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Abstract: Nearshore nourishments are constructed for shoreline protection from waves, to provide
sediment nourishment to the beach profile, and to beneficially use dredged sediment from navigation
channel maintenance. However, it is poorly understood how placement morphology and depth
influence nearshore processes operated on wave-dominated coasts. This study investigates the wave
fields, sediment transport, and morphological response to three common nearshore nourishment
shapes, nearshore berm (elongated bar), undulated nearshore berm, and small discrete mounds,
with numerical experiments utilizing the Coastal Modeling System. The nourishments are placed in
depths between 3 m and 7 m with a volume of approximately 100,000 m3 and between 400 m and
1000 m in alongshore length. Numerical experiments are carried out in three distinct coastal settings
with representative wave climates and geomorphology. Simulation results indicate that shallower,
more continuous berms attenuate the most wave energy, while deeper, more diffuse placements
retain more sediment. Results from this study improve the understanding of nearshore nourishment
shapes and can support decision makers identifying the most appropriate construction technique for
future nearshore nourishment projects.

Keywords: nearshore nourishment; wave dissipation; nearshore sediment transport; coastal hydro-
dynamic modeling

1. Introduction

Sandy beaches are a natural or nature-based feature (NNBF) that serve a crucial
societal, cultural, economic, and environmental role [1] but typically require periodic
maintenance through sand nourishment. Nourishment projects can be on the subaerial
beach or in the nearshore. Nearshore nourishment projects are commonly completed
around the globe. In the United States (U.S.), the U.S. Army Corps of Engineers currently
place more than 7.7 million m3 in the nearshore annually [2]. Nourishments in the U.S. are
constructed in a range of dimensions and conditions, with placement depths ranging from
1.5 m to 26 m, nourishment volumes between 18,000 m3 to 14,300,000 m3, and heights of
0.5 m to 9 m [2]. Projects that place sediment in the nearshore have many names, including
nearshore nourishment, profile nourishment, nearshore placement, littoral placement, or
shoreface nourishment. When the sediment is intentionally placed as an artificial sandbar
or mound, it is called a nearshore berm. Regardless of the name, the projects nourish the
beach profile by placing sediment in the nearshore zone.

Nearshore nourishment projects can be constructed by beneficially using dredged
sediment from navigation channels, and they can be used as a flood risk reduction method.
Goals for these projects often include dissipating wave energy farther from the shoreline,
keeping sediment in the littoral system, and nourishing the beach profile with minimal
environmental impacts. Previous nearshore nourishment research initiatives have focused
on the transport rate and direction of the sediment placed in the nearshore [3–6], and the
morphodynamic response to the placed sediment [7–9]. Different construction methods
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will place sediment differently in the nearshore and thereby create nourishment features
with different geometries. There has been minimal effort applied to understanding how
the geometry of the nearshore nourishment features influence the sediment transport and
nearshore morphological change.

Constructing a linear nearshore berm is a nourishment strategy that has been re-
searched with field studies [10], physical models [11–13], and numerical tools and mod-
els [9,13–22]. Linear berms can be constructed by placing sediment with a hydraulic
pipeline or by bottom dumping hoppers or scows [23]. Undulated nearshore berms, i.e.,
shore parallel berms with sinusoidal variation in berm height, may be used to create
a shoreline response of multiple small cusps to minimize the environmental impact to
beach dwelling species, e.g., filter feeders such as the Emerita talpoida (mole crab) and
Donax variabilis (coquina clam) [24,25]. Many nearshore nourishment projects constructed
with hopper dredges beneficially use dredged navigation channel sediment and place the
sediment in small discrete mounds in a large placement area within the littoral zone [26].
This typically results in an approximately random distribution of individual mounds in
the nearshore. This project investigates how the nearshore nourishment shape, such as
these, and placement depth influence the sediment transport and morphodynamics on
wave-dominated coasts when forced by different wave climates. Other factors contributing
to nearshore circulation, such as wind stress and tides, have been neglected in order to
isolate the dominant processes of wave-driven sediment transport.

In this section, a brief introduction to nearshore nourishments and the current work is
provided with references to the relevant literature. The manuscript is structured as follows.
Section 2 explains the methodology of the study, including the Coastal Modeling System
(CMS), creation of numerical experiments, and the data analysis techniques. Section 3
details the results of the numerical experiments, and an analysis of the simulated data is
presented. Section 4 provides a discussion of the analysis and model results with emphasis
on the practice of nearshore nourishment design. Section 5 summarizes the work with an
itemized list of conclusions.

2. Materials and Methods
2.1. Idealized Scenarios
2.1.1. Regional Study Sites

In order to realistically approximate the conditions of actual nearshore nourishments,
model inputs were derived from historical project sites. These sites, located within three
contrasting coastal regions of the U.S., were selected to represent a range of wave climates
and nearshore geomorphologies. The sites selected were South Padre Island, TX (SP);
Vilano Beach, FL (VB); Ogden Dunes, IN (OD), which represent the Gulf of Mexico, East
Coast, and Great Lakes regions, respectively (see Figure 1). These locations have been the
site of nearshore placements in the past, as well as data collection efforts, which further
facilitated model set up. Bathymetry and wave climate data were required from each
site to create inputs for each model scenario. Overall, OD has less energetic waves and a
steeper offshore profile than the other sites and is situated within a large interior lake (Lake
Michigan); SP has more energetic waves than OD, but it has shorter wave periods than VB
due to wave generation occurring within the Gulf of Mexico; VB has longer period waves
originating within the south Atlantic Ocean and is the most energetic of the three sites.
Additional wave climate details are described in Section 2.1.4 and the reader is referred to
Figlus et al. (2021) [27], Brutsché et al. (2017, 2019) [7,28], and Young et al. (2020) [26] for
more site characterization at SP, VB, and OD, respectively.
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Figure 1. Site locations used in model set up.

2.1.2. Nearshore Profile Morphology

An idealized bathymetry for each site is created by fitting the underlying nearshore
bathymetry to the equilibrium profile defined by Komar and McDougal (1994) as

h = B
(

1 − e−kx
)

, (1)

where h is the depth, B is a parameter, k is the profile’s decay coefficient, and x is the
distance from the shoreline. The slope of the equilibrium profile,

dh
dx

= kBe−kx, (2)

can be used to estimate B. Setting x = 0 m in Equation (2) yields the shoreline slope,
S0 = kB, which was estimated from grain size data [10] and Wave Information Studies
(WIS) [29] wave height using the relationships proposed by McFall (2019) [30]. This
reduces Equation (1) to a single parameter optimization problem, h = S0

k

(
1 − e−kx

)
,

where k was determined by fitting Equation (1) to a set of shore-aligned, shore-normal
bathymetric profiles.

