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Abstract: Nourishment has shown to be an effective method for short-term storm protection along
barrier islands and sandy beaches by reducing flooding, wave attack and erosion. However, the ability
of nourishment to mitigate the effects of storms and sea level rise (SLR) and improve coastal resilience
over decadal time scales is not well understood. This study uses integrated models of storm-driven
hydrodynamics, morphodynamics and post-storm dune recovery to assess the effectiveness of
beach and dune nourishment on barrier island morphological resilience over a 30-year period,
accounting for storms and a moderate amount of SLR. Results show that at the end of the 30 years,
nourishment contributes to maintaining island volumes by increasing barrier height and width
compared with a no-action scenario (i.e., no nourishment, only natural recovery). During storms
where the collision regime was dominant, higher volumes of sand were lost from the wider beach
in the nourishment scenario than in the no-action scenario. During stronger storms, nourishment
reduced dune overtopping compared with the no-action scenario, allowing the island to maintain
height and width. Additionally, nourishment was particularly effective in reducing breaching during
back-to-back storms occurring in the same year.

Keywords: barrier islands; sea level rise; nourishment; storms

1. Introduction

Coastal resiliency is defined as the capacity of coastal environments to cope with
natural- and human-induced disturbances by adapting while maintaining essential func-
tion [1]. Barrier island processes, including sediment transport during periods of storms
and post-storm recovery, can enhance landform resiliency to drivers such as storms and
sea level rise (SLR). During storms as water levels approach and exceed dunes, sand is
transported either through collision (erosion of the dune face with sand deposited offshore)
or overwash (overtopping of the dune crest with sand transported landward and deposited
on the backbarrier) [2]. If water levels on both sides of the island exceed the dune crest,
breaching may occur [3]. Over decadal timescales, barrier islands depend on the accu-
mulation of overwash deposition during individual storm events to migrate landward
(rollover) or seaward in response to changes in sea level. Although storms may overwash
and destroy dune systems, over time, dunes can maintain volume through due to natural
recovery processes [4]. If a barrier island is unable to keep pace, it may drown by flattening
if the island is unable to maintain the subaerial height, narrowing if the island undergoes
rapid shoreline retreat [5–7] or deflating (a combination of narrowing and flattening) [8].
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On developed barrier islands, shore protection strategies such as beach nourish-
ment are used to reduce flooding, wave attack and erosion during storm events; however,
the effects and/or benefits from beach nourishment are often considered temporary, thus re-
quiring periodic maintenance or renourishment [9]. In the future, SLR has the potential
to exacerbate beach and dune erosion, particularly along low-lying coastlines [10,11]. Pre-
vious studies have shown that beach nourishment may offset shoreline erosion under
increased sea levels [12], aid in disaster prevention [13] and reduce land loss and associated
costs due to SLR [14]. Houston [12] assessed the potential for beach nourishment to reduce
shoreline erosion under SLR using projections of future shoreline change based on an
empirical model and concluded that nourishment at historic rates can offset recessional
effects for most SLR projections to the year 2100. Smallegan et al. [15] used a process-based
morphodynamic model to show that beach and dune nourishment can reduce volumetric
barrier island erosion during a storm event, particularly under moderate rates of SLR.
While these studies provide insight into the potential for nourishment to mitigate the
effects of future storms and elevated water levels due to SLR, the ability of nourishment
to mitigate the long-term effects of multiple storms and rising sea levels in the context of
morphological resilience remains unknown. This study aims to assess the effectiveness
of beach and dune nourishment on barrier island morphological resilience over a 30-year
period using high-resolution process-based modeling.

