to what

would have been lost. The paper focuses on the technical

approach demonstrating the concept of maintaining natural

morphological features as sustainable coastal protection

measures for both environmental habitat and upland

development. The technical approach and management efforts

in this case study are guided by environmental protection statutes

and rules mandated by state and federal agencies in the US.

Coastal management in the US in general and Florida in

particular is generally more heavily constrained by

environmental protection ahead of other issues.

1.3 Habitat description

The lagoon provides significant habitat for flora and fauna

such as terrestrial wildlife, and submerged benthic communities

such as seagrasses that support endangered manatees, and

Essential Fish Habitat (EFH). This area is also designated as

federal critical habitat for threatened species including piping

plover and red knot shorebirds, as well as nesting and foraging

habitat for state threatened species. A summary description of the

habitat is provided here. Detailed data, maps and analysis of the

ecosystem for Tigertail Lagoon and Sand Dollar Island are

discussed in (Turrell, Hall and Associates 2021B).

As of summer 2021, the most recent data available, the island

and lagoon system consisted of dry beach, mangrove estuaries,

salt marsh, open water and aquatic habitats as summarized in

Table 1 according to the Florida Land Use, Cover, and Forms

Classification System (FDOT, 1999). There were 31 species of

upland flora and 26 species of birds identified during surveys in

2021. There were 13 species of marine flora and 43 species of

marine fauna identified in surveys from 2017 through

2021 including seagrasses, manatee, conch, crab, sponge, and

a variety of fish. Loggerhead Sea Turtles nest on the Gulf facing

beach, although the habitat is marginal and nest success is rare.

Seagrasses represent a habitat type that is highly valued by US

Federal and Florida regulations and policy. Seagrass habitats are

generally valued for the diversity of species present and use

throughout various life stages. Seagrasses also serve as a food

source for the endangered West Indian Manatee, which

commonly visit Tigertail Lagoon. Seagrass surveys were

conducted in recent years and total acreage is provided in

Table 2. The reach of seagrass within the lagoon has increased

over time, extending into the narrow portion behind the Gulf

fronting beaches. In this area, sand overwash regularly occurs,

resulting in long term retreat on the order of 12–15 m per year

along over 900 m of shoreline. This retreat continues to bury

existing seagrass beds and eliminate potential recruitment areas.

In the absence of intervention, the area will evolve to only

landlocked marine seagrasses, representing a loss of available

seagrass habitat and food sources available to marine fauna.

1.4 Sand spit evolution

The lagoon system presently consists of a 3-km-long sand

spit (Sand Dollar Island) sheltering a large tidal wetland and

lagoon (Tigertail Lagoon) with salt marsh and interior mangrove

shoreline areas that provide natural protection to the upland

areas landward on Marco Island. Sand Dollar Island represents a

front line of protection and resiliency to Sea Level Rise (SLR) and

flooding that is rapidly deteriorating.

The lagoon system provides multi-tiered protection against

coastal storms by wave height reduction on the sandy beach and

limiting run-up and coastal flooding through the lagoon and

mangrove systems. Monitoring data indicates onshore

migration and degradation of these features over the past

decade, especially following Hurricane Irma, a major

Hurricane that landed on Marco Island in 2017. Irma

reduced the height and resiliency of the central section of

Sand Dollar Island resulting in high frequency storm wave

TABLE 1 Coastal habitats at Tigertail Lagoon.

Habitat description Acreage (ha) Percent cover (%)

Beach Sand 25.9 16.7

Coastal Scrub and Brush 13.4 8.6

Coastal Scrub 0.49 0.3

Other Shrubs 0.20 0.1

Tropical Hardwoods 10.9 7.1

Bays and Estuaries 44.0 28.5

Mangrove 27.7 17.9

Saltwater Marsh 18.0 11.6

Seagrass 14.3 9.2

Total 154.9 100.0

TABLE 2 Seagrass coverage and lagoon width.

Survey Acreage (ha) Lagoon width (m)

2018 10.7 76.2

2020 14.3 36.0

2021 13.3 17.1
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and sand over wash into the lagoon. By the end of 2020 the

degradation of the system became critical and the middle part of

Sand Dollar Island was near attaching to the upland mangrove

shoreline, which threatens to reduce the 3 km long tidal lagoon

into smaller landlocked ponds and increase coastal

vulnerability along the northwest part of Marco Island.

Figure 3 shows the location of the study area which extends

from the central part of Marco Island’s Gulf coast to the

northwest part of the island. The evolution of Tigertail

Lagoon and Sand Dollar Island is part of the ongoing large

scale natural tidal inlet evolution at the north end of Marco

Island. Prior to the 1960s, Big Marco Pass was the main inlet

between Marco Island and Sea Oat Island. In 1967 Capri Pass

developed when Sea Oat Island was breached by natural

processes. The breach on the up-drift side of Big Marco Pass

created a dual inlet system that persisted for a few decades until

Capri Pass became the main inlet for this system in the early

2000s.

Figure 4 shows the inlet configuration in 1969, 2 years after

Capri Pass was opened, and a comparison of more recent

conditions represented by 2011 aerial photos with the

1965 shoreline before Capri Pass opened. The opening of

Capri Pass created a dual inlet system of Capri Pass and Big

Marco Pass separated by a small island (Coconut Island) and

by a large and complex ebb shoal system (Dabees and Kraus,

2004).

The reduction of tidal prism of Big Marco Pass resulted in

onshore migration of its large ebb shoal rendering the pass more

restrictive to tidal flow. The newer inlet became more dominant

as it gradually captured a larger share of the tidal prism. This dual

inlet process continued until the south inlet closed in the 2000s.

Onshore movement of the ebb shoal at the closed inlet provides a

large volume of sand to the down-drift beach (Marco Island) and

formation of the active ebb shoal continues to the north.

Formation of the new ebb shoal caused significant erosion on

the north side of Capri Pass, along the south end of Sea Oat

Island. The up-drift beach erosion is represented on the right side

of Figure 4.

Sand Dollar Island formed as the relict Big Marco Pass ebb

shoal gradually migrated toward Marco Island, eventually

becoming emergent and attaching to the middle of Marco

Island. This bypassing process from North to South was

previously discussed by Humiston (1988) and is presumed to

have shaped the present northwest coastline of Marco Island.

Figure 5 shows the varying stages of SandDollar Island in decadal

stages. First, Sand Dollar Island was a detached emergent shoal in

the 1980s along the south side of the Big Marco Pass. The island

then became a sand spit when the south end of it attached to

Marco Island in the 1990s. During the 2000s Sand Dollar Island

continued to migrate onshore causing Big Marco Pass to close

completely. In the mid 2000s, the small island that separated Big

Marco Pass from Capri Pass collapsed onshore and eventually

welded with the north end of the Sand Dollar Island sand spit

during the 2010s. The collapsing sand shoal, spit and lagoon

system is consistent with typical inlet processes. In this case,

management of the spit and lagoon system is planned to maintain

the system as an open, functioning feature. This feature provides

benefits in terms of storm damage mitigation and high value

environmental habitat that would otherwise be lost, as illustrated

in the other regional examples provided in this paper.

1.5 Existing conditions and recent
morphologic changes

Recent morphologic changes from 2010 to present (2021),

indicate continued onshore migration of the sand spit at the

northwest corner of Marco Island. Figure 6 illustrates the change

in the sand spit shoreline from 2010 to 2018. The morphologic

changes associated with the closure of Big Marco Pass include the

shoaling and narrowing of Tigertail Lagoon, the water body

between the Sand Dollar Island sand spit and Marco Island. In

the absence of tidal currents from Big Marco Pass, waves

dominating the coastal processes along the north end of

Marco Island continue to transport sand from the

westernmost point near the center of the sand spit towards

the lateral ends of Sand Dollar Island (north and south).

Along the south part of the island, sand is transported from

north to south towards the attachment point south of the spit

FIGURE 3
Sandspit and tidal Lagoon case study in Marco Island, Florida.
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creating a very wide beach. On the north part of the sand spit

sand is transported from south to north causing the growth and

elongation of the sand spit. The sand spit growth and interaction

with waves and currents push the north end of the sand spit

towards Hideaway Beach. The sand spit attachment to Hideaway

Beach, which would close off the opening of Tigertail Lagoon to

the Gulf of Mexico, is managed by periodic dredging. This

dredging keeps the lagoon open to tidal exchange when it

would otherwise have become a closed system over a decade

ago. Continued tidal exchange is essential to the water quality

and ecology of the lagoon.

1.6 Storm effects on sand spit evolution

In addition to the day-to-day coastal processes contributing

to the elongation and onshore migration of Sand Dollar Island,

storm events have significant influence on the sand spit

evolution. Dabees (2018) discussed the effects of Hurricane

Irma on Sand Dollar Island and are summarized here to

illustrate the magnitude of change due to storm events.

Hurricane Irma was a major Hurricane in the 2017 tropical

season that reached Category five and caused catastrophic

damage in parts of the northeastern Caribbean and the

Florida Keys. Irma made its landfall on Florida’s mainland on

Marco Island south of Naples as a major Hurricane then tracked

north along southwest Florida. The storm track and wind

circulation influenced water levels and waves with high

intensity and varying conditions over a relatively short time.

The waves accompanied by the onshore storm surge phase added

to the forcings affecting beaches, inlets and estuaries that make

up the coastal system of southwest Florida.

Post storm observations and survey data collected pre and

post storm along the study area of Sand Dollar Island highlighted

the morphological response of the spit to the storm surge and

waves. General trends included beach and dune erosion with

significant sand overwash landward. Figure 7 shows an example

of the morphologic response to Hurricane Irma on the lagoon

and sand spit. The survey data and aerial photos indicated a

landward migration of the sand spit of over 20 m and sand

overwash on the lagoon side of the spit of over 30 m. The beach

profile comparisons shown in the figure quantify the scale of the

morphologic change in this area.

Major storms impacting this area such as Hurricanes Wilma

(2005) and Irma (2017) occur at approximately decadal

frequency. When they occur, they cause significant

morphologic response. In the case of Sand Dollar Island, the

storms caused lowering of the beach elevations in the middle part

of the sand spit leaving it more vulnerable to erosion and

overwash during typical weather related storm events that

may occur several times a year. For example, over the tropical

season of 2020, two tropical storms passed offshore in the Gulf of

Mexico, Cristóbal (June 2020) and Eta (November 2020). These

two events generated mild storm surge and wave height but

caused significant morphologic response at the middle section of

Sand Dollar Island due to the low elevation of that section.

FIGURE 4
Comparison of the 1960s and existing conditions at the study area.
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In summary, the ecosystem and its storm protection

functions are severely threatened due to overwash and

storm impacts especially since Hurricane Irma’s effects on

Sand Dollar Island in 2017 (Dabees 2018). The Island has

been migrating shoreward and its mid-section is low in

elevation due to storm overwash, leaving a span of 1.5 km

as an area of high vulnerability to storm damage.

Environmental resources such as seagrasses within the

lagoon have been systematically overwashed and covered

with sand. In addition, littoral processes and inlet

dynamics are eroding sand from this coastal frontline area

towards the north end of the sandspit where shoaling is

threatening to close off the lagoon entrance and only

connection to Gulf tides. Figure 8 provides an illustration

of the sediment transport processes including longshore sand

transport and sand overwash which control the morphologic

evolution of the sand spit. The figure also shows the

morphologic response over the 2018 to 2021 period

illustrating the collapse of the overwash area in the middle

of the sand spit and the significant growth at the terminal

north end of the sandspit.

2 Nature based restoration plan

The nature-based restoration plan consists of reconstructing

an elevated sand spit at its 2017 shoreline location to provide

increased lagoon aquatic habitat, enhanced multi-tier shore

protection against flooding and nature-based adaptation to sea

level rise, improved tidal exchange and regional sediment

management. Figure 9 provides an illustration of the

restoration plan. The proposed Tigertail Lagoon/Sand Dollar

Island Restoration Plan proposes to restore the vulnerable

segment of this sand barrier with a more resilient beach berm

by dredging areas of overwash from the lagoon side of the island

and place that material along the Gulf side of the island,

essentially to reset the Gulf shoreline to conditions in

2017 and restore lagoon acreage and tidal exchange.

Elements of the restoration plan were assessed and optimized

to avoid and minimize potential impacts to natural resources and

also provide a sustainable design for future resiliency. The design

elements were coordinated with local, state, and federal agencies

that are stakeholders of this critical wildlife area and those in

charge of permitting environmental and coastal projects.

FIGURE 5
Decadal stages of Sand Dollar Island evolution.
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2.1 Project design elements

The restoration plan is designed to establish adaptive

management of the coastal system and nature-based

adaptation to Sea Level Rise. Sand Dollar Island is located

along the only segment of Marco Island that does not have a

coastal management program in place. Retreat of the sandspit

and loss of the tidal lagoon has reduced the coastal protection

and resulted in deterioration of the critical environmental

habitat within the lagoon system. Sand Dollar Island has

been retreating at 12–15 m per year over the past decade,

choking off the tidal exchange within the lagoon. The

Florida Healthy Beaches program monitoring data has

indicated increasingly frequent poor water quality events

within the lagoon during the past 5 years. A summary of the

design elements is described here, detailed engineering design

and alternatives’ analysis are provided in the project technical

reports (Humiston & Moore Engineers 2021B; Humiston &

Moore Engineers 2021A).

The plan is focused primarily on reconstructing lagoon

conditions and a protective sand spit. This morphologic

restoration will allow for natural recruitment of flora and

fauna as occurred prior to overwash and deterioration. The

project will conserve and rehabilitate what remains of marine

habitat and also restore other portions that have been

overwashed. The enhanced beach berm will reduce the rate of

overwash, allowing longer and more sustained recruitment and

habitat compared to what occurred naturally. The plan will

restore the Gulf shoreline and is estimated to maintain

improved tidal exchange for four to 5 years post construction.

FIGURE 6
Recent shoreline changes of Sand Dollar Island.
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The plan includes monitoring and management to support

adaptive nature-based resiliency plans by recycling local sand

sources from shoaling areas to the vulnerable areas within the

system. The reconstructed beach will be situated at a higher

elevation to reduce storm overwash and flooding by creating a

broad sandy barrier on the gulf shoreline where minimal

protection currently exists.

Numerical modeling and data analysis provided a basis to

assess the function and resiliency of the proposed design. The

restoration plan consists of three primary components that are

necessary to the overall effectiveness of the plan but function

essentially independent of one another. The three

elements are:

1) Flow channel improvement,

2) Beach berm reconstruction, and

3) Renewable sediment source and sand trap.

Each element was analyzed independently to determine the

preferred design for that element. The optimal design is the result

of combining the preferred design elements.

2.1.1 Tidal Wetland Restoration: flow channel
improvement

Sustainability of the system requires tidal flow supported by

maintaining the lagoon entrance at the north end of the system.

The entrance connects the lagoon to the Gulf tide, and a

continuous channel is required to maintain adequate flow

throughout the 3-km long lagoon. Design of an improved

flow channel must balance the relative improvements from a

given channel geometry with the presence of seagrasses in the

vicinity. The improved flow channel should result in bathymetric

conditions suitable for seagrass recruitment, but also be of

sufficient size to be practical for construction and provide a

reasonable design life between maintenance events. For example,

a channel that is small and narrow will have the advantage of

avoiding seagrasses and minimize potential impacts during

construction but may not provide adequate dimensions to

improve tidal circulation and be sustainable. A channel that is

too small and narrow would have a limited capacity to

accumulate sediment over time and maintain effectiveness,

leading to poor performance and/or increased frequency of

maintenance events. On the other hand, an overly large

FIGURE 7
Morphologic response to hurricane Irma at a profile across the lagoon and sand spit.
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channel might be economically unfavorable, deliver diminishing

returns, and could potentially impact seagrass beds. The location

of the improved channel is a primary consideration. The channel

has been designed and will be constructed such that it will not

directly impact existing seagrass beds. This is accomplished by

locating the channel within overwashed areas as much as

practical, while avoiding any mapped seagrasses when

working in water. This will return the overwashed areas to

wetlands and create an improved flow channel to improve

flushing throughout the lagoon. Several channel alternatives

were evaluated through hydrodynamic modeling and

assessment of flow throughout the lagoon and the

environmental constraints for this Critical Wildlife Area.