The bathymetric profile data was collected by sampling shore-normal transects of
the National Oceanographic and Atmospheric Administration’s National Centers for
Environmental Information (NCEI) digital terrain models for the study sites. This data
was then aligned so that z = MSL corresponded to x = 0 m. See Figure 2 for the sampled
bathymetry data and resulting equilibrium profiles for each study site. It can be seen that,
while some features of the profile data are not captured by the equilibrium profile, the
general nearshore morphology is well represented and displays inter-regional variability.
The assumption of a monotonic profile model neglects bar/trough features that are evident
in the nearshore profile data and would naturally generate wave transformation. This
assumption is justified in order to independently study wave transformation and sediment
transport processes introduced by the nearshore nourishments. The equilibrium profiles
were replicated in the alongshore to create alongshore uniform beaches for model input.
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2.1.3. Nearshore Nourishment Shapes

Three nearshore nourishment shapes were investigated, a linear berm (LB), an undu-
lated berm (UB), and a uniform distribution of discrete mounds (DM). The linear berm was
alongshore uniform, except for the end caps that smoothly graded into the equilibrium
profile. The undulated berm was similar to the linear berm, but the berm crest height (hb)
oscillated in the alongshore direction following a cosine function. Thus, at its highest point
the UB crest was equal to the LB, but dips to half the LB crest height at its lowest point with
a wave length of 160 m. The discrete mounds were constructed by uniformly distributing
two-dimensional Gaussian functions within an area with crests spaced 25 m apart. Each
nearshore nourishment shape was investigated centered at three different depths per equi-
librium profile (i.e., region), 3 m, 5 m, and 7 m. The nourishment shapes and placement
depths were chosen to represent nearshore nourishment construction practice observed in
the field [6].

The combination of nourishment shape, depth, and region, plus one case per equilib-
rium profile without a nearshore nourishment to function as a control, resulted in a total of
30 numerical experiments. The nearshore placement volumes were held approximately
constant at 100,000 m3 to mitigate the influence of the variability on inter-comparisons.
The geometric range of the nourishments (bed slope and curvature, crest height, etc.) intro-
duced some variability in the absolute dimensions of the nearshore placements. Thus, the
alongshore length and cross-shore width of the linear/undulated berms and the discrete
mounds’ footprints necessarily varied to a small degree between cases

The berm’s cross-shore shape itself was derived from survey data of a nearshore berm
constructed at Ft. Myers Beach, FL [23]. A Gaussian function,

f (x) = α exp

[
−(x − xb)

2

2σ2

]
, (3)

where xb is the cross-shore distance to the berm crest, and α and σ are the scale and width
parameters, respectively, used to approximate the berm as it intersected the underlying
equilibrium profile. To generate congruent berm shapes across the range of cases, the
berm’s height above the bed (hb) was held constant for each berm type, and the ratio of
the Gaussian function’s amplitude (α = hb + ε) to its width (σ) was also held constant (see
Figure 3). For each Gaussian curve generated, an algorithm incremented ε, then calculated
α and σ, which continued until the seaward tail of the Gaussian mound was less than 1 mm
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from the equilibrium profile. The result was a smooth equilibrium profile exhibiting berms
with similar geometric properties. See Figure 4 for a demonstration of the SP profile with
the three LBs placed at depths of 3 m, 5 m, and 7 m. Note that the initial depth of the berm
crest, Fb, is the same between profiles, but the berm’s cross-sectional area may be somewhat
smaller or larger depending on the profile’s local slope and curvature. The discrete mound
cases had smaller hb in order to approximate a hopper dredge capacity of 360 ± 60 m3.
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2.1.4. Wave Climate

An incident wave field was used to drive the nearshore circulation and sediment
transport. Since the goal was to provide realistic estimates of nearshore nourishment
performance, real-world waves were required in contrast to schematized conditions. The
WIS database provides long-term hindcast time-series of bulk wave parameters generated
from a third-generation, phased-averaged wave model and was selected to create input
wave boundary conditions. WIS employs WAVEWATCH III to simulate wave energy
transformation along the U.S. coastline and outputs results at regularly spaced locations.
The stations used were 73,020, 94,001, and 63,417 with nominal depths of 36 m, 17 m, and
19.5 m for the SP, OD, and VB scenarios, respectively. The wave parameters were shoaled
to profiles’ offshore boundary depths using Snell’s law. Further, the wave angles were
rotated from the geographic coordinate system of the WIS data to the idealized models’
coordinate system

To obviate the need to select a particular time span to simulate, a method of generating
random, realistic time-series of wave conditions from WIS data was adopted using Markov
chain models [31]. The synthetic time-series retained the essential statistical properties
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of each site’s sea state, i.e., the mean and variance of the significant wave height, peak
period, and mean wave direction. Three-dimensional Markov chain models of these bulk
parameters were generated from the 40 year hindcast records at each site. The fall and
winter months were chosen to drive the model as they statistically exhibit more frequent
and larger storm events. This may result in more sediment transport seaward than would
occur if the summer/spring months were included in the simulations. Additionally, the
historical projects at these sites were constructed in the summer, exposing the nourishment
to fall and winter waves following construction. See Figures 5 and 6 for a comparison of
the modeled and WIS hindcast wave height probability density functions (PDF) and an
example realization of the VB Markov model, respectively.
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The wave climates differed between the regions to a large extent (see Table 1). Wave
heights and periods at OD were the smallest, where on average zero-moment wave heights
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(Hm0) were less than 0.5 m. This is contrasted with the other two regions, which had mean
wave heights above 1 m. While both SP and VB had large maximum wave heights, and
comparable mean significant wave heights, their mean peak periods (Tp) were different.

Table 1. Statistics of regional wave climates, including the maximum zero-moment wave height, the
mean (and standard deviation) zero-moment wave height, and the mean (and standard deviation)
peak period.