2. Materials and Methods
2.1. Study Area

Dauphin Island is a 25 km long, low-lying barrier island located offshore of the
Alabama coast between the Gulf of Mexico and Mississippi Sound (Figure 1). The island
has been severely impacted by extreme storm events including Hurricane Ivan (2004) which
caused extensive overwash and Hurricane Katrina (2005) which breached the middle of
the island. Following the Deepwater Horizon oil spill in 2010, a rubble mound structure
was constructed to close the Katrina Cut. East of Katrina Cut, the island is developed
with homes and infrastructure, including 2400 property owners and 1400 permanent
residents [16]. This part of the island has dunes on the order of 3 m and has undergone
frequent nourishment after storm events including bulldozers returning overwashed sand
on the road to the beach and dune system as well as larger-scale activities such as sand
placement and berm construction. West of Katrina Cut, the island is undeveloped and
lower in elevation with dune heights generally less than 1.5 m; historically, nourishment
activities have not occurred there. Due to its low elevation, future hazards such as SLR and
storms may increase inundation, overwash and loss of land on the island [17–19].

2.2. Model Descriptions

An integrated modeling approach using three models was used to simulate bar-
rier island evolution over decadal time scales accounting for storm-driven morphologic
change and post-storm dune recovery. An ADCIRC+SWAN model [20,21] was used to
simulate water surface elevations, depth-integrated velocities and wave radiation stresses
during tropical cyclones forced with wind and pressure fields from URS/Dewberry [22].
The 5.5 million node NGOM3 ADCIRC+SWAN model mesh [23] spans the western North
Atlantic tidal domain with high resolution (down to 15 m) along Mississippi, Alabama
and the Florida Panhandle. The model was previously validated for multiple historic
hurricanes and has been used to establish a physics-based modeling framework to simulate
hurricane storm surge under future SLR scenarios [19,23,24].

Output from the ADCIRC+SWAN model simulations was used to force a two-
dimensional XBeach model to simulate storm-driven morphologic change at Dauphin
Island. XBeach solves the nonlinear shallow water equations and incorporates time-varying
wave action balance and roller energy balance [25], as well as sediment transport using a
depth-averaged advection-diffusion equation [26]. The localized XBeach grid has constant
alongshore resolution of 25 m and varying cross-shore resolution down to 3 m on the
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subaerial island. The model was previously validated for hurricanes Ivan and Katrina [27]
and has been used to assess the combined effects of storms and SLR [17]. Initial model
elevations were set to represent present day (circa 2018) conditions using the most recently
available lidar and bathymetry data (Figure 1). These conditions represent a recovered
island unaffected by any recent storms.

Figure 1. (a) Study area with synthetic storm tracks for a 30-year realization and (b) initial (Year 0)
XBeach model bed level elevations (in meters, relative to NAVD88) at Dauphin Island. Base map
layer in (a) provided by ESRI.

To account for post-storm dune recovery on Dauphin Island, a previously developed
empirical dune growth (EDGR) model was applied. EDGR uses the parameterized island
Gaussian fit method to model cross-shore profiles of the island as a sum of Gaussian
function curves that represent the subaerial island platform, dunes and berms [28,29].
EDGR then evolves the foredune of each profile based on empirical growth curves param-
eterized with information on the terminal dune height and dune location. Dune growth
rates were calculated based on the Houser et al. [30] sigmoid growth curves using lidar
datasets from 2004 to 2015. The model was validated through comparison of observed and
modeled post-Hurricane Katrina dune growth. Further information on EDGR development
and validation can be found in Dalyander et al. [29].

2.3. Future Climatology

The forcing used for this study was based on comprehensive coastal storm modeling
that was completed for coastal Alabama under Federal Emergency Management Agency
(FEMA) Region IV Risk Mapping, Analysis and Planning study and Digital Flood Insurance
Rate Map update for the Florida Panhandle and Alabama coasts. The modeling included
waves and water levels for 295 synthetic tropical storms making landfall in the region that
were derived using JPM-OS [22]. Future storm occurrence was derived using a Monte
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Carlo storm sampling method in which the synthetic storm suite was sampled for a 30-year
simulation period [31]. The occurrence of tropical cyclones within the north Atlantic basin
can be described as a Poisson distribution. The Poisson distribution can be used to compute
the number of times an event occurs in an interval of time based on the expected value λ of
X, where X is a random variable representing the number of tropical cyclones in the time
interval. The probability of observing x tropical cyclones in an interval of time is given by:

P(X = x) =
λxe−λ

x!
(1)

The Poisson distribution was used to determine the number of storms in a given year
within the Monte Carlo sampling based on the annual storm recurrence rate at the study
site as the expected value of the distribution. A 30-year sample of yearly storm occurrences
was obtained that also retained the storm recurrence rate for the full simulation period.
Synthetic tropical cyclones with landfall locations within 200 km of Dauphin Island were
randomly sampled using their probability masses as sampling weights to assign specific
storms to the sampled storm occurrences. This resulted in a single 30-year life cycle or
realization that was selected to represent a plausible storm climatology for the study area
(Figure 1). In addition to storms, a moderate amount of SLR for 30-years was accounted for
using the Sweet et al. [32] intermediate sea level projection adjusted for 2020 as the starting
year. The total amount of SLR was 0.24 m by 2050; this represents a reasonable amount of
SLR over a 30-year period. Table 1 shows the year-by-year storm occurrence and increase
in sea level from Year 0 to Year 30.

Table 1. Thirty-year climatology including a moderate amount of sea level rise (SLR) and synthetic
storm occurrences.

Year Sea Level Rise (m) Storm Number

0 0
1 0.005 71
2 0.010 23
3 0.015
4 0.020
5 0.025
6 0.030
7 0.035
8 0.040
9 0.045 155
10 0.060
11 0.069
12 0.078
13 0.087 186
14 0.096
15 0.105
16 0.114 257
17 0.123 95
18 0.132 158, 152
19 0.141
20 0.150
21 0.159
22 0.168
23 0.177 4
24 0.186
25 0.195 134
26 0.204
27 0.213 114, 191
28 0.222
29 0.231
30 0.240
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2.4. Model Integration and Scenarios

The ADCIRC+SWAN, XBeach and EDGR models were operated sequentially over the
30-year simulation period. In years with storms, ADCIRC+SWAN was used to simulate
water levels and waves for each synthetic storm, accounting for the amount of SLR at that
given year. Hourly water levels were output at the locations of the four corners of the
XBeach grid and significant wave height, peak wave period and mean wave direction were
output at the middle of the seaward XBeach grid boundary, following the setup of [27].
The wave data was used to generate a time-series of JONSWAP spectra that was applied
uniformly along the offshore boundary of the XBeach model. XBeach then simulated
storm-induced morphologic change. The post-storm elevations were passed to EDGR,
which predicted dune recovery for the years without storms. At the time of the next
storm, the subaerial elevations from EDGR and subaqueous elevations from XBeach were
passed back to ADCIRC+SWAN to update the morphology and simulate the next storm;
this accounts for the dynamic interactions between storm surge, waves and morphology.
This process was continued through the 30-year simulation period.

Two scenarios were considered: (1) no-action, meaning that it was assumed no human
intervention would take place and the island would recover naturally and (2) nourishment
east of Katrina Cut (see nourishment area defined in Figure 1) would occur in Year 0 and at
the end of each year with storms. In the no-action scenario, the dunes and beach recover
naturally after storms according to the growth parameterized by the EDGR model. For the
nourishment scenario, we assumed that either small-scale (e.g., bulldozers) or large-scale
(e.g., onshore sand placement) beach and dune nourishment would occur to return island
elevations to a recovered state (i.e., the Year 0 elevations). In this scenario at Year 0 and
at the end of years with storms, model elevations from the dune crest to the shoreline
(0 m contour) in the nourishment area were reset to the Year 0 elevations + 0.24 m to
represent beach and dune nourishment; the additional 0.24 m elevation (equivalent to
58,332 m3 of sand over a 4 km stretch of beach) is meant to account for the 30-year (2050)
projection of SLR. Outside of the nourishment area, the dunes recover naturally according
to the EDGR model. The nourishment scenario meant to represent an idealized case to
assess the maximum potential of nourishment to mitigate future coastal hazards; in reality,
nourishment may not be feasible following every storm due to constraints such as cost.
Additionally, we assume that a 30-year SLR will be accounted for in the nourishment
design to help the barrier island keep pace with SLR. Model inputs and outputs in the
form of bed level elevations for the nourishment and no-action scenarios can be accessed
in Passeri et al. [33].