Hydrodynamic modeling of 2017 and 2020 conditions using

the Coastal Modeling System (CMS, 2006) was used to simulate

past, present, and design alterative conditions. The model was

calibrated with field measurement from gages installed within the

system and Gulf measured conditions. The model quantified the

tidal flow throughout the lagoon and the change in flow over time

as the central part of the lagoon became more restrictive. Several

scenarios were considered for design. The final project design is

presented in this paper for brevity. Engineering design followed

typical coastal design methods using industry standard modeling

packages and software.

Figure 10 shows example model results for one timestep

during low tide. The model results indicate that conditions have

deteriorated between 2017 and 2020, and in 2020 the lagoon

becomes completely disconnected from the Gulf of Mexico at

spring low tide which is consistent with field measurements and

observation. The water levels for several tidal cycles were

extracted from the model at the lagoon location and

presented as a time series for all simulations in Figure 11. The

water level from the Gulf of Mexico was added as a black dashed

line for comparison. Tidal range envelope for the Gulf of Mexico,

2017, and 2020 conditions are overlaid with different colors to

highlight the differences in tidal ranges. The figure illustrates the

deterioration of conditions from 2017 to 2020 as shown in the

tidal range decrease between the two survey dates. The water

levels with the channel design illustrate an increased water level

range when compared to both the 2017 and 2020 conditions. The

increased range will improve flushing of the lagoon. The average

tidal range was computed for all simulations and compared to the

tidal range from the Gulf of Mexico. These ratios are presented at

the bottom of the figure. The model indicates that the average

Lagoon to Gulf tidal range ratio was 0.41 in 2017 and declined to

0.23 in 2020. The channel design would bring this ratio up to

0.76, indicating a larger tidal prism and improved flushing of the

lagoon.

FIGURE 8
Schematic of coastal processes and morphologic responses (2018–2021).
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2.1.2 Sandspit Resiliency: beach berm design
The tidal lagoon system and seagrass habitats have evolved in

the calm waters between Sand Dollar Island and Marco Island.

The sandspit provides natural protection from incoming Gulf

waves that break on the dynamic beach face, providing

protection to the environmental resources and upland

development. In addition to tidal flow enhancement needed to

restore the lagoon, the viability of the system also requires

maintaining the integrity of the sandspit (Sand Dollar Island)

as a coastal barrier sheltering the lagoon and maintaining the

entrance open. This section addresses stabilizing the mid-section

of Sand Dollar Island where frequent overwash, since Hurricane

Irma in 2017, is progressing towards closing the lagoon system.

As such, restoration and resiliency of Sand Dollar Island is

necessary to preserve the lagoon system. In the absence of the

proposed restoration plan, the natural evolution of this sandy

barrier will cause it to attach to Marco Island closing the middle

part of the lagoon and preventing tidal exchange in the southern

portion. The sandy beach would then continue to erode and then

expose the existing mangroves to the Gulf of Mexico. Loss of the

sandy beach at the northwest corner of Marco Island could then

lead to erosion of adjacent beaches as the sand supply diminishes.

This area would again be exposed to the open Gulf of Mexico as it

was in the 1970s, but this time without the vast submerged inlet

shoals that formerly supported Big Marco Pass and the adjacent

shoreline.

In order to restore the lagoon area to 2017 (pre Hurricane

Irma conditions), the reconstructed section of Sand Dollar Island

will need to be a more resilient sandy barrier located seaward of

the current position, returning the Gulf Mean HighWater line to

its late 2016 position. Reconstructing the beach berm provides an

opportunity to reduce overwash and landward migration by

elevating the berm to reduce the frequency of storm

overtopping. Initial designs consisted of a conventional berm

and dune profile which was modified after consultation with staff

from Rookery Bay Aquatic Preserve. In response to their input,

the beach berm is designed as a broad and relatively flat profile to

provide the open spaces preferred by some shore bird species.

The proposed beach slope is 1 V:15 H consistent with sea turtle

protection standards. A nearshore berm is also proposed at

approximately the Mean Low Water elevation to provide an

intertidal flat and minimize escarpment formation during beach

profile initial adjustments. Figure 12 shows typical cross section

of the design flow channel and reconstructed beach berm.

2.1.2.1 XBeach modeling for resiliency evaluation

The existing beach that is frequently overwashed has peak

elevations less than 1 m above mean high-water level (MHW).

Two alternatives were evaluated, one with berm elevations of

+1.25 m and the other at +1.75 m above mean MHW. The

engineered beaches at other segments of Marco Island Beach

are constructed to elevation of approximately +1.5 m

above MHW.

The XBeach morphology numerical model (Unesco-IHE

et al., 2009) was used in the evaluation of beach berm

resiliency design. The model was first set to simulate the

morphologic change associated with Hurricane Irma to

calibrate and test the model’s ability to simulate overwash

processes associated with storms. Then, the model was used

to evaluate alternatives under two different storm conditions.

The XBeach simulations were based on 2020 bathymetric

and topographic surveys representing existing conditions

and various design alternatives. The purpose of the

simulations was to compare the performance of Sand

Dollar Island during a high frequency storm and major

storms with and without the restoration project

alternatives. The XBeach model was set up to simulate the

waves and the rising and receding water from the storm surge

of a high frequency storm (less than 10-year return storm)

such as Tropical Storm Eta (2020, surge: approx. +1 m) and

from a lower frequency major storm such as Hurricane Irma

(2017 surge: approx. +1.5 m) which is comparable to a 10-

year return storm. Modeled berm conditions post storm

impact were evaluated to determine the level of resiliency

provided by each alternative.

FIGURE 9
Schematic of nature-based restoration elements.
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Existing conditions

Figure 13 shows the simulation results for existing conditions

(2020). Three-time steps were extracted from the model at T1

(initial condition), T2 (conditions at peak surge) and T3

(conditions at end of simulation). Each timestep is presented

in the figure as a regional contour map. The maps are color coded

as described in the figure for elevations ranging from 0 m to

-2.5 m (-8.2 ft) NAVD88. The water surface is represented as a

semitransparent blue overlay.

At peak surge (T2), the model shows the water level

(including waves) overtopping Sand Dollar Island. At that

stage the berm has already started to shift landward (towards

the east). At the end of the simulation (T3), the model results

show the shifted shoreline. The lagoon channel is narrower than

the initial conditions. Themodel also shows breaches through the

berm connecting the Gulf of Mexico to the lagoon. Such breaches

were documented during tropical storm Eta. Their exact location

can vary and will typically follow areas along the berm with the

lowest elevations. Because of the high sediment transport in the

region and low tidal prism from the lagoon, these breaches tend

to fill in with sand carried along the shore through wave action.

Figure 14 presents the same model results extracted at four

profiles along Tigertail for the existing conditions at left. For

each profile, the initial conditions are shown as a dashed line and

the final profile is indicated in blue with areas of erosion and

shoaling shaded in blue and orange respectively. Profiles one

through three show a landward shift of the berm, shoreline

recession, and narrowing of the channel. Profile four falls in

one of the areas which experienced breaching during the

simulated storm, therefore the eroded profile is flat because

the berm completely eroded.

Proposed design—minor storms

The same simulation was generated for the 2020 conditions

with the proposed enhanced berm design alternatives. The

enhanced beach berm included a wide elevated berm and

mild sloped beach face that includes a submerged nearshore

berm that further assists in wave energy dissipation and provides

a milder profile that supports ecological needs in the area.

Figure 14 shows the model results for the enhanced berm for

the same four profiles at right. The cross sections show typical

profile adjustment on the shore face without overwash or

shoaling in the lagoon. The model also indicated the berm

function in separating the lagoon water from the open gulf

FIGURE 10
CMS model results at low tide for 2017, 2020 and design conditions.
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FIGURE 11
CMS model for 2017, 2020 and design conditions.

FIGURE 12
Flow channel and resilient beach berm design profile.
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for that level storm. This functioning of the beach berm and

enhanced profile effectively reduces shoaling with the lagoon

from overwash and minimizes potential for suspended sediment

settling in the lagoon under high frequency storms.

Overall, the model results show that the proposed berm

design would enhance the resiliency of Sand Dollar Island to

high frequency storms similar to the 2020 tropical storm Eta.

The improved resiliency of Sand Dollar Island will help

maintain the lagoon channel, tidal flushing, and water

quality.

Proposed design—major storms

The second model test scenario examined the existing

conditions and design alternatives under major storm

conditions or a 10-year return storm such as 2017 Hurricane

Irma. The model results show that for existing conditions under

major Hurricane the sandspit would migrate landward with

significant overwash filling in the lagoon, resulting in the

barrier beach welding onshore in the center 1.5 km of the

sandspit. For the elevated design berm, under a major

Hurricane, the enhanced berm would prevent overwashing of

the berm into the lagoon along the protected mid-section of Sand

Dollar Island. The areas outside of the project area would still

experience some level of overtopping at peak surge.

The optimal elevation and width of the design berm was

selected at +1.75 m based on the results of simulations that showed

resiliency for a 10-year return storm. A 10-year return design

threshold is considered appropriate for the design life of this

project and represents a significant improvement over the

existing conditions. This selection is supported by the

consideration that the model results represent initial conditions

after construction and do not consider the compound effects of

multiple storms and progressive longshore erosion over time.

Monitoring and adaptive management allowing for

maintenance at a manageable frequency of 4–5 years to restore

the resilient berm to its design conditions would assist in

maintaining the level of resiliency against major storms.

2.1.2.2 Proposed design—long term evolution

Volumetric change for the beach face at the retreating Gulf-

facing beaches was determined using multiple survey datasets

since 2001. This analysis requires isolating longshore and

overwash components, which was done by subtracting

overwash accumulation from the total change measured on

FIGURE 13
XBeach simulation of existing conditions under high frequency storm event.
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the active beach face. These are provided in Table 3, along with

annualized rates of change, and overall totals and rates. The data

show an interesting trend of increasing rates of overwash, while

longshore rates vary, likely in response to changes in curvature

resulting from morphologic evolution. Longshore erosion rates

have increased since 2009, which suggests that this is

representative of the existing planform.

As shown by the X-Beach simulations, overwash will be

eliminated for storms of less than 10% probability at the post-

construction condition. However over time other factors such as

rainfall, wind, storm conditions, etc are likely to reduce the

overall berm height resulting in some degree of overwash.

Likewise longshore transport may be anticipated to increase as

wave energy that previously propagated over the berm will now

break on the active beach face. Fill adjustment and re-establishing

the curvature will also contribute to potentially higher longshore

sediment transport than was previously observed. This suggests

longshore erosion losses on the order of average (10,500 m3/yr)

to recent observations (12,700 m3/yr), or higher should be

anticipated. A reasonable engineering estimate of an average

annual rate of 11,000 to 15,000 m3/yr is considered appropriate

for long term estimates. Fill placement is estimated to be on the

order of 300,000 m3. Project experience with coastal nourishment

indicates that about half of the total fill will adjust cross-shore

and laterally in the initial one to 2 years, suggesting 150,000 m3

will remain to provide protection. After 5 years approximately

half (75,000 m3) of the protective volume can be expected to have

eroded, which combined with reductions in berm height is likely

to leave minimal protection and require maintenance. Storms of

less than 10% probability may also decrease protective capability,

indicating a 3–5 year nourishment cycle.

2.1.3 Lagoon Entrance Enhancement and
Renewable Sand Source: Sand trap design

The integrity and viability of the lagoon is dependent on two

main features, the sand barrier of Sand Dollar Island and tidal

exchange with the Gulf through the maintained entrance at the

north end of the system. The entrance at the north end has been

maintained open through dredging in 2010, 2013, 2016, and 2019 to

avoid closure and attachment of the north tip to Marco Island.

However, each dredging event occurred at a different location to

FIGURE 14
XBeach morphologic evolution under high frequency storm event.

TABLE 3 Annualized volumetric change at eroding gulf beach face.

From To Duration Overwash Longshore Total
(year) (year) (years) (m3/yr) (m3/yr) (m3/yr)

2001 2005 3.9 1900 10,600 12,500

2005 2009 3.8 2,500 14,800 17,300

2009 2014 4.9 2,600 6,500 9,100

2014 2017 3.2 5,700 9,300 15,000

2017 2020 2.7 6,900 12,700 19,700

Overall 3,600 10,500 14,100
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keep up with the growth of the sand spit toward the northeast. At

present time further extension of the entrance in the northeast

direction to maintain the entrance open is becoming

unsustainable. This is due to the physical and hydrodynamic

restriction as the spit further encroaches on Big Marco River

where flow confluence will force attachment and closure of the

entrance. On the other hand, the lagoon area and tidal prism have

been in decline over the past decade mainly due to shoaling and

overwash of the middle section of Sand Dollar Island. The reduction

of lagoon area and potential collapse of the middle part of the lagoon

will further reduce the tidal flow at the entrance forcing closure at the

northeast beyond the current dredging program.

To address both features necessary to restore the system, a

resilient berm at the midsection of Sand Dollar Island is needed

as well as stabilization of the entrance to earlier, more stable

conditions. Reconstruction of the beach berm at Sand Dollar

Island will require a source of sediment in addition to sediment

from the proposed flow channel. This source must also be

available for future reconstruction events.

Sand Dollar Island has grown significantly during the past

2 decades. Establishing a Sand Trap to remove sediment from

this area will provide a renewable sand source that will also

benefit the management of the entrance to the lagoon by

intercepting the sediment before it accumulates at the

entrance. A sediment source for the berm reconstruction in

this area will also return the sediment to an up-drift position

where it will erode back toward the end of the island, creating a

renewable cycle of regional sediment management. The

renewable cycle will maintain the existing sediment cycle,

which would otherwise deteriorate beginning with onshore

attachment of Sand Dollar Island and accelerate when the

erosion reaches the mangrove shoreline resulting in lack of

sediment supply to the adjacent beaches.

3 Design plan

The final design is shown on Figure 15 and would consist of

establishing a flow channel within the overwash and shoaled areas

of the Tigertail Lagoon and to improve the resiliency of the Gulf-

fronting shoreline of the sandspit (Sand Dollar Island) using

sediment dredged from the flow channel and a sand trap at the

north end of the sandspit. The design restores and enhances the

protective function of the sandspit, the total wetland area, and will

maintain sediment bypassing to adjacent beaches. All of these

functions would be lost in the absence of the project.

The sandspit/tidal lagoon system in this case is a natural but

altered system which has beenmaintained artificially by dredging

the entrance at the north end of the sand spit on 3-year intervals

since 2010. This allowed tidal flushing of the 3-km long lagoon to

maintain water quality suitable for various wildlife resources and

habitats. Water quality data collection was limited over the past

few years. As part of the implementation of this project, a fixed

data logger will be installed to record water levels and water

FIGURE 15
Final project design plan view.
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quality measures near the south end of the lagoon to collect

continuous water quality data to support analysis of project

influence on water quality and environmental resources. A

detailed biological monitoring plan was also prepared and

approved by the permitting agencies to provide benchmark

information and future monitoring of resources, physical and

biological data that will from the basis for future maintenance

and adaption requirements (Turrell, Hall and Associates 2021A).

4 Discussion

This paper focuses on the technical approach to implement

the concept of maintaining natural morphological features as

sustainable coastal protection measures for both environmental

habitat and upland development. The technical approach and

management efforts in this case study are guided by

environmental protection statutes and rules mandated by state

and federal agencies in the United States. Coastal management in

the US in general and Florida in particular is regulated primarily

for environmental protection ahead of other issues.

Barrier islands are dynamic, and the time scale of their

evolution is longer than engineering project time scales. In

this case Marco Island is a heavily developed barrier island,

surrounded by multiple undeveloped/natural islands. Chronic

erosion occurs due to the temporal intersection of upland coastal

development and morphological evolution as the natural

evolution changes the equilibrium planform relative to that at

time of early development. Anthropogenic influences, including

shoreline hardening, coastal structures and navigation dredging

can also alter the equilibrium planform of barrier islands and

associated morphologic features.

Integrating the objectives of the environmental preservation

of natural resources and upland development coastal

management objectives is a challenge. An incremental nature-

based approach can start with preserving morphologic features

that existed and functioned at time scales of years to decades.

This approach would also allow for an adaptive management that

is able to adjust in response to barrier island dynamics, influences

and climate change and would be more sustainable than

conventional methods of typical flood wall, barriers and

hardened shorelines. In this case sustainability is established

by the circular use of sediment from the terminal end of the

sand spit that also allows for the lagoon entrance to remain open.