Region Max. Hm0 (m) Mean (std.) Hm0 (m) Mean (std.) Tp (s)

SP 4.16 1.11 (0.48) 6.3 (1.6)
VB 4.17 1.45 (0.63) 9.5 (2.6)
OD 3.22 0.47 (0.44) 3.8 (1.7)

2.2. Numerical Model
2.2.1. The Coastal Modeling System

The Coastal Modeling System (CMS) was employed to simulate the nearshore nour-
ishment evolution and wave fields. The CMS consists of a combined suite of 2DH modules
for flow, waves, and sediment transport with morphology change [32,33]. The CMS began
as a class project in 1994 at Florida Institute of Technology and improved over several
years to a full-fledged two-dimensional (2DH) circulation model named M2D [34,35]. The
Coastal Inlets Research Program added many more capabilities to M2D, including sediment
transport and simplified 2DH salinity, added an implicit solution scheme to the existing
explicit offering, integrated a phase-averaged wave model, and eventually renamed the
model from M2D to the Coastal Modeling System to represent its intended use in nearshore
coastal regimes.

CMS-Flow is solved with numerical computations of the mass, momentum, and
sediment transport equations on either a Cartesian or Quadtree grid and with either
an implicit or explicit solution scheme using a finite-volume method. CMS-Wave is a
steady-state, phase-averaged, spectral wave module that computes wave height, direction,
and period, wave dissipation, and wave radiation stresses [36,37] and includes wave
transformation processes such as refraction, diffraction, reflection, shoaling, and wave
breaking. The link between the two modules is two-way. CMS-Wave calculated radiation
stresses and wave dissipation values are passed to CMS-Flow to impose wave action
on the currents. The wave-modified currents are then used to force sediment transport
with one of several transport algorithms, as chosen prior to simulation start. Once CMS-
Flow calculates the resulting hydrodynamics and sediment transport, the wave-modified
currents and updated depths due to sediment transport are passed to CMS-Wave to
compute the waves at the next time interval, as designated by a user-defined parameter,
and therefore completes the two-way interaction between wave and flow processes.

2.2.2. Computational Domain

Two computational grids were created for the hydrodynamic/sediment transport/
morphology change model (CMS-Flow) and the phase-averaged wave model (CMS-Wave),
which were used for all the simulations. The grids were used to couple the waves and
hydrodynamics as described in Section 2.2.1, but all simulated results were output on the
CMS-Flow grid. This was done to facilitate post-processing and ensure commensurability
of the simulation results.

Overall, the computational domains extended 1800 m in the alongshore and 2180 m in
the cross-shore (see Figure 7 for a diagram of the computational grids). An area of interest
(AoI) was delineated within the domain. The AoI used a uniform grid spacing of 3 m.
The AoI covered the extents of each nearshore nourishment across the regions, depths,
and morphologies. The CMS-Flow grid utilized Quadtree refinement [37] to transition
from a resolution of approximately 50 m at the offshore boundary to that of the AoI, while
the CMS-Wave grid smoothly refined a Cartesian grid from a resolution of 100 m at the
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offshore to the AoI [38]. The minimum grid resolution was chosen to resolve the individual
discrete mounds.
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2.2.3. Model Set up and Inputs

The CMS-Flow model was driven with radiation stress gradients that were generated
within CMS-Wave and interpolated onto its computation grid. Tides and wind stresses
were neglected, and, thus, all water level displacements and currents were generated by
the waves. A constant water level of zero meters was imposed on the open boundaries
of the CMS-Flow model (i.e., the seaward and lateral boundaries). A moving shoreline
forms the closed, landward boundary and is defined by a wetting/drying algorithm with a
threshold depth of 5 cm.

CMS-Flow’s implicit solver was used with a dynamic time-step with a maximum
value of 900 s. The time-step was programmatically decreased by half if the solver did not
converge within 28 iterations. The total simulation duration is 6 months, and a ramp was
applied for the first hour of the simulation to smooth potential shocks.

A roller model was used to account for momentum stored in the breaking wave front
before being transferred to water column, and the roller’s contribution to wave mass flux
was also included. A roughness coefficient, based on the local depth and a Manning’s n
value, was used to calculate the bottom shear stress. A spatially uniform Manning’s n of
0.023 was applied. Sediment transport was calculated with the Lund-CIRP formula [39],
using a single sediment fraction and a uniform grain size of 0.24 mm. Default sediment
transport parameters were used for all the simulations. Bed updating occurred with every
flow/sediment transport computation time-step.

2.3. Analysis

Three post-processing analyses were performed on the simulation results. One com-
puted the wave energy dissipation introduced by the nourishment. The second analyzed
the longevity of the nourishment in terms of sediment retention within the placement’s
original footprint. The last analyzed the alongshore and cross-shore migration of the
nourishment. These analyses provide a quantitative summary of two typical objectives
in the design and construction of nearshore nourishments: attenuate wave energy and
renourish the nearshore profile.

2.3.1. Wave Energy Dissipation

The analysis considered the wave energy per unit area with the AoI as well as the
wave energy flux through the landward, shore-parallel control surface of the AoI (see
Figure 7). Wave energy per unit area was calculated using linear wave theory as,

E =
1
8

ρgH2
m0, (4)
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where E is the wave energy, ρ is the density of the water (1015 kg m−3), g is the acceleration
due to gravity, and Hm0 is the zero-moment wave height. To analyze the effects of the
nearshore nourishment, the wave energy within the AoI is normalized by the wave energy
of the control case, E∗. To present the nourishment’s cumulative effect, this quantity is
averaged per grid cell over the first two months of the simulation, yielding

E =
1
N ∑N

i
Ei
E∗

i
, (5)

where E is the mean relative wave energy change and i indicates the output time-step. E
varies throughout the AoI, where E > 1 indicates wave energy amplification and E < 1
indicates wave energy dissipation.

The wave energy flux per unit width (wave power) was calculated for each grid cell
on the landward interface of the AoI as

P = Ecg =

[
1
8

ρgH2
m0

][
n

L
Tp

]
, (6)

where P is the wave power, cg is the group velocity, L is the wave length, Tp is the peak

period, and n = 1
2

(
1 + 2kh

sinh2kh

)
is the group parameter, with k = 2π

L being the wave
number and h the local depth. The local wave length was obtained by iteratively solving
the linear dispersion relation using the local depth and peak period.