3. Results
3.1. Cumulative Effects over 30 Years

The cumulative effects of beach nourishment were assessed over the 30-year period
to determine how beach nourishment can influence barrier island resiliency over long
time scales. The modeled final (Year 30) bed level elevations are shown in Figure 2 and
the calculated subaerial island volume (defined as the volume above the 0 m contour)
at the end of each year for the entire island, as well as east and west of Katrina Cut is
shown in Figure 3. At the end of the 30 years, the island breached east of Katrina Cut in
both scenarios, with a wider breach in the no-action scenario. In the no-action scenario,
there was more overwash deposition on the backbarrier, resulting in a further landward
shoreline position (rollover) than in the nourishment scenario. In both scenarios, the overall
island was unable to keep pace and lost 14% and 9% of subaerial volume in the no-action
scenario and nourishment scenarios, respectively. In the nourishment area east of Katrina
Cut, there was a 14% gain in subaerial island volume at the end of the 30 years in the
nourishment scenario compared to a 20% loss in volume in the no-action scenario. West of
Katrina Cut, the island was unable to keep pace in either scenario and lost 39% of subaerial
volume in the nourishment scenario and a 40% in the no-action scenario. Further analysis
is focused only on the “nourishment area” east of Katrina Cut.
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Figure 2. Modeled bed level elevations for (a) final (Year 30) nourishment scenario, (b) final (Year
30) no-action scenario and (c) difference between final nourishment scenario and no-action. In (c),
the black line is the 0 m contour for final (Year 30) no-action scenario and the red line is the 0 m
contour for the final (Year 30) nourishment scenario.

To assess how nourishment can alter long-term barrier island response, the change in
the island height and island width over the 30 years was calculated at cross-shore transects
spaced every 25 m along the model grid in the nourishment area east of Katrina Cut
(Table 2). The change in the average island width and average island height was 1% and
−30% for the no-action scenario, respectively and 15% and 0% for the nourishment scenario,
respectively. These results indicate that nourishment not only helped to maintain island
heights, but also increased the overall island width as a result of overwash deposition
on the backbarrier in conjunction with sand placed on the Gulf shoreline to maintain
beach widths. This gain in width contributed more to the overall increase in subaerial
volume than the change in height. In the no-action scenario, the island showed rollover
or landward migration, although it was unable to maintain height. Using the change in
island height and island width, each transect was classified either as aggradation (gaining
height and width), narrowing (losing width but maintaining/gaining height), flattening
(losing height but maintaining/gaining width), deflating (losing height and width) or
keeping pace (maintaining height and width) (Table 2). The dominant responses in the
no-action scenario were flattening (65% of transects) and deflating (26% of transects),
which resulted from overwash and/or collision during storm events. In the nourishment
scenario, the number of transects that experienced flattening and deflation was reduced to
0% and 0%, respectively as a result of higher dune heights and wider beaches reducing
overtopping during storms. Additionally, the dominant behavior with nourishment was
aggradation (91%) due to increased barrier island widths from a combination of overwash
deposition on the backbarrier and sand placement on the beach, as well as maintained
dune heights.
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Figure 3. Subaerial island volume through the 30-year simulation across (a) the entire island and (b)
east of Katrina Cut and (c) west of Katrina Cut under scenarios of nourishment and no-action.
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Table 2. Barrier island behaviors and the average change in subaerial island width and maximum island height for the
nourishment and no-action scenarios east of Katrina Cut at Dauphin Island, AL.