One of the important aspects of this case study is the

intersection between an evolving coastal system bordered by a

heavily developed barrier island. While the sand spit growth and

on-going collapse is mainly caused by natural inlet evolution, in

this case the anthropogenic influence has also factored in the

presence and existence of the Tigertail Lagoon over the past

2 decades. The entrance to the lagoon has been kept open by

artificial dredging on a 3-year cycle since 2010, thus allowing the

3 km long tidal lagoon to maintain wetland habitat with seagrass

beds and interior mangrove shoreline. For such a quasi-natural

systems to exist, management and maintenance is needed to

restore and support the vitality of such system otherwise the

erosion and retreat of the sand spit will continue until it reaches

the upland development. In many instances upland developments

do not qualify for hard shore protection or structural solutions

unless meeting eligibility and vulnerability requirements. As such,

areas that are subject to chronic erosion without active beach

management efforts would eventually qualify for conventional

shore protection measures in the future via various types of

shoreline hardening or coastal structures.

This case study focuses on development of an adaptive

management plan that supports the presence of a natural

barrier system to coexist and provide coastal protection to a

heavily developed barrier island. Coastal management including

beach restoration and coastal structures cover most of the Gulf-

front shorelines except the northwest part of the island

designated as a Critical Wildlife Area. As such, the sandspit

and lagoon area is designated as a Critical Wildlife Area managed

by state and local environment agencies aimed at preservation of

existing ecosystems and environmental resources. Because most

of the current wildlife areas are typically managed to evolve

naturally, those areas are sometimes not included in regional

coastal management efforts. Preservation of such areas becomes

unsustainable when chronic erosion gradually degrades a

temporal coastal defense. As erosion progresses, those critical

wildlife areas will be allowed to erode and migrate onshore until

they intersect with upland developments. At that point of time,

restoration of such features will not be possible and hardened

shorelines or typical beach restoration would be the only

available measure. These do not provide the multiple layers of

protection provided by a system of sand spits, lagoons, and

mangrove shoreline. However, timely restoration and adaptive

measures at a manageable frequency can be implemented to

maintain such system and this example showcases one of those

cases where active management can integrate environmental

conservation and shore protection efforts.

Among the challenges to this approach is to develop a

plan that stratify environmental protection objectives and

those with upland development for coastal and flood risk

reduction. Often the objectives of upland development and

protected preserve areas are not coordinated, and as a result

are managed independent of each other. Coastal flooding

resiliency efforts typically focus on reducing risks for

flooding of infrastructure and protecting habitable

structures under future SLR scenarios and increased

intensity of storms.

On the other hand, environmental protection and preservation

of ecosystems can be focused on protecting existing natural setting

(natural preserves). Some aspects of that preservation aremanaged

by designation of undeveloped ecosystems as natural preserves.

When not maintained, the sand-spits and erosion progress until

hard shore protection is necessary.
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As such the main objective for this case is to restore and

maintain the existing natural 3 km long sand spit as a coastal

barrier and avoid its ongoing collapse. This will be followed by

active monitoring and maintenance to preserve the ecosystem

and natural and nature based coastal defense features.

5 Conclusion

The Tigertail Lagoon/Sand Dollar Island Ecosystem

Restoration Plan has been designed to incorporate

improvements to aquatic and upland habitat while preserving

and enhancing the resiliency of the natural system. This Plan

demonstrates the advantages of working with the natural

environment and coastal processes to preserve and enhance

existing habitat in a naturally evolving system. The project

also provides nature based coastal resiliency to the

environmentally sensitive area fronting upland communities.

Establishing resiliency through nature based solutions such

asmulti-tiered sandy barriers, coastal lagoons, and mangrove

shorelines sets an example for future consideration elsewhere.

Such examples are valuable for future planning as coastal cities

and developed coastal areas are assessing future vulnerabilities to

sea level rise and developing adaptation plans for improved

coastal storm resiliency.

The intersection of natural evolution and upland development

provided the unique conditions where a critical wildlife area had been

created initially by natural evolution of inlet features and altered by

limited frequent dredging which kept the tidal lagoon viable as

wildlife habitat area. This ecosystem and its components are

dependent on tidal lagoon environment. The frequent entrance

dredging maintains the tidal exchange to the lagoon allowing

seagrass to grow and mangrove shoreline habitat to persist on

interior shorelines. The collapse of the middle section of the sand

spit/and lagoon shoaling as well as the sand accumulation at the

north end represented a physical detriment to the system. Expanding

the dredging at the north end and using the sand to reinforce the

vulnerable section of the spit provides an opportunity to restore and

maintain the integrity of the sand spit and tidal lagoon as a coastal

front. Its current presence and restoration provide a multitier coastal

barrier system that maintains valuable natural resources and provide

coastal protection to the upland. The conventional option of allowing

the sandspit to collapse onshore then erosion to progress towards

upland development will eventually lead to unnatural or hardened

coastal front that will not allow for adaption to future barrier island

dynamics nor sustain the environmental habitat value of the system

that existed over the last 2 decades.

Thedesign isbasedonworkingwithnature tosupport the integrity

andfunctionofanaturalbarriersystemthatcanadaptwithchangingsea

levels while providing resiliency to storms. Sustainability and adaption

areplanned throughmonitoringandmanagementplans to implement

maintenance projects to elevate the sandy barrier and achieve desired

resiliencycoupledwithcyclicuseof sandwithin the systemtomaintain

hydraulic viability of the tidal lagoon and address shoaling areas. Key

elements in this plan also include integrated efforts with the upland

community, the City of Marco Island, state and federal agencies,

Rookery Bay National Estuarine Research Reserve and Critical

Wildlife Area administration to maintain the integrity of a natural

barriers system as an element to protect and manage coastal flooding

vulnerability, wildlife habitat, and the City of Marco Island.
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Natural and Nature-Based Features (NNBF) are promoted as alternatives to

structural flood protectionmeasures. Progress has beenmade in understanding

the physics and engineering of these systems; however, engineering,

ecological, and social barriers to implementation remain. This paper

identifies these barriers using the results of a literature review and summary

of expert opinion; contrasts the state of the practice of NNBF with traditional

structures; and details the main engineering challenges to NNBF

implementation, including the uncertainty in current calculation techniques

and lack of engineering design guidelines. We suggest that emergent

vegetation systems can be designed with the current body of information,

and an example framework is proposed for assessing these systems for their

wave attenuation performance. The framework is discussed in the context of

risk, and future research priorities are presented.

KEYWORDS

engineering with nature, natural and nature-based features, working with nature,
building with nature, emergent vegetation, wave attenuation, design guidelines,
nature-based solutions

Introduction

Over the last few decades, ecosystems have been promoted as viable alternatives to

conventional (structural or gray) coastal protection structures (Arkema et al., 2013; Silver

et al., 2019). Several studies have demonstrated the protective and restorative values of

wetlands, reefs, seagrass beds, and/or vegetated dunes (Scyphers et al., 2011; Anderson

and Smith, 2014; Ozeren et al., 2014; Taylor et al., 2015; Guannel et al., 2016; Narayan

et al., 2016; Chang et al., 2019; Lei and Nepf, 2019; Maza et al., 2019; Tomiczek et al.,

2020a, 2020b, 2022; Elko et al., 2021; Kelty et al., 2022). These types of solutions for

shoreline protection are termed “Natural and Nature-Based Features (NNBF),” and are

landscape features that are used to provide engineering functions, while producing
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additional economic, environmental, and/or social benefits.

There are many definitions, but the common element among

all of these definitions is the focus on conserving, restoring, and

engineering natural systems for the benefit of people and the

ecosystems they inhabit (Bridges et al., 2021). NNBF for flood

and erosion protection include natural features such as emergent

vegetation, beaches and dunes, reefs, or islands, and nature-based

features (i.e., engineered ecosystems that mimic characteristics of

natural features) such as constructed wetlands, nourished

beaches, and artificial reefs (Bridges et al., 2015). These

systems have also been referred to as “Nature-Based Solutions

(NbS),” “Natural Infrastructure,” or “Green Infrastructure,”

among other terms (Bridges et al., 2021). NNBF solutions are

attractive because they have the potential to provide ecological,

social, and economic benefits in addition to shoreline protection

services (Barbier et al., 2011; Arkema et al., 2015; Ruckelshaus

et al., 2016), and are often viewed as a “win-win” approach to

coastal engineering (Hochard et al., 2019; Menéndez et al., 2020;

Cunha et al., 2021; Feagin et al., 2021). As a result, several major

initiatives by U.S. government agencies (Bridges et al., 2015,

2021;Webb et al., 2019), non-profit groups (Sarasota Bay Estuary

Program, 2018; Narayan et al., 2019), and international

organizations (PIANC, 2018; Browder et al., 2019; UNDRR,

2020; Castellari et al., 2021; Science for Environment Policy,

2021), have focused on leveraging NNBF as resilient adaptation

alternatives for shoreline protection.

One type of natural habitat widely discussed by practitioners

and in the literature is emergent vegetation, which includes

mangroves (e.g., Rhizophora sp., Avicennia sp., Laguncularia

racemosa) and marsh vegetation such as grasses, rushes, or

reeds (e.g., Spartina sp., Juncus sp., Phragmites sp.). Among

other benefits, these intertidal ecosystems have been noted for

their wave and storm surge attenuation capabilities (Mazda et al.,

1997; McIvor et al., 2012; Zhang et al., 2012; Montgomery et al.,

2019; Chen et al., 2021), carbon sequestration (Alongi, 2008;

Sanderman et al., 2018), habitat services for native fauna (Odum

et al., 1982; USFWS, 1999), and cultural and recreational values

(Uddin et al., 2013; Spalding and Parrett, 2019). However, the

quantification and prediction of engineering performance (e.g.,

wave height attenuation) of emergent vegetation to inform design

lags behind the quantification of hydraulic responses for

conventional engineering systems. Indeed, practicing engineers

may be hesitant to design NNBF due to the lack of design

standards and differences with the traditional design process

for gray infrastructure. The coastal engineering practice, as well

as civil engineering in general, is guided by established manuals

of practice, design standards, and guidance documents (e.g.,

USACE, 2002; FEMA, 2011; ASCE, 2014, 2022; Bridges et al.,

2021). Although recent efforts have made strides in developing

general guidelines for NNBF at international, national, state, and

local levels (e.g., Miller et al., 2015; World Bank, 2017; Webb

et al., 2019; Bridges et al., 2021), current guidance documents do

not provide the NNBF equivalent of the comprehensive

calculation methodologies common in traditional engineering

design manuals (Bridges et al., 2021). Moreover, compared with

conventional systems, NNBF have unique concerns, because

their performance may be affected by biological factors and

physical events. For example, although scientists have found

evidence of engineering benefits provided by emergent

vegetation under specific circumstances (e.g., McIvor et al.,

2012), few conclusions are applicable for storm conditions

(Pinsky et al., 2013), and only recently has research been

focused on storm performance (e.g., Vuik et al., 2016; Kelty

et al., 2022). Therefore, it is important that guidance on coastal

protection benefits be provided, clearly identifying the range of

applicability of expected benefits.

Even with recent advancements in knowledge about utilizing

emergent vegetation for coastal risk mitigation in hydraulics or

engineering models, barriers to implementation remain (e.g.,

Close et al., 2017; Cherry et al., 2018). These barriers exist

throughout the implementation process as identified by

Bridges et al. (2021), with challenges noted for technical

design, socioeconomic considerations, financing, permitting,

construction, and maintenance (Close et al., 2017; Cherry

et al., 2018; Zuniga-Teran et al., 2020; King et al., 2021). A

broad set of conditions needs to be addressed to facilitate and

promote the appropriate use of NNBF for coastal protection,

which requires not only coastal engineers, but also experts in

other disciplines in engineering, ecology, and social science.

To improve our abilities to predict the engineering

performance of NNBF, there is a need to 1) develop technical

recommendations on how to incorporate NNBF as part of coastal

hazard mitigation solutions; 2) quantify wave attenuation

performance; and 3) establish prescriptive standards for

design, construction, and monitoring of projects to create,

restore, or enhance NNBF systems.

This paper addresses the various issues raised above by

summarizing the state of the practice and providing practical

guidance for the design of NNBF, based on recent advances in the

quantification of wave attenuation by emergent vegetation. We

also describe the engineering, ecological, and social conditions

that influence the use of these systems for coastal protection.

Based on these considerations, we propose a conceptual

engineering framework for evaluating existing natural systems

or designing new NNBF or hybrid systems, and make

recommendations in the engineering, ecological, and social

dimensions to facilitate and promote the appropriate use of

these systems.

State of the practice

Expert opinion

To gain a deeper insight into the use of emergent vegetation

in engineering design, implementation, and construction, we

Frontiers in Built Environment frontiersin.org02

Ostrow et al. 10.3389/fbuil.2022.923965

229

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2022.923965


asked practitioners in different fields working with NNBF

projects to comment on the state of the practice by answering

the following questions:

1) In your experience, what is the current level of understanding

regarding the performance of emergent vegetation in coastal

protection applications? Is available information applied

adequately for analysis of alternatives and for design?

2) What additional progress from a scientific, engineering, or

design standpoint is needed to encourage adequate

consideration and better implementation of these types of

nature-based solutions?

3) What steps from a policy or regulatory standpoint could be

taken to encourage adequate consideration and better

implementation of these solutions?

4) Please share any other thoughts/comments/concerns about

the present status and future needs regarding the use of

nature-based solutions (especially emergent vegetation) for

coastal hazards mitigation and climate adaptation.

A total of 32 professionals responded, representing academia

(6), consulting (9), government (13), and nonprofit organizations

(4), resulting in a variety of perspectives and experience on

emergent vegetation projects. The responses primarily inform

on the existing knowledge in the field and progress needed for

NNBF strategies to be more widely adopted. Responses were

organized according to two broad themes: 1) current knowledge

and 2) future needs, and within these themes, responses were

separated into engineering, ecology, and social categories.

While many respondents recognize that there is ample

information supporting NNBF performance, designers are

unable to apply it in a quantitative way needed for design

(19/32). Two consultants and one government professional

note that the information requires expertise to understand,

making it difficult to access (3/32). Furthermore, experience

from case studies is highly location-specific and unable to be

extrapolated (5/32). Rather than designed solutions, many NNBF

projects are structured as vulnerability studies (1/32). Physical

space is also a concern, as there may not be enough space for

emergent vegetation in urban environments or on steep and

narrow banks (2/32). From a socioeconomic perspective,

respondents identify the current regulatory framework as

inadequate for NNBF, with many suggesting changes to

policies and permitting (21/32). Stakeholders may advocate

against or be reluctant to implement NNBF projects due to

loss of space and view, attraction of mosquitos, and

maintenance considerations (5/32). There are concerns about

a perception among some stakeholders that vegetation can

always be used as a solution, even though many situations call

for another strategy or multi-tiered solution (2/32). Responses

from academia, government, and consulting describe a

disconnect between the engineering, architecture, and

environmental disciplines, with some noting that engineers

tend to ignore NNBF solutions, while architects and

environmental professionals tend to overestimate the

protection that vegetation can provide and do not understand

the need for quantitative design guidelines for engineers (4/32).

Responses identify future engineering needs; a summary of

broad categories is shown in Figure 1. The most frequently cited

need is the further development of engineering design standards

(19/32), an observation that agrees with previous studies (Cherry

et al., 2018; Zuniga-Teran et al., 2020). Some responses describe

specific criteria that would be needed in engineering design

guidelines: 1) coastal geomorphology considerations, including

sediment; 2) nearshore conditions, such as bathymetry, tidal

range, and wave conditions; 3) vegetation considerations, such as

species, age, number of plants, density, height, and width of

patch, and under what environmental conditions and in what

locations they would be able to thrive; 4) contrasting design

considerations for gray, green, and hybrid systems; 5)

maintenance requirements, including best management

practices; 6) performance over the design life, including

recovery time between storms and changes in protection as

vegetation ages; and 7) survivability, especially in the face of

climate and environmental changes such as water quality,

salinity, diseases, and extreme weather events. These criteria

should be predictive and could consider navigation.

Additional engineering challenges remain beyond the

development of comprehensive engineering design guidelines.

For example, a broader consensus is required on how to

incorporate emergent vegetation into varied methodologies of

calculating wave runup and total water level (1/32). Government

respondents identify a need for monitoring criteria to show

success, such as 1) metrics for reporting vegetation density,

areal extent, and root structure of plants; and 2) guidelines for

duration and spatial resolution of the monitoring program (4/

32). There is also a need for additional pilot projects in all types of

locations that measure efficacy and detail designs (9/32).