The mean wave power was calculated as

P =
1
Γ

∫ Γ

o
Pdy, (7)

where Γ is the length of the control surface. Finally, the relative energy dissipation in-
troduced by the nourishment was calculated by normalizing the wave power with the
nourishment by the mean wave power from the control case (i.e., without a nourishment),

α =
P
P∗ , (8)

where P∗ is the mean wave power from the control case. α is a function of time and varies
with the offshore wave height and instantaneous morphology of the nearshore profile.

2.3.2. Nourishment Longevity

The question of the placed sediment’s fate is an import consideration when planning
nearshore nourishments. The retention of sediment within the original placement’s plan-
view template or footprint is often an objective. To assess each scenario’s performance
vis-à-vis this objective, the amount of sediment volume within the original footprint was
tracked through time. This provides a measure of the placement’s longevity under the
simulated wave conditions.

The excess (deficit) volume of the nearshore nourishment relative to the control was
used to assess retained sediment volume and was calculated as,

V(t) =
∫

A
[zb(t)− z∗b(t)]dA, (9)

where V(t) is the sediment volume within the original nearshore placement’s footprint
throughout the simulation, t is the simulation time, A is the area delineated by the original
placement, zb(t) is the simulated bed level of the case being analyzed, and z∗b(t) is the
control’s bed level. The excess sediment volume was normalized by the initial excess
sediment volume (V0) for inter-comparison. V = 1 implies no sediment transport from
the nourishment, i.e., no nourishment deflation, and V = 0 implies total removal of the
placed sediment.
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2.3.3. Sediment Displacement

The sediment of the initial nearshore nourishment can be transported either onshore,
offshore, or in the alongshore direction. This is relevant for project design to know if
potential project sites are cross-shore or longshore transport dominated. The center of mass
of the nourishment is tracked through time to assess this sediment’s net displacement.
Conceptually, this allows the analysis of the nourishment’s movement in general. If more
sediment moves onshore, as opposed to offshore, then the center of mass will shift onshore.
The center of mass’s movement can then be analyzed in terms of cross-shore and alongshore
displacement, revealing the dominant transport direction.

The coordinates for the center of mass are calculated as,

(x, y) =
(

My

M
,

Mx

M

)
(10)

where x is the cross-shore coordinate (positive onshore), y is the alongshore coordinate
(positive to the left when looking at the shore from the sea), My =

∫
xMdA is the moment

about the alongshore axis, Mx =
∫

yMdA is the moment about the cross-shore axis, and
M(x, y; t) = zb(x, y; t)− z∗b(x, y; 0) > 0 is the accreted sediment volume over the initial
equilibrium profile. Note that only positive differences are included in the calculation
of volume.

3. Results
3.1. Waves
3.1.1. Planform Energy Dissipation

Surface waves undergo a number of transformations as they propagate from the
continental shelf through the nearshore and eventually dissipate and/or reflect within the
surfzone/swash zone. The most relevant processes for open coasts are shoaling, refraction,
and wave breaking. The construction of a nearshore nourishment via external sediment
sources will inevitably affect these processes. Figure 8 displays the mean relative wave
energy change over the first 60 simulation days. The cases displayed are the LB, UB, and
DM at every placement depth for the SP regional scenario.

In the LB case, it is expected that the waves will shoal and break further offshore,
provided that the waves are large enough to “feel the bottom” before they reach the
equilibirum profile’s surfzone, i.e., where they break in the control. This is evidentally the
case given the spatial distribution of E within Figure 8a–c, which shows an LB placed at
depths of 3 m, 5 m, and 7 m, respectively. When the berm is placed at h = 3 m, there is an
increase in shoaling and, thus, wave energy seaward of the berm (located at appoximately
x = 1800 m). Landward of the berm, wave breaking dissipation occurs at a higher rate than
in the control case leading to reduced wave energy. For the linear berms in 5 m and 7 m
placement depths, minimal shoaling and breaking occur near the berms. In fact, the most
obvious pattern is evident refraction-diffraction occuring landward of the berm, leading to
wave energy amplification leeward of the berm.

Figure 8d–f shows the mean relative wave energy change for the UB at placement
depths of 3 m, 5 m, and 7 m, respectively. The cross-shore distribution of wave energy
change broadly corresponds to the LB cases, i.e., increased shoaling/breaking for the
h = 3 m and some leeward amplification for the other placement depths. However,
the undulations in the berm crest introduce an interesting alongshore pattern of wave
energy amplification and dissipation. The local maxima in berm crests still caused wave
breaking-induced energy dissipation, but the local minima allowed for shoaling. For
the 5 m placement, the result is less amplification leeward of the berm, while the 7 m
placement also shows slightly less amplification relative to the linear berm. However, the
3 m placement interestingly shows an increase in dissipation in the alongshore dimension
at the landward interface of the AoI. The wave energy distribution introduced by the
discrete mounds, shown in Figure 8g–i, is less pronounced. The area delineated by the
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mounds’ placement shows slight amplification of wave energy, but a significant dissipation
relative to the control leeward of the placement is not observed.
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3.1.2. Aggregate Wave Energy Attenuation

Effects on wave transmission are typically important for the construction of shore
protection features, and this is true of nearshore nourishments. To assess wave transmission
through the nearshore nourishments, mean wave power at the landward shore-parallel
interface of the AoI is compared to the control as described in Section 2.3.1. Since the
methods employed the simulation of a realistic time-series, as opposed to schematized
wave conditions, the morphology of the nourishment evolved thoughout the simulated
period. Therefore, to assess wave transmission in aggregate, the relative mean wave power
(α) is binned according to the offshore boundary condition wave height. In this manner,
trends in wave fields can be elucidated without considering individual sea-states.