Scenario Aggradation Narrowing Flattening Deflating Stable
Average

Change in
Width

Average
Change in

Height

Nourishment 91% 9% 0% 0% 0% 15% 0%
No-action 9% 0% 65% 26% 0% 1% −30%

3.2. Effects of Individual Storms

While the cumulative effects over the 30-year period illustrate how nourishment
can aid in long-term barrier island resilience, the effects of nourishment on individual
storms can provide additional insight into short-term storm protection. Figure 4 shows
the percent change in post-storm subaerial island volume as well as the percent of dunes
overtopped during each storm for the area east of Katrina Cut. For storms with limited
dune overtopping (storms 71, 23, 155, 186, 95, 158, 4, 134), higher volumes of sand were
eroded in the nourishment scenario than in the no-action scenario. The wider nourished
beach allowed more sand to be eroded from the beach and deposited offshore during
the collision regime. In storms with widespread dune overtopping (greater than 50%;
storms 257, 152, 114, 191), the change in subaerial volume either increased or decreased
in the nourishment scenario compared to the no-action scenario. For example, in Storm
257 there was a net loss of sand in the nourishment scenario and a net increase in sand in
the no-action scenario; in storms 152, 114 and 191 there were larger volumes of sand lost
in the no-action scenarios. To better understand these impacts, storms 257, 152, 114 and
191 are further assessed individually.

Storm 257 makes landfall directly on Dauphin Island. Comparison of post-storm
model elevations (Figure 5) shows that post-storm dune heights are higher in the nour-
ishment scenario (average of 1.88 m in the nourishment scenario versus 1.76 m in the
no-action scenario). The pre- and post-storm elevations for both scenarios indicate there
was overwash deposition on the backbarrier shoreline in the area between Katrina Cut and
the nourishment area in both scenarios. In the no-action scenario, the overwash deposition
extended further east into the nourishment area than in the nourishment scenario due to
lower dunes; this “rollover” slightly increased the post-storm island volume (0.89% gain).
On the other hand, in the nourishment scenario, there was a 2.4% loss in volume as a result
of less overwash deposition on the backbarrier and sand being lost to subaqueous areas.
This illustrates the complex and dynamic interactions between water levels and bed levels
during storms.

Storm 158 and Storm 152 occur back-to-back in the same year with Storm 158 making
landfall 16 km east of Dauphin Island and Storm 152 making landfall 24 km west of
Dauphin Island. During Storm 158, no dunes were overtopped in the nourishment scenario
and 6% were overtopped in the no-action scenario. The average post-storm dune heights
east of Katrina Cut were 2.05 and 2.59 m for the no-action and nourishment scenarios,
respectively. During Storm 152, 100% and 80% of the dunes were overtopped in the no-
action and nourishment scenarios, respectively. There were breaches east of Katrina Cut
in both scenarios; however, the breach in the no-action scenario was wider by ~160 m
(Figure 6), resulting in a higher volume loss than in the nourishment scenario (9% vs
4.3%). Similarly, Storm 114 and Storm 191 occur back-to-back with Storm 114 making
landfall 55 km west of Dauphin Island and Storm 191 making landfall 175 km southwest of
Dauphin Island. Both storms resulted in widespread overtopping east of Katrina Cut (>89%
of dunes). Although the island was breached before Storm 191 in both scenarios, the breach
in the no-action scenario widened during the storm, resulting in a higher volume of sand
lost in the no-action scenario (10.1% vs 6.4%) and a breach ~800 m wider (Figure 7).
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Figure 4. For each storm the (a) percent change in subaerial island volume east of Katrina Cut and (b) the percent of dunes
overtopped east of Katrina Cut.
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Figure 5. Post-storm 257 bed level elevations for the (a) nourishment scenario, (b) no-action scenario
and (c) difference between nourishment and no-action scenarios. In (c), the black line is the 0 m
contour for final (Year 30) no-action scenario and the red line is the 0 m contour for the final (Year 30)
nourishment scenario.