Similarly, research should include field experiments especially

in locations where NNBF projects may be implemented, such as

tropical environments, and develop a greater understanding of

the applicability of solutions from one location to another (5/32).

This response echoes the need to understand transferability of

NNBF results between locations (Close et al., 2017). Future

research should also characterize the performance of emergent

vegetation under extreme events, higher tidal ranges, and future

relative sea level rise scenarios (7/32), and provide a better

quantification of erosive processes (2/32). Finally, respondents

found that experiments are needed to further quantify and prove

efficacy, including the translation of results from flume

experiments to field parameters (6/32).

Many responses mention the necessity of ecological research

advances for successful implementation of NNBF (6/32),

including studies that assess connectivity, comprise a wide

range of habitat types and environmental conditions, monitor

interaction with substrate and changes over the project’s life
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cycle, and characterize the impacts of invasive species. In order to

obtain the best performance of a restored or hybrid system,

projects should imitate the ecology of nearby natural systems (4/

32). This observation is consistent with the findings of Waryszak

et al. (2021), who determined that the designers of most

successful hybrid projects have a strong knowledge of site

hydrological and ecological history. Furthermore, vegetation

may be optimized based on the carbon cycle (3/32). Materials

scientists and engineers can be brought into interdisciplinary

teams for design (1/32). The engineering and ecology responses

are highly related, with species considerations, performance over

design life, maturation, and survivability requiring ecological

expertise. One future research topic is converting existing

ecological parameters, such as basal area, to engineering

parameters, such as projected area (1/32). NNBF designs may

also create unintended consequences (1/32).

We also asked subject matter experts about sociopolitical

barriers to NNBF implementation (Figure 2). The most cited

recommendations center on policies (21/32), including 1)

prioritizing green solutions over traditional (structural)

alternatives; 2) allowing NNBF projects to count for other

environmental credits such as for stormwater; 3) requiring

vegetation experts or plans to be included in projects; 4)

encouraging redundancy in planning; 5) considering longer

life cycles of up to 100 years; and 6) developing regulations

specifically for hybrid systems. Of these policy responses,

multiple suggest permitting modernization (5/32), which is

also identified in the literature (Cherry et al., 2018).

Suggestions include fast-tracking NNBF permits and

modifying USACE Nationwide Permits to prioritize NNBF

over gray infrastructure. Permitting modernization would

focus on the removal of artificial barriers to NNBF project

approval, allowing NNBF to be given equal consideration with

traditional solutions. One potential area of conflict within policy

arises from habitat regulations, as one government professional

and two consultants note the need for flexibility with habitat

FIGURE 1
Frequency of categories of future engineering needs for emergent vegetation implementation cited by experts in survey responses (N=32).

FIGURE 2
Frequency of categories of future socioeconomic and policy needs for emergent vegetation implementation cited by experts in survey
responses (N=32).
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conversion regulations (3/32), while an academic and nonprofit

representative state the need for policies to protect existing

emergent vegetation from degradation (2/32).

In addition to policies, responses describe other social

considerations that would catalyze future progress in NNBF

implementation. Incentives should be created to encourage

NNBF projects, including additional dedicated sources of

funding (8/32). Additionally, cost-benefit analyses are in need

of improvement, and should consider the full lifecycle cost of the

project (12/32). These observations agree with recent studies that

have identified challenges in quantifying costs, benefits, and co-

benefits of NNBF (Close et al., 2017; Cherry et al., 2018; Zuniga-

Teran et al., 2020). Collaboration across multiple government

agencies is needed for effective projects (3/32), a

recommendation which supports findings from previous

workshops (Cherry et al., 2018; Zuniga-Teran et al., 2020).

Community engagement is cited as an important component

to creating a successful project (1/32), a finding also highlighted

in the literature (Zuniga-Teran et al., 2020; Waryszak et al.,

2021). Responses note the need for broader coastal management,

such as 1) considering regional planning and retreat, perhaps

utilizing a different term than the politicized “retreat”; 2) having

government agencies acquire vegetated lands; and 3) developing

tools specifically for coastal management (4/32). Education and

updated materials for the public, project applicants, regulators,

maintenance workers, students, and engineers are needed (9/32).

NNBF in the context of traditional
structures

To elucidate the challenges of incorporating emergent

vegetation systems in coastal infrastructure design, it is helpful

to compare requirements for NNBF with practices for

conventional infrastructure. In traditional civil engineering

design, a coastal protection structure is sized and justified by

performance objectives, such as flood risk management, erosion

control, and/or wave and current mitigation under both extreme

design events and normal operational conditions (e.g., USACE,

2002). In the design process, a clear understanding emerges on

how the structure accomplishes its purpose, how success is

measured, and the length of time the structure can maintain

its desired performance. The structure’s performance is

predictive, that is, based on a set of widely accepted,

controllable assumptions and uncontrollable hazards. The

structure’s performance and failure limits can also be

determined, such as the storm surge height that can

overwhelm the structure, wave types that can damage the

structure, or storm conditions and durations that can generate

significant erosion.

Established design methods exist for one form of NNBF:

beach nourishment (e.g., USACE, 2002; Elko et al., 2021).

Engineers select a grain size to be compatible with the existing

geomorphological processes of the native beach, and calculate the

volume of sand that can provide an acceptable dynamic response

under a set of design parameters. Additional design decisions

may include adding vegetation and widening the beach in front

of a dune. However, since the “structure” (i.e., beach profile)

dynamically adjusts through time to environmental conditions,

performance factors are harder to control, predict, and improve,

and nourished beaches are usually adaptively managed through

monitoring, maintenance, or renourishment works.

The design considerations are more complicated for types of

NNBF that consist of living systems, such as wetlands or reefs.

From a large body of evidence based on field observations,

physical modeling, and numerical modeling, engineers have

been able to characterize key variables for specific ecosystems

that control wave, water level, and erosion mitigation. After

decades of observations, it emerges that different NNBF

provide different types of coastal protection benefits. Table 1

builds off previous work (e.g., Cunniff and Schwartz, 2015;

Bridges et al., 2021) to summarize current knowledge on

protection mechanisms, performance, and services of NNBF.

In this paper, we focus on emergent vegetation systems (salt

marshes and mangroves).

Emergent vegetation can provide protection to inland areas

by affecting nearshore hydrodynamics and attenuating wave

heights (e.g., NAS, 1977; McIvor et al., 2012), nearshore

currents (e.g., Guannel et al., 2015), and storm surge heights

(e.g., Zhang et al., 2012). As a result, emergent vegetation may

reduce the risk of erosion (Coops et al., 1996) and flooding (e.g.,

Narayan et al., 2017, 2019; Dong et al., 2020), as well as wave

forces and resulting damage to coastal structures (Kyprioti et al.,

2021; Mitchell, 2021) and ecosystems, both in response to

chronic (La et al., 2015; Thuy et al., 2017; Tomiczek et al.,

2022) and acute hazards (Narayan et al., 2019; Tomiczek

et al., 2020a; Menéndez et al., 2020). Additionally, emergent

vegetation can dynamically respond to increases in sea level by

trapping sediment and moving landward, unless it is squeezed by

development or rapid rates of submergence (Borchert et al., 2018;

Saintilan et al., 2020). It is important to note that all protection

services are relative and may be significantly reduced depending

on various factors.

Despite this large body of evidence, evaluating the

performance of NNBF is more complicated than for

conventional systems. The protection services delivered by

vegetation arise due to the drag force they exert on nearshore

waters, and are a function of the morphology of emergent

vegetation and the hydrodynamic forcing offshore (e.g., NAS,

1977; Dalrymple et al., 1984). Guannel et al. (2015) showed how

the choice of a drag coefficient is sensitive to wave model

formulation, and Kelty et al. (2022) were among the few to

test such models under storm conditions. Additionally, contrary

to conventional systems, the performance of NNBF is

determined by ecological factors, which engineers cannot fully

control, and can positively or negatively impact the performance
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TABLE 1 Protection provided by common NNBF typologies.

Habitat What makes it protect How it protects Protection service Long-
term
viability

Non-
engineering
benefits

Performance
factor

“Uncontrollable”
performance
variable

“Controllable”
performance
variable

Failure
variable
during
storm

Reduce
nearshore
wave
energy

Reduce
nearshore
currents

Reduce
surge
height

Reduce
inundation
level

Reduce risk of
erosion of private
property

Storm
water
storage

Keeps
up with
SLR

Chronic Acute

Beaches1 Height, width Sediment size, beach
slope

Sediment supply,
vegetation

Consecutive
storms prevent
replenishment

Strong2—forms
sandbars

No No Moderate3—height
of berm

Strong—width No Strong -
landward
migration

Recreation, habitat
for critters, tourism,
landscape

Sand
Dunes

Height, width Sediment size Beach height and
width, vegetation

Fails if erodes too
much,
consecutive
storms prevent
replenishment

No No No Strong—barrier
(until fails)

Strong—height and width No Strong -
landward
migration

Recreation, habitat
for critters,
landscape

Salt
marshes

Physical
characteristics, width

Climate, species Sediment and water
supply, water quality

Flattens, breaks Strong—drag
force

Strong*—drag
force

Low4—drag force Low-Moderate* Strong Strong Moderate -
build up or
landward
migration

Habitat, fisheries water
filtration, carbon
sequestration,
recreation, landscape

Mangroves Physical
characteristics, width

Climate, species Sediment and water
supply, water quality

Branches break,
trees uproot

Strong—drag
force

Strong*—drag
force

Moderate—drag
force

Moderate Strong Strong Moderate -
build up or
landward
migration

Seagrasses Physical
characteristics, water
depth, distance to
shore

Climate, species Nearshore water
quality

Flattens, uproots Strong—drag
force

Moderate*—drag
force

No No Strong* Low* No Moderate -
moves in
newly
created bed

Habitat, fisheries,
carbon
sequestration

Oyster
Reef

Height, width,
percent cover, water
depth, distance to
shore

Ocean water quality Nearshore water
quality

Destroyed Strong—relative
depth and
roughness

Moderate* No* No* Strong* No* No Low -
build up

Habitat, fisheries,
water filtration,
carbon
sequestration

Coral Reef Water depth,
distance to shore,
percent cover
(roughness)

Ocean water quality Nearshore water
quality

Coral destroyed Strong—relative
depth and
roughness

Moderate* Low* Low* Strong* Moderate* No Low -
build up

Habitat, fisheries,
recreation, tourism

*More research is needed to fully prove the claim.
1Excludes the nourishment process
2Strong measurable impact
3Moderate measurable impact
4Low measurable impact
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of the system. For example, the ability of natural systems and

their constituent species to grow, increase in density, and survive

can be influenced by local or global processes like local climate,

sea level rise, ocean acidification and warming, water quality,

sedimentation rates, or the spread of diseases (Ross and Adam,

2013; Salimi et al., 2021). These factors, which are often

influenced by humans (IPCC, 2013), impact the physical

characteristics of natural systems (e.g., stem density and

diameter) and hence their ability to moderate coastal hazards.

While traditional structural components may have

controllable design parameters (e.g., rock weight for a rubble

mound breakwater), emergent vegetation systems have design

parameters that change both spatially (e.g., natural variability in

trunk or prop root diameters, prop root distribution, and stem

densities) and temporally (e.g., vegetation may grow and forest

density may increase or recede over a system’s life cycle (e.g.,

Maza et al., 2021)). Moreover, while traditional projects can be

built, maintained, and repaired immediately according to set

specifications, NNBF need time to grow into themorphology that

provides the desired protection benefits. For NNBF projects,

engineers have less control of the performance of the system and

contend with a higher level of uncertainty than for traditional

coastal protection structures; a range of design parameters must

be evaluated for NNBF systems.

2.3 Characterizing the performance of
NNBF

To compute traditional design metrics in the presence of

NNBF–overtopping, runup, wave force on inland structures, or

cross-shore erosion–engineers incorporate vegetationmodules in

wave or nearshore circulation models, and couple these outputs

with other established performance metrics models. For example,

forces on structures behind emergent vegetation can be

calculated using formulas such as Goda (2010) by accurately

accounting for wave height attenuation due to vegetation

(Mitchell, 2021).

Table 2 provides an overview of existing wave and

hydrodynamic models available for emergent vegetation (see

also Suzuki et al., 2019; Piercy et al., 2021). This table shows

the wealth of numerical models that are now available, including

Reynolds Averaged Navier Stokes (RANS) models, which resolve

the highest level of physics, phase-averaged models, which

summarize the wave conditions as wave spectra, and 1-

Dimensional (1D) models, which use representative values of

wave height and period. Details of vegetation implementation in

each model are described in the references listed in the respective

row of Table 2. Other models exist beyond those listed in Table 2,

such as the Boussinesq-type model FUNWAVE (Blackmar et al.,

2014), and the 1D phase-averaged wave and nearshore current

model CSHORE, which can incorporate stem flexibility (Ding

et al., 2022). Progress in computer modeling has allowed for a

better understanding and quantification of the effects of

vegetation on nearshore hydrodynamics.

Most of the models in Table 2 incorporate the effects of

vegetation using Morison-type equations, which require

information on the system’s morphological and hydrodynamic

parameters. The accuracy of these parameters will determine the

quality of the results (i.e., relying on drag coefficients from

reduced scale laboratory studies may result in inaccurate

amounts of wave attenuation). By necessity, models make

simplifications or idealizations to the system to allow the

model to run; however, the more physics that a model

simplifies, the more uncertain the outputs. For example, many

models neglect flexibility, an important parameter for marshes

(e.g., van Veelen et al., 2020; Ding et al., 2022). Models also vary

in their ability to layer different characteristics of vegetation

elements in the water column, an important characteristic of

mangroves such as Rhisophora sp. (e.g., Suzuki et al., 2019; Kelty

et al., 2022), and to represent other fluid mechanics properties

such as porosity (important in denser forests (Suzuki et al.,

2019)), turbulence, and wave nonlinearity (Maza et al., 2015).

Many models also do not reproduce wave transformation and

water level changes in intertidal zones (Guannel et al., 2015; van

Rooijen et al., 2016).

Importantly, although recent studies have validated some

numerical models under certain storm and field conditions (e.g.,

Vuik et al., 2016; Baron-Hyppolite et al., 2019; Garzon et al.,

2019), to the authors’ knowledge, the models are only validated

under limited conditions, that is, against reduced-scale

laboratory studies that do not consider storm conditions (see

“Validation and Verification” in Table 2 and associated

references). In fact, only one full-scale laboratory study has

been carried out for storm wave attenuation of mangroves

(Kelty et al., 2022). This study shows that, for the tested

conditions, to have wave height attenuation of order 25%, an

18-m-wide forest needs to have a high density and still water

elevation lower than the root system. Conversely, low density,

high still water elevations with respect to the root system, and

narrow fringes provide wave height attenuation on the order of

5% or less. While more research is needed to generalize these

results, the data support the assertion that mangroves can

provide storm wave attenuation, but not under every incident

condition.

Beyond modeling the hydrodynamics, the ecological

performance of NNBF systems must be characterized. During

storms, trees bend and break, reducing the capacity of the forest

to attenuate waves compared with the ideal conditions modeled

in the design phase. Storms may also create conditions such as

ponding, leading to delayed mortality of vegetation (e.g.,

Craighead and Gilbert, 1962; Lagomasino et al., 2021). Even if

the emergent vegetation is successful at its purpose of protecting

the built environment during a storm, the delayed mortality will

cause the decomposing forest to break down and not provide the

same level of service during the next storm. Likewise, damages to
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the
built

TABLE 2 Commonly used computational and analytical models for determining wave height attenuation through emergent vegetation.