Figure 9 shows relative mean wave power distributions as a function of offshore wave
height for the LB, UB, and DM nourishment configuations at the SP regional scenario,
respectively. In Figure 9, the relative wave power for a linear berm at h = 3 m shows a clear
trend of reducing wave energy flux (α < 1.0) through the AoI compared to the placements
at 5 m and 7 m. The reduction in wave energy flux diminishes with smaller waves, which
is expected as they are less affected by the berm. The placements at h = 5 m and h = 7 m
do not appear to affect wave transmission at all as α ≈ 1.0 for all the wave conditions,
though there is slight amplification (α > 1.0) for the larger wave conditions. This may be
due to saturation of the surfzone where the wave height at the AoI’s landward interface is
determined by the depth of the underlying profile at that location.
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The trend between placement depths for the UB (see Figure 9b) is similar to the linear
berm for SP. However, the magnitude of the attenuation of the mean relative wave power
is appreciably greater in the UB. The LB exhibits α ≈ 0.7 for Hm0 = [1.0 m, 4.0 m], and
the UB shows values closer to α ≈ 0.6 for the same range of Hm0. While it is expected
that berms placed in shallower water will attenuate more wave energy than those placed
deeper, it is surprising that the UB reduces wave transmission to a larger degree than the
LB. Complex free-surface dynamics around the undulations may play a role here but are
inaccessible in a phase-averaged model. The deeper placements show similar distributions
of mean relative wave power.

The discrete mounds shown in Figure 9c have a less pronounced impact on wave
transmission compared to the linear and undulated berms. This is expected, considering
the energy attenuation results shown in Figure 8. While some of the large enhancements
of wave power introduced by the DM may not be convincing and some are likely outliers
(i.e., α ≈ 1.4 in the Hm0 = [3.0 m, 3.25 m] bin for h = 7 m), there is yet a noticeable trend
of increased wave power (α > 1.0) for the h = 7 m placement. This trend holds for a
majority of the wave height bins, potentially indicating that the small mounds induced
wave shoaling.

The trends between the LB and UB for the OD regional scenario, shown in Figure 10a,b,
respectively, are similar to that in the SP scenario. The shallower berms (h = 3 m) reduce
wave transmission (approximately 0.8 > α > 0.6) across all of the wave height bins, except
the smallest waves (Hm0 < 0.5 m). This is compared to the deeper placements, which, for
the most part, do not affect wave transmission in the LB case. All shapes and depths show
an outlier for waves less than 10 cm. The relative values shown can be particularly volatile
when normalizing small values with small values. These small waves have a negligible
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effect on the nourishment morphology, but are shown for completeness. In the UB case,
there is a notable amplification in wave transmission for waves with a wave height between
1 m and 0.5 m for the 7 m placement depth. Further, the trend between placement depths
for the DM in the OD scenario, see Figure 10c, is also similar to that in the SP scenario
(Figure 9c). The deepest placement (h = 7 m) exhibits some wave amplification for all
the wave height bins (1.2 > α > 1.0), while the shallower placements have little effect on
wave transmission.
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The aggregate effects of the LB, UB, and DM on wave transmission for the VB regional
scenario are presented in Figure 11. The general trends in the VB scenario differ from the SP
and OD scenarios. Specifically, the UB does not clearly show more wave energy attenuation
than the LB, as opposed to the SP and OD scenarios. Further, the difference in attenuation
between the 3 m and 5 m placements at VB is not as pronounced as the other sites, which is
potentially due to the longer period waves at VB. For both the LB and UB cases, the deepest
placement (h = 7 m) leads to some wave energy amplification in medium wave heights
(0.5 m < Hm0 < 1.75 m). Also, for the LB, smaller waves (Hm0 < 0.75 m) in the deepest
placement depth are attenuated more than with the shallower placements, but attenuation
for these wave bins is similar between placement depths for the UB.
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The wave height distributions (see panel d in Figures 9–11) indicate that the largest
waves, which typically exhibit the highest energy attenuation value, are infrequent com-
pared to the median wave height. However, both the infrequent, high-energy events and
the more typical sea-states are attenuated to a greater degree by the shallower placements.
The exception to this is the OD scenario, which follows a different wave height distribution
that resembles the Gamma distribution, whereas the SP and VB scenarios more closely
approximate a Rayleigh distribution. The OD site is located on the southern tip of Lake
Michigan and is influenced by different wave generation mechanisms. The most frequent
OD waves are less than 10 cm and show amplification under each nourishment shape and
placement depth.

The LB and UB, when placed shallow enough, potentially attenuate 20% to 60% of
the wave energy on average for wave heights larger than 0.5 m. On the other hand, the
DM at any depth typically do not attenuate wave energy and, in some cases, cause wave
amplification. This result is expected as the smaller height of the discrete mounds compared
to the shore-parallel berms, due to distributing an equal amount of sediment over a larger
extent, does not generate wave-breaking induced energy dissipation to the same degree.
Presumably, the DM act to decrease the nearshore profile’s depth over a larger distance,
but not significant depth-limited breaking, and induce some shoaling that is not present in
the control case leading to minor wave energy amplification.
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3.2. Sediment Transport/Morphology Change
3.2.1. Nourishment Longevity

Nearshore nourishment projects are often constructed to nourish the beach profile
for an intended period of time. Some are intended to deflate quickly to nourish adjacent
beaches, and others are intended to retain sediment in the original placement for extended
periods of time [5,40]. This is assessed here by tracking the excess (or deficit) sediment
volume within the placement’s footprint. Figures 12–14 show a time series of the percent
volume retained through time, as well as the wave forcing, for the SP, OD, and VB regional
scenarios, respectively.
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The SP longevity curves (Figure 12) are clearly marked by episodic events, especially
for the deeper placements (h = 5 m or h = 7 m). This is likely due to the limited potential
of the smaller waves for sediment remobilization at the greater depths. The LB and, to a
slightly lesser extent, the UB exhibit continuous sediment transport away from the original
placement footprint for the shallowest placement (h = 3 m). The rate of nourishment
deflation, i.e., reduction of placed sediment volume, for this placement depth appears
approximately exponential for the LB, while the UB appears more linear after an initial
adjustment. The DM placement at all depths more or less only responds to the two
large events at approximately 60 and 95 days. Outside these two events, there is small,
continuous deflation for the shallowest placement only.
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The longevity curves for the OD regional scenario appear more episodic than the
SP curves, especially for the LB and UB placements at h = 3 m. As opposed to the
SP scenario, there is little continuous nourishment deflation outside the events. The
morphodynamics of the DM are also episodic. It is interesting that only one event (at
approximately day 130) remobilized the deepest placement (h = 7 m), but it does so to a
large degree, deflating almost 50%, 45%, and 25% of the sediment volume for the LB, UB,
and DM placement shapes, respectively. This is also exhibited by the SP scenario for the
large event at approximately day 95, except the relative quantity of berm deflation was
not as large. These energetic events also deflate the deeper placements to a larger degree
relative to the shallower placements. This suggest that large events are required to mobilize
sediments placed deeper in the water column, as would be expected, and that, as they are
more frequently reworked by waves, the shallower placements are more likely to be closer
to equilibrium when large events occur.

The nourishment longevity at the energetic VB site (Figure 14) has some notably
different features from the other two locations, but is comparable to the trends observed
at SP. The LB and UB exhibit an initial period of adjustment at h = 3 m, followed by
gradual evolution, similar to SP, while the deeper placements are markedly episodic. The
longevity of the DMs at VB also shares characteristics with the other regional scenarios.
The deepest placement is mostly unaffected by anything besides the largest high-energy
events. The longevity of h = 3 m and h = 5 m placements track each other through
time, but the shallower placement responds to forcing to a large degree, leading to a
systematic difference. It should be noted that the 2015 nearshore berm constructed at VB in
approximately 3 m became significantly deflated within 60 days and completely dispersed
within 120 days [28], qualitatively replicating the current study’s idealized results.
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A prolonged, high-energy event between day 5 and 18 significantly displaced sediment
from the 3 m and 5 m LB and UB placements, but it did not mobilize sediment from the
deeper placement. Significant deflation for the h = 7 m placement occurred approximately
10 days later (peak wave height at simulation day 30) where nearly 80% and 50% of the LB
and UB berms sediment was transported away from the AoI, respectively. After this high-
energy event, there is minor berm deflation for the LB or UB at any placement depth, in
spite of additional high-energy events, suggesting that the profile has sufficiently adjusted
towards equilibrium. The DMs’ sediment volume at VB respond to the same events, but
the deflation was reduced.

3.2.2. Cross-Shore/Alongshore Displacement

Nourishment deflation quantifies volumetric change rate and implies sediment trans-
port away from the placement site, but does not elucidate the sediment’s kinematics, which
are important for design and management. Whether a nourishment migrates onshore,
offshore, or alongshore figures substantially in the nearshore sediment budget and will
influence shoreline morphodynamics. The evolution of cross-shore profiles is presented in
Figures 15–17. The cross-shore profile is located in the middle of the domain. The shallow
LB typically migrate onshore, while deeper placements show deflation of the nourishment,
at least at the center profile. The shallow UB migrate on shore as well, but show more
deflation than the LB. The DM appear to smooth out and contribute to the nearshore
profile’s elevation over a larger extent.
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To better understand the sediment’s bulk movement, the nourishment’s center of 
mass is calculated through time and expressed as the cross-shore and alongshore displace-
ments from its original position. Figures 18–20 show the different nourishment centers of 
mass for the SP, OD, and VB scenarios, respectively. The nourishment migration for the 
SP scenario in Figure 18 shows that there is considerable difference between the morpho-
dynamics of the LB and UB placement types. While it was expected that the DM would 

Figure 15. Central profile evolution for SP, where color indicates elapsed simulation time. (a–c) LB at
3 m, 5 m, and 7 m depths, respectively. (d–f) UB at 3 m, 5 m, and 7 m depths, respectively. (g–i) DM
at 3 m, 5 m, and 7 m depths, respectively.
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Figure 17. Central profile evolution for VB, where color indicates elapsed simulation time. (a–c) LB at
3 m, 5 m, and 7 m depths, respectively. (d–f) UB at 3 m, 5 m, and 7 m depths, respectively. (g–i) DM
at 3 m, 5 m, and 7 m depths, respectively.

To better understand the sediment’s bulk movement, the nourishment’s center of mass
is calculated through time and expressed as the cross-shore and alongshore displacements
from its original position. Figures 18–20 show the different nourishment centers of mass for
the SP, OD, and VB scenarios, respectively. The nourishment migration for the SP scenario
in Figure 18 shows that there is considerable difference between the morphodynamics
of the LB and UB placement types. While it was expected that the DM would display
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characteristics largely different from the other two nourishment types, the similarity be-
tween the LB and UB morphologies (alongshore linear features) was expected to lead to
similar cross-shore/alongshore movement. This is clearly not the case, as the shallower
placements (h = 3 m and h = 5 m) for the LB show large alongshore displacements, while
the same placement depths for the UB do not. The cross-shore displacements for each
nourishment shape are similar in character. There is either onshore migration or minimal
movement outside high-energy events that transport sediment offshore. The tendency to
migrate onshore seems to increase with increasing placement depth.
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Figure 18. Time series of cross-shore (solid line) and alongshore (dashed lines) displacements of
nearshore nourishment sediment for the South Padre Island scenario for 3 m (blue lines), 5 m
(orange lines), and 7 m (green) placement depths, respectively. (a) Linear berm; (b) undulated
berm; (c) discrete mounds; (d) offshore wave height and peak period; (e) wave direction relative to
shore-normal.

The characteristic of nourishment migration at OD (Figure 19) shows similarity be-
tween the LB and UB, and to a lesser degree the DM, in contrast to the dissimilarity in
the SP scenario. For the LB, UB, and DM, there is strict onshore movement with minimal
offshore transport during high-energy events, which increases for the deeper placements
(h = 5 m and h = 7 m). The alongshore movement increases with decreasing depth and
is in the same direction for each nourishment shape and placement depth. Further, the
patterns of cross-shore and alongshore movement for the 3 m placement depth, and to a
lesser extent the 5 m and 7 m placements, is nearly identical between the LB and UB shapes.

Nearshore nourishment migration at the VB scenario (Figure 20) is distinctly marked
by the high-energy event around day 30. For the LB, at the h = 3 m depth, the nearshore
berm is displaced offshore more than 100 m in the course of a day. The pattern is the
same for the h = 5 m placement but is reduced in magnitude, but the deepest placement
migrates onshore during this event. These trends for the UB are different in that the event
does not force offshore movement for the h = 3 m or h = 5 m placements but does generate
some onshore migration for the 7 m placement. The dissimilarity between the UB and LB
shapes at VB accords with the SP scenario, but contrasts with the conformity of responses
found at the OD site.
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In general, the ℎ = 7 m placements migrate onshore over the simulation period. The 
DM in the VB scenario appear to be an exception to this, but, in spite of the episodic off-
shore movement near day 35, the net displacement of the nearshore nourishment is on-
shore. The shallower placements (ℎ = 3 m or ℎ = 5 m) show considerably more variabil-
ity between regions and nourishment shapes, outside the episodic nature of sediment 
transport. The net direction, i.e., onshore/offshore and ± alongshore, are typically the same 
for the LB and UB at a given region with comparable magnitudes of displacement. It is 
also noted that, although the OD nourishments deflate slowly, implying mild sediment 
transport rates, the direction of transport was dominantly onshore. 