Computational effort/
Level of physics
included

High Medium Low

Type of model RANS Other phase-resolving Phase-averaging Overland Empirical

Model name OpenFOAM NHWAVE SWASH COULWAVE XBeach SWAN STWAVE WHAFIS WATTE

Model Reference Jasak et al. (2007), Higuera et al.
(2014)

Ma et al.
(2012)

Zijlema
et al. (2011)

Lynett et al.
(2002)

Roelvink et al. (2009) Booij et al. (1999) Smith et al.
(2001)

FEMA,
(2021)

Foster-Martinez
et al. (2020)

Processes Included Wave, Nearshore Circulation Wave,
Nearshore
Circulation

Wave,
Nearshore
Circulation

Wave, Nearshore
Circulation

Wave, Nearshore
Circulation

Wave Wave Wave Wave

Approach Vegetation
Reference

Maza et al.
(2015, 2016)

Maza et al.
(2015)

Ma et al.
(2013)

Suzuki et al.
(2019)

Yang et al. (2018) van Rooijen et al.
(2016)

Jacobsen et al.
(2019)

Suzuki
et al.
(2012)

Anderson
and Smith,
(2015)

FEMA,
(2021)

Foster-Martinez
et al. (2020)

“Microscopic” “Macroscopic” Non-
hydrostatic

Surfbeat1

Underlying
Equation for
Vegetation

N/A Morison-type Morison-type Morison-
type

Morison-type Morison-
type

Mendez
and
Losada,
(2004)

Morison-type Mendez
and
Losada,
(2004)

Mendez and
Losada,
(2004)

Modified
NAS, (1977)

Kobayashi et al.
(1993)

Flexibility Y Y Y N N N N N N N Y N

Inertial Force Y Y Y Y N N N N N N N N

Layering Y Y Y Y N Y Y N Y N N N

Horizontal
Cylinders

Y Y N Y N N N N N N N N

Canopy and
Porosity
Hydrodynamics

Y Porosity
incorporated
as modified k-ε
and drag force

Canopy flow
through
turbulence

Porosity,
Canopy
flow
converted
to TKE

N Porous in-canopy flow Nonlinearity
in
canopy flow

N N N N

Maximum
Dimensionality

3D 3D 3D 2D 2D 2D 2D 1D 1D

(Continued on following page)
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TABLE 2 (Continued) Commonly used computational and analytical models for determining wave height attenuation through emergent vegetation.

Computational effort/
Level of physics
included

High Medium Low

Type of model RANS Other phase-resolving Phase-averaging Overland Empirical

Model name OpenFOAM NHWAVE SWASH COULWAVE XBeach SWAN STWAVE WHAFIS WATTE

Inputs Vegetation Exact morphology Section height,
density, stem
size, Young’s
modulus

Section
height, stem
size, density

Average height,
stem size, density

Section height, stem
size, density

Average
height, stem
size, density

Section
height,
stem size,
density

Average
height, stem
size, density

Average
height, stem
size, density,
fraction of
coverage,
frontal area
ratio2

Classified raster
of land type

Calibrated
Parameters

N/A Drag
coefficient

Drag
coefficient,
virtual mass
coefficient

Added mass
coefficient,
drag
coefficient,
TKE and
dissipation
rate
coefficients

Drag coefficient Drag coefficient Drag coefficient Drag
coefficient

Drag
coefficients,
seacoast
region
parameters2

Exponential
decay constant

Validation
and
Verification

Vegetation
Implementation

Reduced-scale lab Reduced-
scale lab

Analytical
(Mendez
and Losada,
2004),
Reduced-
scale lab,
Numerical
(SWAN)

Reduced-scale lab Reduced-scale lab Reduced-
scale lab

Analytical
(Mendez
and
Losada,
2004),
Reduced-
scale lab

Analytical
(Mendez and
Losada,
2004)

Field

1Short wave phase-averaged
2Inputs vary with vegetation type
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environment may occur even without a failure of the emergent

vegetation itself. It is therefore important to distinguish between

“engineering” failure (i.e., failure to provide the required

hydraulic response) and “ecological” failure (i.e., inability to

withstand the environmental conditions during a storm or

owing to longer-term changes) in the design of NNBF;

current approaches do not incorporate the latter.

As shown above, advances in computational methods allow

for the improved quantification of emergent vegetation’s

engineering performance. For example, based on information

from results such as those by Kelty et al. (2022) and Maza et al.

(2019), engineers may assess either 1) the cross-shore distance

required to achieve a desired wave height reduction for a design

condition, or 2) hybrid alternatives (e.g., structural measures)

that can provide a second line of defense to provide the

remaining required wave height attenuation. Engineers may

also be able to assess expected wave height reduction,

lowering design requirements on inland structural measures

or near-coast structures. However, these models have

limitations (Table 2), and designers should consider the

impact these limitations have on the ability to design systems

to meet performance requirements. Professional practice dictates

that engineers have a primary responsibility to “protect the

health, safety, and welfare of the public” (ASCE, 2022b). In

traditional design, engineers rely on engineering design

standards to produce design parameters that have a low,

commonly accepted probability of failure, allowing engineers

to have a high level of confidence that their designs will protect

the public. Such standards do not exist for emergent vegetation,

and questions about the uncertainty of the results, such as those

raised above, linger. Therefore, it is difficult for engineers to have

a high level of confidence in NNBF designs, and engineering

design standards for NNBF are needed (Figure 1).

As a step toward design standards, we propose a framework

to evaluate NNBF in such a way that engineers can ensure that

lives and properties are protected, while simultaneously

accounting for the engineering performance of natural

systems following engineering design principles.

Evaluation and design framework

Even though there are many uncertainties that remain in the

quantification of the physical behavior of emergent vegetation

under hydrodynamic loads and their long-term performance in

the face of uncontrollable ecological variables, the existing body

of knowledge can be used for practical purposes (Figure 3). Since

wave impact forces can generate significant damage to near-coast

infrastructure (Robertson et al., 2007; FEMA, 2011; Duncan et al.,

2021), this framework focuses on providing a methodology to

quantify wave attenuation performance. The proposed

framework can be used for the assessment of existing

wetlands and for the design of new features. It should be

integrated in a comprehensive process that includes other

engineering evaluations (e.g., overtopping) as well as

ecological (Piercy et al., 2021) and social dimensions (King

et al., 2021), as suggested in Figure 4.

The proposed analytical approach for the design of new

emergent vegetation systems considers five key points

(Figure 3). Step 1 involves calculating a baseline performance

of the system without the contribution of vegetation (e.g.,

USACE, 2002). The quantification of this baseline is

recommended because engineering design standards do not

yet prescribe a method of calculating wave attenuation for

emergent vegetation, and newly planted NNBF may perform

as if no vegetation is present. The system including NNBF will

therefore be overdesigned, as vegetation is expected to moderate

forcing parameters over its lifetime.

The second step comprises of determining relevant physical

parameters that will allow for the quantification of wave

attenuation performance, for example, by measuring forest

morphological parameters in the field (Figure 4). Stem density

and height can be measured through traditional ecological

methods (Cintrón and Schaeffer-Novelli, 1984). A variety of

methods have been developed to characterize projected area

(see Yoshikai et al., 2021 for an overview), including empirical

models (e.g., Ohira et al., 2013; Mori et al., 2022), 3D laser

scanning (e.g., Chang et al., 2019; Kelty et al., 2022),

photogrammetry (e.g., Zhang et al., 2015; Maza et al., 2019),

and remote sensing (Figueroa-Alfaro et al., 2022). Eventually,

field measurement of engineering morphological parameters

could be integrated with ecological field work. For new

plantings, the framework recommends measuring the physical

parameters of a benchmark nearby forest. This is analogous to

the standard ecological design of NNBF, which includes the

thorough understanding of ecological variables (e.g., terrain

elevation, water elevation ranges, vegetation species

composition) of a nearby wetland community (UNEP-Nairobi

Convention/USAID/WIOMSA, 2020). The reference forest’s

capability of representing a future condition of the proposed

wetland should be validated through an ecological evaluation.

The field measurement collection process can be simplified by

considering a set of scenarios that are relevant to the study goals.

For example, to quantify the economic benefit of an existing,

healthy mangrove forest, a scenario with a degraded forest may

be used for comparison. The framework conservatively neglects

the forest canopy when designing for storm conditions, assuming

all leaves are gone and small branches have broken. For

engineering purposes, the minimum attenuation performance

is more important than average conditions, and should be the

aim of measurements. For the drag coefficient, estimates vary

widely (Pinsky et al., 2013) as relationships for coefficients based

on the Reynolds number (Re) derived from small-scale flume

studies do not match with recent full-scale studies (Kelty et al.,

2022), owing to kinematic scaling differences between the Froude

and Reynolds numbers under Froude similitude (Heller, 2011).

Frontiers in Built Environment frontiersin.org10

Ostrow et al. 10.3389/fbuil.2022.923965

237

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2022.923965


Recent prototype-scale physical models have suggested equations

for the drag coefficient as a function of Re, with the coefficient

approaching 0.6 for large values (Kelty et al., 2022).

Because the actual wetland vegetation morphology cannot be

fully predicted and future storm conditions have increasing

uncertainty (IPCC, 2013), the third step defines various

scenarios of vegetation morphology, storm parameters (e.g.,

storm surge, wave heights) and sea levels. Emergent vegetation

consists of, by definition, living systems that grow and adapt to

changing environmental conditions at various time scales; the

physical structure of the wetland at the design storm’s time of

impact is likely to be different from the conditions at the time of

design, and is uncertain and uncontrollable to a certain extent. In

addition, storm conditions may cause emergent vegetation to fail

during the event (e.g., Doyle, 1995), meaning it no longer has its

protective capabilities (Table 1). This uncertainty can be

accounted for by quantifying the performance of alternative

(but similar) ecosystems, assessing possible growth rates,

stressors, and more. This understanding should inform the

adoption of a set of representative conditions for calculation

(scenarios), and analysis of performance results for a given design

storm under each scenario. Additionally, this step should be used

to assess the resilience of NNBF to climate change stressors and

to explore potential adaptation scenarios. At a minimum,

alternative design storm parameters (e.g., different return

periods) and the influence of sea level rise on storms should

be evaluated (Biondi and Guannel, 2018). It may also be

appropriate to qualitatively consider a broader range of other

potential conditions, but a quantitative calculation may only be

required for a limited number of selected scenarios, depending

on the design goals.

Step 4 involves using validated tools to quantify wave

attenuation based on the physical parameters and scenarios

identified in Steps 2 and 3. Multiple tools exist for completing

these calculations in Step 4 (Table 2), but it is recommended to

use tools that have been validated for prototype-scale laboratory

studies or field studies that cover a wide range of initial

conditions, such as the Mendez and Losada (2004) equation

for the conditions in Kelty et al. (2022). In models, the spatial

scale should be sufficient to evaluate a forest between tens

and hundreds of meters wide, and the vertical structure of the

forest should be reproduced and sensitive to changing water

elevations. Once wave attenuation by the emergent vegetation is

calculated, other engineering performance parameters of the

original design, such as overtopping, wave forces, and runup,

can be assessed using appropriate engineering tools. Based

on these analyses, a range of performance results under

different conditions and assumptions can be identified. These

quantitative data should be adequate for the engineer to make

appropriate design decisions, weighing uncertainties, costs,

performance, and risk. Engineering, ecological, and social

benefits can also be evaluated across different types of

solutions. With these results, engineering criteria can be

used to justify a design of an emergent vegetation system

(Step 5).

Due to the living nature of emergent vegetation, the

morphological parameters of a system will change over time

for both new designs and already existing marshes and forests. As

the built wetland changes over time (e.g., growth), or responds to

acute disturbances (e.g., storm events) or ecological changes (e.g.,

disease), monitoring of physical morphology can be used to

update expected wave attenuation performance. After the

project has been implemented, Steps 2 and 4 should be

repeated to obtain updated morphological parameters and

calculation results, which should be evaluated by the engineer

as part of a revisited Step 3. In a created wetland, the analysis

should use measurements from the wetland itself, removing

uncertainty derived from using parameters of a reference

forest. In existing, restored, or created forests, calculation

updates can be done in response to observed changes in the

forest structure, either due to growth, ecological stress, or storm

damage. Given the biological and engineering performance of

NNBF, additional actions may be taken over the project lifetime

to improve its performance of overall benefits. This can be part of

an adaptive management approach, as described in NNBF design

guidance (de Looff et al., 2021; Piercy et al., 2021).

Discussion

The framework presented in this paper provides ways for

engineers, designers, and stakeholders to include emergent

vegetation in coastal infrastructure design in a way that both

demonstrates the value of the protection services delivered and

creates a pathway for the creation of rigorous design standards in

the future. To some extent, the present state of the practice of

engineering with nature for emergent vegetation is reminiscent of

the development of rubble mound structure methodologies,

which began in the 1950s with limited data available and

evolved over time to have well-established standards (Hudson,

1958, 1974; USACE, 1977, 1984, 2002). Alternative formulations

and coefficients were used by engineers to inform a decision-

making process, even with uncertainty of the structural

performance.

The proposed framework allows for prudent, conservative

approaches to incorporating NNBF in coastal engineering

designs. This approach is also appropriate for engineers to be

in compliance with ASCE guidance. Currently, to the authors’

knowledge, the only mention of NNBF in existing engineering

design standards in the United States is in ASCE 24 (ASCE,

2014). ASCE 24-14 4.3 states that projects “shall not remove or

otherwise alter sand dunes and mangrove stands, unless an

engineering report documents that the alterations will not

increase potential flood damage by reducing the wave and

flow dissipation characteristics of the sand dunes or mangrove

stands” (ASCE, 2014). Notwithstanding environmental
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regulations that would typically prevent the removal of

mangroves, the burden of proof requires that the engineer

prove that alterations would not exacerbate wave impacts.

Therefore, from an engineering perspective (i.e., ASCE

compliance) no removal of natural features can be justified

because research demonstrates that a mangrove stand always

provides some level of wave attenuation, and therefore removal

will cause some increase in the potential damage. Even under

unfavorable circumstances, mangrove protection can increase

over time (e.g., growth in height, root density), so present

conditions cannot be used to justify that the removal will not

increase potential damage.

However, expanding upon the spirit of ASCE 24-14, it is also

worth considering how wetlands provide protection under future

climate change scenarios. Rising sea level and changes to the

frequency, intensity, and speed of storms (Emanuel, 2005;

Mendelsohn et al., 2012; Kossin, 2018; Sweet et al., 2022) will

affect the performance of mangroves and wetlands as their

footprint and composition are required to adapt to changing

conditions (Hagen et al., 2013; Lovelock et al., 2015; Woodroffe

et al., 2016). These changes will in turn impact the performance

of coastal infrastructure (Biondi and Guannel, 2018). While these

facts are not yet part of engineering design standards, they should

be accounted for by practicing engineers and considered in the

definition of scenarios (Figure 3). The wave protection afforded

by emergent vegetation should be considered as a part of

resilience and adaptation strategies where these systems are a

viable alternative from a physical and ecological standpoint.

In addition to providing an opportunity to improve

engineering guidance, the proposed framework creates

opportunities for convergence among academic and

professional disciplines. First, the plants themselves could

have unintended consequences (Figure 4). For example,

emergent vegetation can modify nearshore currents and

sediment transport, which may be detrimental for a particular

site (e.g., Allen, 1998), become refuge for mosquitos (e.g., Rey

et al., 2012), contribute to trash and debris buildup (Cunniff and

Schwartz, 2015), or become projectile debris during an extreme

storm event. Edge effects should be characterized at locations

where emergent vegetation integrates with other shoreline

FIGURE 3
Framework for characterizing the wave attenuation performance of an emergent vegetation system.
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typologies. These issues can be addressed if considered as part of

the design, and the inclusion of researchers, practitioners, and

stakeholders during monitoring efforts can help direct future

guidance that includes both engineering and ecological

dimensions.

Furthermore, implementation of NNBF must consider the

sociopolitical context in the locations in which they are deployed,

requiring skills beyond pure engineering and environmental

sciences. Implementing NNBF projects requires navigating the

factors that were cited as barriers to implementation (Figure 2;

see also Cherry et al., 2018; Zuniga-Teran et al., 2020) such as

convoluted permitting processes, limited funding streams, public

perception, and enhanced coordination. Community

engagement and appropriate socioeconomic analyses over a

project’s life cycle are also cited as critical for successful

implementation of projects but are often insufficiently

considered (Zuniga-Teran et al., 2020).

One way to garner public support is to properly account for

the full value of NNBF. NNBF projects, which often include

public access and amenity features (e.g., boardwalks, kayak

trails, kayak launches), can have significant economic,

recreational, and aesthetic value (Prato and Hey, 2006;

Pueyo-Ros et al., 2018), and provide habitat and improved

water quality that can support fisheries and biodiversity (Odum

et al., 1982; USFWS, 1999; Struve and Falconer, 2001; Wang

et al., 2010). Consequently, the full evaluation of the benefits

delivered by emergent vegetation used for coastal protection

requires a solid understanding of the relationship between the

engineering, ecological, and social dimensions at play at a

particular site. While coastal protection may be a benefit

driving a particular project, all potential benefits should be

pursued. These multiple performance objectives must be

evaluated during the planning and design process, and

subsequently monitored along with engineering performance

objectives to assess the system’s overall performance (van

Zanten et al., 2021).

Future research priorities

In this paper, we summarized a state of the practice through a

review of the literature and elicitation of expert opinion, and

proposed a framework that can increase the adoption of NNBF

by various stakeholders. We identify three main areas of focus for

more widespread implementation of emergent vegetation

systems:

1) Validating existing models and characterizing uncertainty in

ecological and engineering parameters;

2) Understanding lifecycle performance, including factors that

affect survivability and relevant time scales; and

3) Anticipating unintended social, environmental, and

engineering consequences.

Engineers require comprehensive validation of the

methodology to quantify wave attenuation and develop design

standards. This validation would involve blind model studies;

presently, most validation studies tune model parameters to fit

FIGURE 4
Expanded framework for NNBF describing objectives, variables affecting system performance, models for assessing performance, and
engineering, ecological, social, and unintended outcomes.
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data. Furthermore, work is needed to determine conservative

values for, and uncertainties associated with, input parameters in

the wave height attenuation and/or other models for engineering

performance output variables. This knowledge would help to

characterize the reliability of NNBF systems. Further

quantification needs to be determined for forests with a mixed

composition of species, hybrid systems, and 3-Dimensional

effects.

Future work should also quantify the lifecycle performance

and survivability of emergent vegetation with respect to acute

stressors and long-term changes. Recovery after a storm should

be analyzed to determine what human interventions are needed

and over what time scales recovery occurs. Currently, no model

in Table 2 incorporates survivability; mangroves are assumed to

survive no matter how severe the event and associated

environmental conditions. However, damage assessments

show that mangrove tree limbs break during extreme events

due to wind or debris impact, and can be at risk of delayed

mortality due to extreme ponding or other ecological stressors

(Tomiczek et al., 2020a; Radabaugh et al., 2020). In the future,

process-based ecological models (Charbonneau et al., 2022)

could be adapted for emergent vegetation. These models could

also be coupled with wave and nearshore hydrodynamic models

for better predictions over time (Hagen et al., 2013).

Conclusion

This paper presents a review of the state of the art in

leveraging emergent vegetation for coastal engineering design

through a synthesis of expert opinion and recent literature. It

further provides a design framework for emergent vegetation,

identifying critical ecological and morphological parameters

affecting system evolution and capability, required variables for

wave height attenuation calculations, selection criteria for

wave numerical models used for evaluating system

performance, and scenarios to build up a set of performance

outputs that can be evaluated based on project requirements to

make design decisions. Following the methodology presented in

Figures 3 and 4 is anticipated to yield estimates of wave

attenuation to adequately inform the design and assessment

of wave attenuation engineering performance of emergent

vegetation NNBF.

Future research priorities are outlined to advance

scientific knowledge and to reduce the uncertainty

associated with the engineering performance of these

systems, which can result in the development of design

standards for emergent vegetation. While additional work

is needed to provide the same level of detail as for

conventional engineering systems, engineers must start

broadening the implementation of emergent vegetation and

other NNBF systems in the near-term future with the existing

knowledge in systems engineering performance. Engineering

coastal feasibility studies and design should also broaden the

definition of performance objectives from solely engineering

requirements to include ecological and social objectives. In the

face of sea level rise and climate change, a paradigm shift is

required in engineering design to embrace risk management

methodologies and propose projects within a long-term

adaptive management strategy.
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Natural and nature-based features have become increasingly popular in recent

years for several reasons including reduced costs and maintenance,

sustainability, and ecological benefits. One such nature-based feature which

contributes to coastal resiliency is dune systems. Extensive research shows that

dune systems provide great value for coastal protection, with vegetation and

belowground biomass emerging as crucial factors for dune stability. Alternative

dune construction and dune maintenance methods are needed to improve the

resilience and stability of these dune systems. Wrack, vegetation and

macroalgae that naturally washes up along the coast, is often removed

during routine beach maintenance, but could serve to increase dune

biomass, sand trapping, and overall dune resiliency. This manuscript

documents preliminary results following the placement of wrack along

constructed dunes on the Mississippi mainland coast. Terrestrial lidar surveys

were used to evaluate morphological responses of a 550 m stretch of the

beach, with varying raking and wrack management practices implemented in

designated sections. Elevation and volumetric change calculated from these

data were compared across storm erosion and fair-weather recovery periods to

quantify the potential benefits of utilizing natural wrack material in the dunes

and reducing beach raking.

KEYWORDS

wrack, terrestrial LIDAR, dunes, biomass, field study, beach management

Highlights

• A net volume increase over the entire study period was only observed in the ramp

morphologic region of the ungroomed zone and the ungroomed and wrack-treated

zone. Although volume was lost from the dunes in all zones, the greatest net volume

loss was observed in the dune of the control zone.

• Major events that brought the highest water levels, Hurricane Zeta and Hurricane

Ida, contributed to large volume loss across all zones, but the ungroomed and

wrack-treated dune remained intact, and the dune toe remained stable throughout
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the entire study period. In contrast, both the control and

ungroomed dune were flattened after Hurricane Ida.

• Through the unprecedented 2020 hurricane season, all

storms caused notable volume changes, but not all

storms caused net erosion. The response is complicated,

suggesting that some events even lead to significant net

deposition, particularly on the berm. The relatively minor

events even contributed volume to the dunes in some cases.

This variability is largely attributed to differences in wind

and wave dynamics, but given limited data availability

within the region, such direct comparisons could not be

made.

Introduction

Increased emphasis is being placed on utilizing natural and

nature-based features (NNBF) as a means for improving flood-

risk protection both in coastal and inland environments. Beach

dunes are a primary example of one such feature that can provide

protection from coastal flooding (Borsje et al., 2011). Coastal

dunes have a storied history in their importance to the coast both

ecologically, and from a flood-risk perspective. By acting as a

physical barrier, dunes provide protection from inundation and

wave action (Hanley et al., 2014). As the frequency and intensity

of tropical storm events continue to increase, utilizing these

natural features advantageously is critical.

One such area of specific need for coastal resiliency is the

United States Gulf Coast. The Gulf Coast has a history of being

subject to severe storm events. From 2010 to 2020, the Gulf Coast

from the southernmost point of Texas through the Florida Keys,

experienced roughly 30 tropical events, a third of which occurred in

2020 (NOAA, 2022). Of these storms, 2 made direct landfall on the

Mississippi coastline, while others, though not direct hits, caused

storm surge and large waves in the area. Tropical Storm Cristobal,

which made landfall in Louisiana June 7th of 2020, contributed as

much as 1.88 m of storm surge to some Louisiana locations. In

Mississippi, a peak water level of 1.74 m MHHW was recorded at

Bay Waveland Yacht Club (Berg, 2021).

Harrison County, Mississippi, is located along theMississippi

coast, with undeveloped barrier islands (Gulf Islands National

Seashore) > 10 km offshore of the populated mainland coast. The

focus of this study is the populated mainland coast, stretching

along the Mississippi Sound. The Mississippi Sound is a

protected, shallow (1–3 m deep) estuary between the mainland

and the barrier islands (Blumberg et al., 2001; Byrnes et al., 2013).

The wave climate on the outer barrier islands is low-energy, with

modeled wave transformations indicating breaking wave heights

less than 0.6 m, leaving the Mississippi Sound behind these

islands exposed to very minimal wave energy (Cipriani & Stone,

2001). Under these conditions, Harrison County mainland

coastline, along with the rest of the mainland Mississippi

coast, is naturally a muddy, shallow-sloped coastline, fringed

by marsh. This is evidenced by the few remaining unaltered

sections of coast (e.g., the Hancock County Marsh Coastal

Preserve, and the Grand Bay National Estuarine Research

Reserve, Figure 1).

In the 1920s, a seawall was constructed along the Hancock

and Harrison County mainland shoreline (Schmid, 2002) and

beach sand was placed sound-ward of the seawall beginning in

1967 (Hancock County Historical Society, 2022). As the wave

energy is too low to naturally produce sandy beaches along the

mainland MS coast, the only sand source is nourishment, and

sand loss occurs via hydrodynamic processes during erosive

events and via aeolian transport as material is blown further

landward. Samples taken from the berm in November

2020 showed a D50 of 0.61–0.67 mm (coarse sand), with the

finer fraction likely being blown on to the dunes or lost on to the

road that lies landward of the seawall. Thus, the area must be

periodically re-nourished to maintain beach width.

Tropical cyclones frequently impact the Mississippi Coast, with

an average return period of 11 years for all hurricanes and 26 years

for major hurricanes within 50 nautical miles of the Mississippi

coast (NOAA, 2020). In the past five hurricane seasons

(2016–2021), five named storms have impacted within this

radius, far exceeding the average return period (NOAA, 2022).

Several major Hurricanes have heavily damaged the beaches and

seawall of Hancock and Harrison Counties in recorded history,

including Hurricane Camille in 1969 and most recently Hurricane

Katrina in 2005. Following Katrina, the beach was re-nourished

along Hancock and Harrison Counties and dune features were

created and planted with dune grasses as part of the Mississippi

Coastal Improvements Program (MsCIP), with the goal of

providing enhanced protection from storm events as well as

additional habitat for shore and migratory birds.

Bryant D. B. et al., 2019 demonstrated in a laboratory

experiment the role of vegetation in dune response to wave

attack. It was reported that vegetation, including both below and

aboveground biomass contributes significantly to reducing

sediment loss under extreme events. Within the same works,

it is also noted that innovating dune construction methods by

incorporating biomass material within the construction phase

may improve dune stability under extreme events. This has

further been evaluated by follow-on laboratory studies which

demonstrated that increased below-ground biomass can

contribute greatly to sediment retention of a dune under wave

attack (Bryant D. et al., 2019). The results of these works suggest

that periodic incorporation of natural biomass material into dune

systems may increase their sediment retention ability.

Like many coastal regions, the Harrison County coastline

experiences frequent accumulation of vegetative detritus,

composed typically of sea or marsh grasses, commonly

referred to as “wrack” (Figure 2A). Wrack is any organic

material that is deposited on the beach along the swash line.

It is typically composed of macroscopic algae, seagrass,

driftwood, and marsh grasses (Hemminga and Nieuwenhuize,
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1990; Dugan and Hubbard, 2010; Sigren et al., 2015). This

material can trap windblown sand on its own, but often also

contains the seeds and live rhizomes of dune vegetation species,

enabling the growth and initiation of the bio-geomorphic

interaction that forms dunes (Godfrey, 1977). In regions

which experience excessive of wrack accumulation, beach

raking or grooming is often used to remove the material

(Provost et al., 2022). The purpose, most commonly, being to

maintain clean, safe beaches for recreation. However, the

availability of this material locally offers a unique source of

biomass material that can be used to encourage natural dune

growth. Dugan & Hubbard, 2010 as well as Hemminga and

Nieuwenhuize, 1990 emphasize the importance of wrack to both

sediment trapping as well as dune formation. Experimental

studies performed by the University of Florida, demonstrated

the use of surrogate wrack to improve both sediment

accumulation and plant growth (Hooton et al., 2020).

Ecological benefits of wrack material have been well

documented as well, with several studies citing its

importance to water quality, the coastal food chain, and

species richness and abundance to organisms such as

shorebirds and macrofauna (Harrison and Mann, 1975;

Duggins et al., 1989; Dugan, 1999; Elias et al., 2000;

Dugan et al., 2003; Orr et al., 2005; Heerhartz et al.,

2016). Further summarization of both ecological and

geomorphological impacts of wrack is reviewed in Provost

et al., 2022.

Harrison County, MS receives frequent wrack deposition along

the beach. This stretch of coast provides an ideal site to test

alternative wrack management strategies and the usefulness of

wrack for dune improvements along the constructed and

managed dune system that stretches the length of the county.

This study investigates the response of periodic wrack placements

on a test segment of the constructed dunes and evaluated the change

in response relative to extreme storm events and recovery periods.

Local biomass material, consisting primarily of aquatic and marsh

vegetation was collected from the wrack line (high-water line) of the

beach, and placed at the dune toe to promote aeolian deposition and

encourage natural dune growth. Terrestrial lidar surveys conducted

quarterly were used to evaluate dune stability following tropical

events, as well as dune recovery during periods of fair weather. At the

time of this publication, the area was monitored for a total of

19 months, with the initial survey beginning in June of 2020.

Materials and methods

To evaluate the effectiveness of utilizing beach wrack to enhance

dune stability, a field study was implemented in Pass Christian,

Mississippi (Figure 1). A 550 m section of beach, near Henderson

Point Beach, was selected as the study location through collaboration

with the county Sand Authority. This project site encompassed

the beach starting at coordinates 89.27853W, 30.30473N and

ending at coordinates 89.27303W, 30.30579 N. The study site

FIGURE 1
(Top): Study area polygon, broken down by geomorphologic region (ramp, dune, berm) and zone, with transect locations shown in yellow.
(Bottom): Satellite image showing the location of study area as a yellow star. The NOAAwater level station is indicated by the blue triangle. A indicates
Hancock County Marsh Coastal Preserve and B indicates Grand Bay National Estuarine Research Reserve. The small inset map shows the location of
this region relative to the United States.
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was divided into three zones, each 183 m, with Zone 1 as the

control, Zone 2 being left un-groomed, and Zone 3 both un-

groomed and treated with wrack material (Figure 1). In

addition to the study zones, each zone was further broken

down into key geomorphological areas to allow changes to be

observed separately in each sub-zone. These areas include the

berm, the dune, and the ramp (the area between the dune and

the seawall). The ramp area is often the site of aeolian ramp

built up against the seawall (Figure 1), whose height is roughly

3 meters along this section of beach. Monitoring of the study

location began in June of 2020 and is ongoing as of the

publication of this paper. Monitoring of the study location

began in June of 2020 and the final survey was conducted in

2022.

Field methods

Grooming practices
Beach grooming (or raking) is the processes of using

mechanical equipment to remove debris from the beach.

Grooming practices regularly performed by the county Sand

Authority include using tractors to rake the beach between the

water line and the dune toes. The beach is also raked between

dune segments and behind the dunes up to the seawall. Beach

grooming in the area occurs in order to keep the beach safe and

accessible for beach-goers by clearing any trash that is deposited

or debris that may wash ashore in addition to wrack (Figure 2).

The frequency of grooming is typically associated with the

frequency of wrack or debris deposition, which is variable by

storm and most regularly seen during hurricane season

(Figure 2A).

Zone 1, which begins at coordinates 89.27853W, 30.30473N

and ends at coordinates 89.27663W, 30.30509 N, was designated

as the “Status-Quo” (i.e., existing state) control zone. In this

section of beach, the standard beach grooming practices were

allowed to continue. As such, the tractors are used to rake

between the water line and the dune toe, between dune

segments, and behind the dune (Figure 2B).

In Zones 2 and 3, grooming is limited to the berm only, and

the rakes are not allowed to come into contact with the dune toe.

Grooming is continued on the berm in these zones, as the county

FIGURE 2
(A)Wrack observed at the field site on 12 June 2020. This large amount ofmarsh grass and other organic material was deposited during Tropical
StormCristobal. (B) Beach grooming in progress at the field site, with visible rake lines and equipment. Photo taken September 1, 2020. (C)Gathering
wrack from the berm for placement. (D) Wrack on the dune toe post-placement with sand gathering visibly on the seaward side.
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wishes to keep that portion clear of debris for beach-goers. Zone

2, beginning at the end of Zone 1 and ending at coordinates

89.27476 W, 30.30545 N, is considered the “No-Rake” zone. The

area directly in front of, in-between, and behind the dunes will be

left undisturbed. Zone 3 begins at the end of Zone 2 and ends at

coordinates 89.27303, 30.30579 N. This zone was designated as

the no-rake and treatment zone. In this zone, the dunes will again

be left undisturbed and wrack material that is deposited will be

placed at the dune toe. Signage was posted at the start and ends of

each zone to indicate to raking crews the areas to avoid.

Wrack placement
In Zone 3, wrack material was collected and placed along

the dune toe (Figures 2C). Wrack typically deposits on the

seaward edge of the beach berm, and the goal was to move this

material directly to the dune toe to enhance sand trapping and

reduce problematic sand loss from the beach (Figures 2D, 3).