Figure 19. Time series of cross-shore (solid line) and alongshore (dashed lines) displacements of
nearshore nourishment sediment for the Ogden Dunes scenario for 3 m (blue lines), 5 m (orange lines),
and 7 m (green) placement depths, respectively. (a) Linear berm; (b) undulated berm; (c) discrete
mounds; (d) offshore wave height and peak period; (e) wave direction relative to shore-normal.
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plification for these small waves only indicates an increase of a few centimeters, which is 
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Figure 20. Time series of cross-shore (solid line) and alongshore (dashed lines) displacements of
nearshore nourishment sediment for the Vilano Beach scenario for 3 m (blue lines), 5 m (orange lines),
and 7 m (green) placement depths, respectively. (a) Linear berm; (b) undulated berm; (c) discrete
mounds; (d) offshore wave height and peak period; (e) wave direction relative to shore-normal.
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The DM are similarly displaced offshore by the high-energy event at day 30, except
that the h = 7 m placement also moves offshore whereas the LB and UB migrate on-
shore. In each nourishment shape, there is initially negative alongshore displacement,
followed by alongshore migration in the opposite direction after the same event. After
that point, the alongshore patterns diverge, but the general trend is slow migration in the
negative direction.

In general, the h = 7 m placements migrate onshore over the simulation period. The
DM in the VB scenario appear to be an exception to this, but, in spite of the episodic offshore
movement near day 35, the net displacement of the nearshore nourishment is onshore. The
shallower placements (h = 3 m or h = 5 m) show considerably more variability between
regions and nourishment shapes, outside the episodic nature of sediment transport. The
net direction, i.e., onshore/offshore and ± alongshore, are typically the same for the LB
and UB at a given region with comparable magnitudes of displacement. It is also noted
that, although the OD nourishments deflate slowly, implying mild sediment transport
rates, the direction of transport was dominantly onshore.

4. Discussion

In general, the results indicate several trends, including (1) shallower placements
attenuate more wave energy; (2) shallower placements tend to evolve more continuously
due to enhanced wave-driven sediment transport; (3) nearshore nourishment transport
is typically onshore outside of periodic high-energy events, which generate offshore sedi-
ment transport.

4.1. Wave Attenuation
4.1.1. The Influence of Placement Depth

The clearest observable trend is that shallow placement depths are critical to appre-
ciable wave energy attenuation. The central interquartile range of waves at the SP and
VB regional scenarios exhibit greater mean wave energy attenuation for the shallower
placements, thus indicating that appreciable energy attenuation is occurring for the ma-
jority of the waves. Consequently, both the infrequent, high-energy events and the more
typical sea-states are attenuated to a greater degree by the shallower placements. Nearshore
nourishments often produce shoreline morphodynamics, i.e., a landward salient, similar to
submerged breakwaters [28]. The wave attenuation landward of the nourishments suggest
that alongshore gradients in the alongshore component of the radiation stress generates
convergent alongshore currents and, thus, accretion.

The amplified smaller waves at OD likely break near the shoreline and are not signifi-
cantly influenced by the nearshore nourishment. Additionally, the large relative amplifica-
tion for these small waves only indicates an increase of a few centimeters, which is within
the range of numerical modeling accuracy. These smaller waves may play a marginal
role in shoreline morphodynamics and wave heights > 0.3 m at this site, following the
observable trend of increased wave energy attenuation with shallower placement. The
observation that placement depth may produce wave amplification within the AoI is clearly
the case for the DM at the SP and VB regional scenarios. When placed at h = 7 m there is
nontrivial (α > 10%) amplification for the larger wave heights. While this also occurs for
the shallower placements, the trend is not as general. The causal mechanism is not clear,
but it may be generated by refraction into the control interface of the AoI caused by the
shallower placement area. This wave transformation process is evident in Figure 8, and the
free-surface dynamics of AoI may be a future topic of investigation.

In practice, the placement depth should depend on the wave climate and be deter-
mined during the design phase of the nearshore nourishment strategy. For instance, only
the h = 3 m placement attenuates wave energy for the SP and OD scenarios (see panel a
and b, Figures 9 and 10, respectively), while there is comparable energy attenuation be-
tween the h = 3 m and h = 5 m placements for many wave height bins in the VB scenario
(see panel a and b in Figure 11). In consideration of the longevity curves in Figures 12–14,
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where the deeper berms’ deflation is driven by high-energy, episodic events, one could
argue for a sophisticated approach to design where wave energy attenuation is optimized
for a certain range of wave height, while longevity is optimized by placing the berm deep
enough to avoid continuous evolution. This may be a zero-sum game, in that attenuating
wave energy is a driver of berm deflation. However, the mechanisms of sediment trans-
port (e.g., wave-averaged transport versus wave-breaking induced alongshore current
transport) would vary depending on placement depth and influence berm deflation rates.
Future in-depth analysis of the relevant sediment transport mechanisms may include phase
resolving wave models.

4.1.2. The Influence of Nourishment Shape

A clear distinction between the alongshore bar-type berms, i.e., the linear and undu-
lated berms, and the discrete mounds is evident in the wave attenuation results. While
placement depth is critical for inducing wave-breaking energy dissipation, nourishment
shape largely determines if wave energy attenuation occurs. For the SP and OD scenarios,
appreciable wave attenuation only occurs for the LB and UB. The VB scenario is the excep-
tion, in that the DM attenuate wave energy at the 3 m and 5 m depths for the larger waves,
however the most frequent waves do not exhibit much attenuation. Clearly, if shoreline
protection through wave energy attenuation is a design objective, then mimicking an
alongshore bar during berm construction should be pursued.