Prior to beach grooming, conducted by the local sand beach

authority, wrack material available at the wrack line on the

berm was collected and cleared of non-organic debris and trash.

The material was raked and gathered in 5-gallon buckets by

hand, then transferred directly to the dune toe. Alongshore

concentration of wrack placed on the toe was kept

approximately the same as that originally deposited

(i.e., wrack was moved from the wrack line directly to the

toe without adding additional material per length of shoreline).

The volume of wrack placed was tracked utilizing the 5-gallon

buckets (0.023 m3 each) (Figure 2C). Placement dates and

volumes are recorded for comparison with storm events and

survey times (Figure 4). In addition to wrack placements, the

timeline also presents the dates of terrestrial lidar surveys, as

well as storms which occurred during the study periods. Wrack

placements were performed pending local site conditions and

material availability.

Data collection

The data collection for this effort was supported by the US

Army Corps of Engineers Coastal and Hydraulics Lab Field Data

Collection and Analysis Branch (FDCAB) and the University of

Southern Mississippi’s Gulf Coast Geospatial Center (GCGC).

Survey methods
Beach and dune monitoring surveys using terrestrial Light

Detection and Ranging (LiDAR) were conducted quarterly by the

GCGC from October 2020 to January 2022 (Table 1), with the

preliminary survey performed in June of 2020 by the FDCAB. A

total of eight surveys were completed during this time, each

collecting high-resolution LiDAR elevations across the entire

study area. To ensure maximum precision and accuracy as well as

FIGURE 3
Diagram displaying typical wrack deposition location, and the
placement location on a dune and expected behavior.

FIGURE 4
Project timeline depicting terrestrial lidar survey (TLS) dates, named storm events, and wrack treatments with the placed volumed.
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consistency among surveys, a control mark was established

using a semi-permanently installed marker centrally located

within the study site along the seawall (seawall face). An

integrated approach of Global Navigation Satellite System

(GNSS)/Total station surveying was used to establish

LiDAR scan stations approximately 50 m apart along the

seawall face and between the shoreline and dunes. A Trimble

SX10 Scanning Total Station and 360 Prism were used for

Electronic Distance Measurements (EDM), and a Trimble

R10 was used for GNSS measurements (Trimble Inc., 2016).

A single resection total station setup was performed using two

GNSS measurements to establish the initial point of beginning

TABLE 1 Survey dates, including beginning and end date for each full survey, and associated precisions/accuracies.

Dates Resection horizontal precision
(m)

Resection vertical precision
(m)

Vertical distance of return from
nearest measured benchmark
height (m)

µ σ ΔMax ΔMin

06/18/20a - - - - - -

10/06/20–10/07/20 0.005 0.008 -0.028 0.009 0.041 0.01

10/12/20–10/14/20 0.005 0.008 -0.012 0.016 -0.056 0

11/09/20–11/11/20 0.005 0.008 -0.021 0.011 -0.045 -0.004

02/22/21–02/24/21 0.005 0.012 0.003 0.019 0.053 0

05/24/21–05/26/21 0.007 0.012 -0.004 0.008 0.02 0.001

08/16/21–08/17/21 0.005 0.011 -0.0019 0.003 0.023 0.01

12/06/21–12/07/21 0.015 0.008 0.001 0.008 0.019 0.001

01/26/22–01/27/22 0.005 0.008 0.002 0.007 0.019 0

aTaken by FDCAB.

TABLE 2 Total Volume Change (m3) in each geomorphological division and zone by survey date comparison. For each set of dates, the values are
calculated by subtracting the temporally first date from the second so that positive values represent accretion, and negative represent erosion.
The last row shows total volume change from first to last survey.

Berm Dune Ramp

Zone
1

Zone
2

Zone
3

Zone
1

Zone
2

Zone
3

Zone
1

Zone
2

Zone
3

Jun ‘20 to Oct ‘20 -895.09 -908.86 -668.29 -263.48 -122.46 46.42 -87.33 -65.33 -76.92

Marco, Laura, Sally,
Delta

Oct ‘20 to Nov ‘20 233.55 358.2 418.55 -122.79 -260.69 -521.43 -19.67 -5.88 -1.83

Zeta

Nov ‘20 to Feb ‘21 46.85 39.29 -72.15 77.40 111.58 73.28 19.80 22.50 20.12

Feb ‘21 to May ‘21 -282.61 -450.93 -324.09 -205.49 -147.26 0.68 -16.96 -65.95 -41.65

Thunderstorms

May ‘21 to Aug ‘21 128.63 179.75 254.85 11.4 106.73 171.63 4.7 14.63 27.07

TS Claudette, TS
Fred

Aug ‘21 to Dec ‘21 330.07 162.73 272.15 -456.65 -584.5 -704.5 90.69 254.14 238.3

Ida

Dec ‘21 to Jan ‘22 53.95 104.42 108.58 1.47 23.07 41.62 5.46 1.24 9.97

Jun ‘20 to Jan ‘22 -372.99 -348.59 -56.97 -958.53 -873.43 -892.5 -67.17 30.13 61.68

Total Change
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(POB) located at the site’s established control mark for each

monitoring survey. GNSS positions for the two resection

measurements were corrected real time to ±2 cm horizontal

and vertical precision using the University of Southern

Mississippi Gulf Coast Geospatial Center Real Time

Network (University of Southern Mississippi Gulf Coast

Geospatial Center, 2022). All positions referenced the

North American Datum 1983 (2011) and NAVD83. LiDAR

scan stations were subsequently established along each survey

face using EDM total station leveling. LiDAR scans were then

collected to create a seamless point cloud of the study site for

each complete survey.

Post processing
Post-processing of the scan data was completed in

Trimble Business Center. All scan station setup positions

were quality checked and accuracy assessments were

performed on LiDAR point clouds. The vertical distance of

twenty individual returns along the top of the seawall from

two permanently encased benchmarks were measured to

assess vertical error, with the ten closest returns to each

benchmark assessed. The surface of the seawall was

assumed to be of constant height surrounding each

benchmark. Point clouds were colorized using panoramic

photos obtained by the SX10 at time of each scan. Noise was

removed and the point clouds were classified using Trimble

Business Center’s automated classification algorithm, with

classes coded in accordance with American Society for

Photogrammetry and Remote Sensing (ASPRS) Standard

LiDAR Point Classes (Point Data Record Format 6–10)

specified by LAS Format Version 1.4 (ASPRS - American

Society for Photogrammetry & Remote Sensing, 2019). The

classified point cloud was quality checked and adjusted using

field panoramas. Classes included Ground, Low Vegetation,

User Defined: Signage, Benches, Fencing, and Garbage Cans,

and Debris. Positional accuracy of the final point cloud was

validated based on two topographic control points measured

at the permanent benchmarks along the seawall (Table 2).

Finalized point clouds were exported in LAS v1.4 and

projected to UTM Zone 16N in ArcGIS Pro.

Digital Elevation Models (DEMs) were created in

ArcGIS Pro from the ground class of the post-processed

point cloud at 0.2-m resolution using the mean of the

ground values in each cell. Data voids were filled using a

natural neighbor method. All finalized DEMs are referenced

to NAVD88.

FIGURE 5
Water Level, wind speed, and wind direction time series from June 2020 to February 2022. Red dotted lines indicate storm events within
recorded timeframe. NOAA Station 8747437 at the Bay Waveland Yacht Club, Bay St. Louis, MS, 30.325N, 89.325 W.
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Analysis methods

Each main zone (1–3) is divided into three polygons

representing the major morphological sections in the cross

shore, as previously mentioned (Figure 1). Elevation change

is calculated by subtracting one DEM from another to

produce an elevation change raster with the same cell

size as the original DEMs. Positive changes are associated

with accretion, whilst negative change is associated with

erosion. Elevation changes within each polygon are

summed to find the net volume change between the two

survey dates. Two cross-shore profile transects from each

zone are used to observe profile changes over the course of

the study (Figure 1). In each zone, a profile crosses the

center of a dune segment (Figure 1, red transect line), and

the center of a gap between dune segments (Figure 1, yellow

transect line). All elevation and elevation change values are

represented in meters, and volumes are in meters cubed.

Volumetric and profile analyses and their visualizations

were conducted in ESRI ArcGIS Pro and Python in

ArcGIS Pro.

Results

The influence of the wrack treatment and changes in beach

grooming practices were evaluated by calculating volume

changes in the berm, dune, and ramp of each zone as well as

comparing profile shape and elevation changes between surveys.

These results were considered relative to storm events and fair-

weather periods between June 2020 and January 2022 (first and

last survey dates).

FIGURE 6
Probability density functions displaying the cumulative elevation change density over the entire study period in meters within the berm, dune,
and ramp regions for each zone. The probability density functions show the shape of the frequency histogram for each dataset. Mode values are
indicated by the vertical lines, and mean values are included on each plot. Arrows A: highlight a secondary mode in erosion. Arrow B: highlights a
secondary mode in deposition. Arrow C: highlights skewness into deposition from the main mode.
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Water levels and winds

Nine named tropical cyclones and one notable thunderstorm

system passed close enough to impact the site during the study period

(Figure 4). The project site is located in a region protected by barrier

islands. As such, hydrodynamics in this region varies from those in

the open Gulf. To better understand local storm impacts, NOAA

wind and water level data from a nearby station located slightly inside

the mouth of the St. Louis Bay estuary (Figure 1, triangle) was used to

observe changes during storm events impacting the survey area.

Given the limited availability of station locations within the region

protected by the barrier island, this station was selected for

comparison though it is further inland than desirable. From this

station, water level, wind speed and wind direction time series were

developed for the length of the study (Figure 5). The NOAA station

did not report wind data betweenAugust andmid-December of 2020,

which excludes most of the 2020 hurricane season when some of the

strongest storms impacted. Water level data was available for the

entire study period, however, and provides some comparison between

relative severity of all the events that impacted the area during this

time (Figure 5, top).

Water level spikes appear during the passage of the tropical

cyclones and the severe thunderstorms, with a peak water level of

2.64 m occurring during Hurricane Zeta’s impact. The National

Weather Service of New Orleans reported maximum wind gust

speeds in the nearby city of Gulfport at 45 m/s. As demonstrated

by the time-series, winds in the region are highly variablewith no clear

dominant direction, though densities of the scatter show that wind

directions from between 90 and 180° (i.e., from the southeast, on-

shore) may occur more frequently. Sustained wind speeds generally

ranged between 0 and 10m per second throughout the study period,

but were occasionally exceeded, typically during weather-events such

as the thunderstorm event, Tropical Storm Claudette, Tropical Storm

Fred, and Hurricane Ida, with a maximum sustained wind speed

during Hurricane Ida over 20 m/s. To further understand the

variability of the wind data, the wind directions were sorted

relative to the Beaufort Wind Scale (World Meteorological

Organization and Commission for Maritime Meteorology, 1970)

The Beaufort Wind Scale empirically classifies wind intensity

based on condition observations. Using the range of wind speeds

identified by the Beaufort Wind Scale, the time series data wind data

was sorted into bins for each wind speed category to determine if

dominatewind directionswere associatedwithwind speed. From this,

it was noted that in “calm” to “light breeze” conditions, i.e. wind

speeds less than 3.1 m/s, wind direction varied greatly. However, in

stronger wind conditions, with speeds greater than 3.1 m/s, a

dominant direction from the southeast was evident, which is

indicative of tropical events from the Gulf of Mexico being the

most frequent source of elevated wind speeds.

Total LiDAR-Derived elevation change

All elevation change observations, including change values

for each cell between each pair of surveys, are examined as

distributions for each zone and geomorphological division

FIGURE 7
A (top): Elevation raster from the survey taken at the beginning of the study period. The survey was performed by the US Army Corps of
Engineers Engineer Research and Development Center Field Data Collection and Analysis Branch, 18 June 2020. B (bottom): Elevation change
between the initial survey on 18 June 2020 and final survey 26 Jan 2022. Positive values indicate accretion. All units in meters, NAVD88.
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(Figure 6). A Mann-Whitney test compared all elevation change

observations from Zones 2 and 3 (n = 1.82 million and n =

1.73 million respectively) individually with Zone 1 (n =

1.79 million). The null hypothesis that the elevation change

distribution observed in Zones 2 and 3 is statistically the same

as that of Zone 1 was rejected with 95% confidence in both cases,

meaning that there is no evidence that the elevation changes

observed in Zones 2 and 3 are statistically the same as those in

Zone 1.

When broken into individual geomorphic zones, the elevation

change mode values are consistently above zero in zones 2 and 3,

with both slightly higher than that of zone 1 in the dune and the

ramp. In the dune, the distributions are dominated by a singlemode,

with lower occurrence of erosion or deposition above 0.1 m

compared with the berm and ramp. Within the dune, zones 2

and 3 show slightly positive modes, whereas zone 1 showed ~ 0

elevation change over the study period. Berm and ramp elevation

change frequencies are also dominated by a single mode,but show

small secondary modes in erosion and deposition. Zone 3 shows the

smallest erosion signal in the berm and ramp (Figure 6, arrows A).

Zone 3 also shows a higher frequency of deposition in the ramp at

~0.5m (Figure 6, arrowC).Within the berm, zone 2 shows a peak in

erosion and zones 2 and 3 both peak in deposition (Figure 6,

arrow B).

Overall, the elevation change density distributions are

dominated by peaks near zero elevation change or slightly above

zero, indicating that the most cells experienced a net-zero or slightly

net positive change over the entire study period. In the berm and

dune, the mean values are slightly negative, indicating a negative

skew. Only the ramp of zones 2 and 3 show slight positive means.

The approximately zero dominantmode on all of these datasets does

not reflect on the overall volume change, as lower frequencies in the

larger deposition or erosion values can outweigh the mode value.

LiDAR-derived volume change

From the terrestrial lidar data, volumetric calculations

between zones and their individual geomorphological areas

(berm, dune, and ramp), Figure 1 were performed to quantify

how sediment accretion and erosion varied between zones

throughout the study period (Table 2). Elevation change

rasters were created, and volume change was calculated from

these between each survey, as well as between the first and last

survey of the study period to find the total change (Figure 7;

Table 2). Total volumetric change over the study period shows

net erosion in the dune in all three zones, with themost occurring

in Zone 1 (~960 m3) and the least erosion occurring in Zone 2

(~870 m3), the un-groomed and untreated zone (Figure 7,

bottom). In the berm region, again net erosion occurred in all

zones, with the greatest volume loss observed in Zone 1

(~370 m3), and the smallest volume loss in Zone 3 (~60 m3).

In the ramp region, erosion occurred in Zone 1 (~70 m3),

however accretion occurred on the ramp in Zones 2 and 3,

with a maximum volume gain of ~60 m3 in Zone 3 (Figure 8).

A number of the survey comparisons captured storm events

and offer unique insight into the grooming reduction and wrack

treatments’ potential ability to improve resiliency of the dune

(Table 2). To account for variable periods of time between

surveys, data is examined as net volume change but also

volume change rate (Figure 8). The first survey comparison,

between 18 June 2020 and 12 October 2020 captured the impacts

of Hurricanes Marco, Laura, Sally, and Delta. Within these dates,

all zones saw net erosion, and regions, with the exception of the

Zone 3 dune, eroded (Figure 8, Table 2). During this period, in

the berm, the smallest volume loss was observed in Zone 3

(~668 m3). In the dune region, accretion occurred in Zone 3

(~46 m3), and erosion occurred in Zones 1 and 2 however less

erosion occurred in the ungroomed zone, Zone 2 (~263 m3 and

~122 m3). In the ramp region, erosion was seen in all zones, with

the least erosion occurring in Zone 2 (~65 m3).

Hurricane Zeta impacted the coast between the following

two surveys, October 12th and November 9th of 2020.

Hurricane Zeta brought the largest increase in water level

(2.64 m) observed during the study period (Figure 5). During

this time, accretion was seen in all zones in the berm region,

with the greatest volume increase in Zone 3 (~420 m3). This

berm accretion was significant enough to lead to net volume

increase during this period in Zones 1 and 2 (Figure 8,

Table 2). Sediment loss, however, occurred in all zones of

the dune region, with the most loss occurring in Zone 3 (loss

of ~520 m3), leading to a net loss in this zone overall. In the

ramp region, erosion occurred in all zones as well, but

sediment loss was minimal, ranging from ~20 m3 to ~2 m3.