Comparing the influence of nourishment shape between the LB and UB wave attenua-
tion analyses reveals an unexpected result. The UB clearly attenuates more wave energy
at the higher wave heights and, to a lesser degree, at the middle wave heights. This is
somewhat counterintuitive in that the undulations would presumably not generate as
uniform wave-breaking energy dissipation within the incident wave field. Further, this
is evidenced by the spatial distribution of mean relative wave energy in Figure 8. How-
ever, the UB clearly affects wave transmission through the AoI to a larger degree than the
LB, particularly in the SP and OD scenarios. A plausible explanation is the difference in
alongshore length between the LB and UB. The undulations in berm crest height in the UB
necessitated an extension in the berm’s alongshore dimension to maintain an approximately
constant nearshore nourishment volume between placements. This is a positive result,
considering most linear nearshore berm projects are constructed with undulations due to
construction techniques such as periodic movement of the sediment discharge pipe [36].
Differences in the longevity of the 3 m UB and LB may also contribute to the different wave
attenuation results. The shallow UB disperse at somewhat slower rates in the SP and VB
cases, so there may have been a larger fraction of the berm impacting some of the waves
for a longer duration.

This trend has important implications for nearshore nourishment design. If undulated
berms consistently attenuate wave transmission to a larger degree, and do so by sheltering
a larger stretch of shoreline, then berm design should optimize alongshore extent. The
optimization needs to consider the undulation’s maximum berm crest height required
to induce wave breaking, as well as the alongshore wave length required to dissipate
sufficient energy. Further numerical modeling may be able to explore a parameter space
of undulated berm designs with the aim to investigate whether any easily constructible
undulation dimensions clearly optimize wave energy dissipation.

4.2. Sediment Transport and Nourishment Migration
4.2.1. Nourishment Deflation Rates

The design lifespan of nearshore nourishments depends on the rate at which sediment
is exported from the initial placement and, therefore, the rate at which the nourishment’s
volume decreases, i.e., the nourishment deflation rate. The deflation rate is a function of
sediment transport that depends on the nearshore hydrodynamics and sedimentology.
Here, we have controlled for these factors to explore the effects of nourishment shape and
the cross-shore/alongshore distribution of nearshore nourishment material.
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One evident trend in the longevity curves (see Figures 12–14) is the difference between
episodic events and continuous background evolution. The DM do not exhibit appreciable
background sediment transport and are instead dominated by episodic sediment transport.
The longevity curves are punctuated by step-wise deflation corresponding to the high-
energy events, where the wave height was large enough to mobilize the sediment. The
movement of the DMs’ centers of mass were similar between placement depths with
generally the same alongshore/cross-shore trajectories per regional scenario. The deeper
placements (h = 7 m) for LB and UB show a similar pattern and are only remobilized by
the largest events within the simulations. Interestingly, the UB placements generally deflate
less than the LB for the same events, e.g., for the event at day 130 at the SP scenario, the
LB lost approximately 50% of volume while the UB lost approximately 40%. These results
suggest that if retaining sediment on the profile is the primary objective, then deeper, more
diffuse placements may optimize nourishment longevity.

4.2.2. Direction of Net Sediment Transport

In general, the direction of net sediment transport and the relative importance of the
episodic deflation varies with nourishment shape and placement depth. However, the
center of mass trajectories (see Figures 18–20) show that sediment is often transported
onshore, especially for the deepest placements. During the high-energy storm events, a
large amount of sediment is then transported offshore with a return to onshore transport
that is inconsistent between nourishment types and placement depths. This result has been
observed in other nearshore nourishment laboratory studies [13] and is expected, as it has
long been recognized that storm events tend to move beach/beachface sediment offshore
to form an offshore bar.

A few of the simulations exhibit net seaward transport, which is contrary to the
expected behavior of onshore movement for nearshore nourishments [9]. However, this
may be due to the number of storm events and the length of the simulation. Given the
positive trend in the centroids’ cross-shore position through time, it is reasonable to assume
that net onshore movement would result after a longer duration. The steady onshore
movement of some placements (e.g., the LB placed at 3 m at Vilano Beach in Figure 20a)
outside the events suggests that the profiles are out of equilibrium with the wave climate
or the bed’s sediment composition, which would prefer to generate a steeper profile. This
concept could be useful for the practice of beneficially placing nearshore nourishments.
For example, if the antecedent conditions of the nearshore profile are out of equilibrium,
then sediment could be placed deeper with the expectation that it will migrate onshore and
nourish the profile. This may be advantageous for the beneficial use of dredge material,
which incurs costs or lacks feasibility (due to dredge vessel limitations) when placing
sediment in shallower water near the shoreline.

The sediment transport simulated within these idealized scenarios is driven by wind-
waves alone. This simplification neglects the other drivers of nearshore sediment transport
such as tides and winds. Tides modulate the cross-shore surfzone location and winds may
generate significant nearshore circulation. Including these forcings would have changed
the sediment transport calculations, but they are not the primary driver of nearshore
circulation, which is free-surface waves. Since the objective of the study was to examine
the influence of nourishment shape/depth on sediment transport and wave attenuation,
these other processes were neglected and reserved for future work.

5. Conclusions

A numerical model (CMS) coupling phase-averaged wind-waves, nearshore hydrody-
namics, and sediment transport/morphological change is used to simulate the evolution of
nearshore nourishments and their effects on the wave field. The numerical experiments
varied nearshore nourishment shape (linear, undulated, and discrete mounds morpholo-
gies), placement depth (i.e., 3 m, 5 m, and 7 m depth), and the wave climate/nearshore
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geomorphology (three coastal regions of the U.S.). A total of 30 idealized cases were
simulated and analyzed for inter-comparison.

The analyses elucidate the nearshore nourishments’ relative effect on wave energy at-
tenuation, nourishment deflation rates, and cross-shore/alongshore nourishment migration
patterns. The primary findings of the analyses were:

1. Shallower placements attenuate more energy than deeper placements for the linear
and undulated berms.

2. The linear and undulated berms dissipate more energy than the discrete mounds, in
spite of similar placement volumes.

3. The undulated berm dissipates more energy than the linear berm, which is presumably
due to its greater alongshore length and may also be influenced by longer lifespans.

4. Longevity analysis shows that placement depth discriminates between continuous
and episodic deflation. Shallower placements are subject to more continuous sediment
transport, while the deeper placements respond primarily to high-energy events.

5. The trajectories of the modeled nourishments’ centers of mass evidences onshore-
directed transport of nourishment sediment, which is punctuated by offshore-directed
sediment transport due to high-energy, episodic events.
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