FIGURE 8
Total time-averaged volume change in each zone (Berm,
dune, and ramp combined). The data point is plotted at the time of
the second survey.

Frontiers in Built Environment frontiersin.org10

Provost et al. 10.3389/fbuil.2022.907608

255

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2022.907608


Severe thunderstorms impacted the study area between the

February and May surveys of 2021. These caused erosion in

nearly all sections of all zones, with the maximum erosion

occurring in the Zone 2 Berm (~450 m3). Despite large

volume loss in the dunes of Zone 1 and 2 (~200 m3 and

150 m3 respectively), the Zone 3 dune neither gained or lost

significant volume (slight gain of 0.7 m3).

Between the May and August surveys of 2021, Tropical

Storms Claudette and Fred impacted, but no zones were

eroded during this time. All zones experienced volume

increases, with Zone 3 seeing the largest net volume increase

observed during the study (Figure 8, Table 2). Volume gain was

observed across all geomorphic areas, with a maximum gain in

the berm, with Zone 3 gaining 250 m3. The smallest volume gain

for each geomorphological area was consistently observed in

Zone 1, and the largest volume gain observed in Zone 3. In the

dune, for example, Zone 3 gained fifteen times more sediment

than Zone 1.

Hurricane Ida brought the second largest surge and second

highest wind speeds to the area during the study period. This

impact was captured between the August and December surveys

of 2021, with all zones losing volume (Figure 8, Table 2). The

greatest volume loss observed was in the dune of Zone

3 with >700 m3 eroded, and the greatest dune volume loss

observed throughout all individual survey differences. In

contrast to this dune erosion, the berm and ramp both saw

accretion in all zones.

Two periods between surveys did not receive a notable event;

November 2020 to February 2021, and December 2021 to

January 2022. These fair weather periods should allow time

for the beach and dunes to naturally accrete sediment, via

wave delivery to the beach and aeolian transport into the

dunes. During the first period, between 9 November 2020 and

22 February 2021, minor deposition occurred across most areas,

with a maximum gain of ~100 m3 in the Zone 2 dune. This is the

largest dune volume gain observed in the study. ~70 m3 of

FIGURE 9
Elevation profiles at select transect locations (see Figure 2) showing changes in a dune and gap location in each zone. Seaward is to the right in
all figures. Notable changes are highlighted in the figure with arrows.
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sediment was lost from the Zone 3 berm, while minimal gains

were observed in the other berm zones.

During the second recovery period, between 6 December

2021 and 26 January 2022, all regions within all zones saw

accretion. Within both the dune and ramp region, Zone 3 saw

the largest accretion. The largest volume gains within each zone

was observed in the berm, with the largest in Zone 3 with a

~100 m3 increase. Moderate volume increases in the dune and

ramp were observed, with most below 10 m3, but Zones 2 and

3 gained ~20 and ~40 m3 respectively in the dune.

LiDAR-derived cross-shore profiles

Elevation profiles are plotted for select dune and dune “gap”

(spaces between dune segments) transects (Figure 9). These

comparisons provide context for the volume change results,

with morphological changes resulting from dune erosion or

accretion appearing clearly in the profile change.

Over the study period, the Zone 1 dune profile lost significant

elevation in the dune itself, and the dune toe retreated

significantly (Figure 9, Zone 1 dune profile arrow). There is

slight erosion at the toe of the dune between June 2020 and

October 2020, followed by significant erosion of the dune face

during Hurricane Zeta as evident by the November 2020 survey.

There is little change between November 2020 at the dune face

during the passage of Tropical Storms Claudette and Fred in the

summer of 2021. The dune along this transect is then nearly

completely flattened by December 2021, during the time slice

encompassing the Hurricane Ida impact. Though a number of

months passed between Ida’s impact and the following survey, no

other significant erosional events occurred during this window.

Site visits to the area confirmed that the significant erosion

observed during this time was caused by Hurricane Ida. As

such, the majority of change which occurred during that time

is attributed to that event.

The dune profile in Zone 3 shows a different response

from that of Zone 1. Zone 3 received wrack placements to the

toe, and raking was limited. The dune maintains elevation

over the course of the study, and the dune toe remains

relatively stationary in contrast with the significant retreat

observed in Zone 1. Some seaward dune expansion is

observed, which does not occur during any periods in the

Zone 2 or Zone 1 dune profiles (Figure 9, Zone 3 dune profile,

black arrow). There is elevation loss in the dune crest during

the October to November 2020 period, encompassing

Hurricane Zeta’s impact, as well as the August to

December 2021 period, including Hurricane Ida. The dune

crest (the highest point on the dune) and the dune heel (the

landward edge of the dune) move landward with each of these

events.

In the Zone 2 where wrack was not placed, but raking

was limited, the dune did not retain as much elevation as

Zone 3, however, it retained more than its raked

counterpart. Clear elevation changes in the dune face are

still limited to October to November 2020 and August to

December 2021; Hurricane Zeta and Hurricane Ida. Similar

to Zone 3, the dune toe remains stable through Hurricane

Zeta’s passage, however, the toe does retreat significantly,

and the dune appears to be completely flattened by

December 2021, after Hurricane Ida.

Alternatively, transects taken between the dune

segments, or “gaps” were compared. In all zones there are

noticeable changes in elevation over time near the landward

limit of the profiles. The initial profiles in all zones (June

2020) show a similar feature, highlighted by black arrows. By

the end of the study, the gap profiles all approach a flat slope.

This flattening occurred most rapidly in Zone 1, whereas in

Zone 2 elevation was maintained until November of 2020. In

Zone 3 however, much more of the elevation remained until

May of 2020. Within Zone 3 as well, as indicated by the left-

most gray arrow, the profile regained some volume, shown by

the slight change between the pink line representing the

October 2020 survey, versus the yellow and black lines,

from the November 2020 and February 2021 surveys. The

right-most gray arrow indicates a slight elevation increase on

the seaward side of the gap. Overall, from the transect profiles

provided, the starkest difference in elevation change was seen

in Zone 1.

Discussion

Results presented in this manuscript demonstrate

morphological changes to the beach over a duration of

approximately 19 months. Notable results can be summarized

by the following:

• A net volume increase over the entire study period was

only observed in the ramp of Zones 2 and 3. Although

volume was lost from the dunes in all zones, the greatest

net volume loss was observed in the dune of Zone 1.

• Major events that brought the highest surges, Hurricane

Zeta and Hurricane Ida, contributed to large volume loss

across all zones, but the Zone 3 dune remained intact,

and the dune toe remained stable throughout the entire

study period. In contrast, both the Zone 1 and Zone

2 dune was completely flattened after Hurricane Ida

(Figure 9).

• Through the unprecedented 2020 hurricane season, all

storms caused notable volume changes, but not all

storms caused net erosion. The response is complicated,

suggesting that some events even lead to significant net

deposition, particularly on the berm. The relatively minor

events even contributed volume to the dunes in some cases

(Table 2).
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Dune resiliency is imperative for coastal infrastructure

protection as well as the preservation of ecological benefits of

a healthy beach and dune system (Hemminga &

Nieuwenhuize, 1990; Dugan, 1999; Dugan & Hubbard,

2010). This manuscript provides an overview of

preliminary monitoring results from the trial of alternative

management strategies on a constructed beach and dune

system. Results suggest that a reduction in beach

grooming, and the incorporation of natural wrack material

into the dune system can encourage natural resilience even in

the face of major hurricane impacts and may reduce sand

volume loss in the long term.

Although the net change over the full study period is

erosive in most areas, and modal elevation change

observations always hover around 0 (Table 2; Figure 6),

Zones 2 and 3 separate themselves from Zone 1 on the

deposition side of the distribution, especially in the Berm

and the Ramp. Volume change and profile data from

individual storm and fair-weather periods throughout the

study also come together to clearly illustrate the impact of

the reduced grooming practices in Zones 2 and 3, and possible

impacts of wrack placement. Considering volume changes

alone, Zones 2 and 3 consistently fared better than Zone

1 during the relatively minor tropical events, including

Hurricanes Marco, Laura, Sally, and Delta as well as

Tropical Storms Claudette and Fred.

The larger impacts, from Hurricanes Zeta and Ida,

brought a much larger surge. Hurricane Zeta was the first

event of the season, and likely the first event in many years,

that completely overtopped all the dune crests. The highest

dunes in the study area before Zeta were in Zone 3 at ~3 m

NAVD 88, the seawall height in the area is ~3 m NAVD88

and the surge during Zeta reached 2.6 m. This surge with

additional waves on top easily eroded the dune crests across

the study site, whereas previous events were only able to

scarp these highest dunes (e.g., Tropical Storm Cristobal).

Dunes in Zones 2 and 3 were eroded down to a similar

elevation with those in Zone 1 during Zeta (Figure 9). Zone

3 dunes were able to maintain dune crest elevation even

through hurricane Ida, which mostly flattened the dunes of

Zone 1 and 2 (Figure 9). Although these large events led to

more dune volume loss in the zones with reduced raking,

these dunes were initially much higher so had more volume

to lose and maintained some dune-crest elevation and a

relatively stationary dune toe, while the continually raked

dunes were flattened and de-stabilized.

Overall, Zone 3 dunes were also able to maintain and

transfer some of their volume landward, while raking in Zone

1 likely re-distributed this material after one grooming. This

pattern of distributing volume landward is also evident in the

elevation differences provided by Figure 7. Like the cross-

shore profiles, the LiDAR image representing elevation

change demonstrates a reduction in elevation at the dunes,

with an elevation gain immediately behind the dune

segments, suggesting an overall migration of the material

inland.

The stability of the Zone 3 dune during both Zeta and Ida

suggests that not only the reduction in raking, but the

addition of wrack material had an impact. Both un-raked

zones maintained a stationary dune toe during Hurricane

Zeta, but only Zone 3 (un-raked and with added wrack)

maintained a stationary dune toe during Ida as well. The

added wrack material on the toe even led to slight dune toe

progradation/accretion in Zone 3 during the fair-weather

period following Zeta (Figure 9). The wrack material was

observed to begin trapping sand shortly after placement both

on the dune toe, and in the gaps between dunes. The gaps

between dune segments focus the wave and surge energy

during high water events, leading to lobate wash over fan

deposition. These fans show up as the broad rounded features

visible in the profiles. Accretion on the placed wrack-line is

visible in the gap transect for Zone 3, and this added material

likely led to the greater stability of the fan feature in Zone 3

(Figure 9, Zone 3 gap Profile, gray arrow). However, though

the wrack placements are evident in the transect profiles, it is

critical to note that overall accretional changes within Zone

3 could also be due to the dunes in Zone 3 having been more

established dune systems at the inception of the study, thus

existing vegetation and biomass within the system may play a

larger role it its ability to trap sediment.

With increased dune toe stability, and greater

maintenance of dune crest elevation in the un-raked

zones as well as visible deposition on the placed wrack

line of Zone 3, the benefits of these practices are clear. If

these practices were put in place long term, especially during

years with fewer major hurricane impacts, the benefits

would likely compound, leading to larger and more stable

dunes in areas with reduced raking and added wrack

biomass.

Wind and hydrodynamics

The nearshore environment is incredibly complex with

regard to both hydrodynamic and geomorphologic behavior.

Wind dynamics are critical in evaluating aeolian transport,

however, due to lack of data, several storm events, including

hurricanes Laura, Marco, Sally, Delta and Zeta, could not be

explicitly compared with survey results, and as such

comparisons with those storms were investigated from a

hydrodynamic standpoint. As mentioned previously, the

hydrodynamic data referenced, was recorded at an inland

bay, and as such still does not offer full insight to the site

hydrodynamics such as wave height and direction, at the

project site and only water level alone could be evaluated.

Though greater wind speeds were associated with directions

Frontiers in Built Environment frontiersin.org13

Provost et al. 10.3389/fbuil.2022.907608

258

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2022.907608


from the southeast, day to day winds varied greatly, which

may have contributed to the variability in accretive trends

associated with the recovery periods. Improved wind and

hydrodynamic data availability on this coastline, would be of

great benefit to improving interpretation of both this and

similar monitoring studies, especially considering the

complexities provided by the barrier islands protecting the

region.

Limitations of the zone approach

By dividing the site into zones and geomorphologic

segments, a broader picture of the physical processes

occurring throughout the study duration can be lost. For

example, some survey results demonstrated erosion at the

dune region, even in the treated zone. However, as water

inundated the region, it is anticipated that though erosion is

occurring at the dune, there is a net transport of sediment

onshore. This is evident in the results displayed comparing

profiles before and after Hurricane Ida, between August 16th

of 2021 and December 6th of 2021. As noted in Table 2,

volumetrically, Zone 3 in the dune region saw a loss of

~705 m3 of material, whilst the ramp region is Zone 3, saw

accretion of ~240 m3. Observational data taken during a site

visit following the passage of Ida noted volumes of sand

further along the sea wall and into the roadway area,

suggesting additional material potentially was transported

well beyond the cross-shore measured in the study region.

This pattern of inland transport may contribute to larger

accretive changes occurring directly behind the dune

segments, while the dunes showed erosion across each zone

(Figure 7, bottom).

It is also probable wind and wave direction played a large

role in lateral transport. As previously mentioned, wind and

wave data were limited, however this trend can again be seen

in the comparison of surveys taken before and after

Hurricane Ida between August and December of 2021. In

this case, Zone 3 saw greater volumes of sediment erosion

compared to Zones 1 and 2. This potentially suggests a

transport of material along shore from Zone 3, into Zones

1 and 2. However, as noted previously larger erosion of Zone

3 may also be attributed to a larger starting elevation of the

dunes in that zone.

Following analysis of the terrestrial lidar data, evidence in

the survey collected in January of 2022 suggests that prior to

this survey, raking may have occurred in the no-raking zone

of the study area. This largely may have been due to beach

signage being washed away following Hurricane Ida, thus the

study zones were not as clearly indicated to grooming crews.

No evidence of raking in the no-rake zones were found in the

previous survey results, given the authors were not present

during grooming there is the potential it may have

occasionally occurred, especially if it was a matter of

maintaining beach safety in the region.

Wrack placement and field site limitations

Being a field study, a variety of environmental, as well as

social factors can occur throughout the experiment, impacting

its implementation. As noted in Figure 4, seven wrack

placements occurred throughout the study period, one in

November of 2020, two in early January of 2021, and the

remainder in the summer of 2021. Though the volumes of

wrack placed throughout the study were low relative to

volumes accumulated on the beach, the material that was

placed is notable regarding the alternative methods of

biomass development including dune plantings. In placing

wrack material, though most is dead vegetation, biomass is

incorporated into the dune system instantaneously, whereas

the same level of biomass could take years to establish

through root growth on its own. As noted, total volume

change varied greatly across the study area, however, the

treated zone saw a greater positive volume change in the zone

entirety by the final survey.

Wrack placement was impacted by several factors,

including availability of material as well as beach

accessibility following severe events. As an example,

Hurricane Ida not only brought a significant surge to the

area, resulting in road closures, but damages in surrounding

areas resulted in an influx of people to the area in search of

gasoline and food, ultimately resulting in severe traffic.

Furthermore, though copious amounts of wrack material

often accumulated during severe weather events, not all

material could be placed at the dune. In many cases,

hazardous debris (i.e. scrap material such as wood with

nails) was incorporated in the material and required

removal to maintain safe beach conditions, or the wrack

material was washed inland beyond the seawall and road. As

such, though large amounts of wrack accumulated during

storms, not all material could be placed at the dune toe.

Summary

Sandy coastal environments invoke complex

hydrodynamic and geomorphological processes. This study

serves to document a new nature-based management practice

of placing wrack on existing constructed dunes. Additionally,

reduction in beach grooming around the dunes is considered.

Deposition and erosion patterns varied in a complex way

through storm events and across the study area. Clear

differences emerged in the response of dunes in the zones

with reduced grooming and with added wrack material, both

to storm impacts and the fair-weather periods between them.
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To further understand the response of wrack to dune

resiliency, it is suggested that monitoring data of

treatments be expanded both spatially and temporally.

Incorporating a longer test section of coast, as well as

varying coastal locations, could contribute to understanding

of how wrack placements and reduced grooming affect the

dunes and the beach profile. In addition, longer temporal

datasets may provide additional insight into wrack-

placement-specific benefits, as well as offer more insight

into whether sediment processes are altered primarily by

wrack placements or by the alteration in grooming patterns.
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