Figure 6. Post-storm 152 bed level elevations for the (a) nourishment scenario, (b) no-action scenario
and (c) difference between nourishment and no-action scenarios. In (c), the black line is the 0 m
contour for final (Year 30) no-action scenario and the red line is the 0 m contour for the final (Year 30)
nourishment scenario.
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Figure 7. Post-storm 191 bed level elevations for the (a) nourishment scenario, (b) no action scenario
and (c) difference between nourishment and no-action scenarios. In (c), the black line is the 0 m
contour for final (Year 30) no-action scenario and the red line is the 0 m contour for the final (Year 30)
nourishment scenario.

4. Discussion

Assessing the island response to individual storm events reveals that back-to-back
storms (i.e., storms occurring in the same year) make the island more vulnerable to breach-
ing and sand loss. Nourishment can reduce breaching, particularly during the subse-
quent storm due to higher pre-storm dune heights and wider beaches. Nourishment can
also reduce sand volume loss for stronger storms with higher water levels that result in
widespread overtopping. Weaker storms that are collision dominant cause more sand
to be eroded from the beach in the nourishment scenarios as a result of a wider beach,
although dunes remain intact. It is expected that similar behavior would be observed on
other low-lying barrier islands.

Artificially high nourished dunes can disrupt the transport of natural overwash
sediment from the front of the barrier to the back-barrier [34,35], reducing the ability
of marshes to keep pace with SLR [36] and subjecting the island back-barrier platform
to passive drowning and erosion [35,37]. By selecting a recovered state to represent
nourishment, we assessed an appropriate dune height that was not too high to prevent
overwash and resulting deposition. While the backbarrier shoreline position was located
further landward in the no-action scenario as a result of increased overwash deposition,
the average change in island width was greater in the nourishment scenario, illustrating
that the island was still experiencing overwash deposition on the backbarrier but the Gulf
shoreline position was maintained due to nourishment. The additional sand availability
from nourishment did not result in increased overwash deposition as compared to the
no-action scenario; this may differ if only beach nourishment was considered to widen the
beach rather than a combination of beach and dune nourishment.

The dominance of deflation across transects indicates that a combination of beach and
dune nourishment is necessary to maintain island heights and widths, rather than just
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beach nourishment or dune nourishment for this island. In terms of a long-term strategy
for barrier island resilience, the island was more susceptible to flattening and deflation
in the no-action scenario than in the nourishment scenario. Flattening can lead to height
drowning whereas deflation can increase vulnerability to breaching during storm events [8].
The effects of deflation are apparent in storms 114 and 191, where breaching was more
widespread in the no-action scenario than the nourishment scenario.

Although alongshore transport was accounted for during storm events, for simplicity,
the integrated models did not simulate alongshore transport during non-storm periods,
which can drive sediment transport and deposition to adjacent shorelines. Inclusion of
alongshore sediment transport may have resulted in changes in sand volume lost/gained
during storm events and overwash sand distribution, particularly westward of the nour-
ished area (tide and fair-weather wind-driven currents move east to west along the Gulf
shoreline of the island). While this study indicates that beach and dune nourishment can be
a viable option for maintaining barrier island geometry and volume over long-time scales,
we only considered resilience in the context of morphological impacts and considered ideal
nourishment volumes and schedules. Due to complexities such as sediment availability
from borrow areas, construction costs and environmental impacts, beach nourishment may
not be a sustainable long-term strategy to protect developed coastlines at risk to the effects
of climate change and may be better suited as a near-term strategy to address existing vul-
nerabilities [38]. For example, over the 30-year simulation period, a total of 1,231,107 m3 of
sand was required to nourish the beach and dunes; this equates to a total cost of $34 million
based on 2016 nourishment costs at Dauphin Island [39]. Hybrid approaches for shoreline
and dune stabilization may be a reasonable alternative to traditional nourishment (e.g.,
Nordstrom [39], Bridges et al. [40], Smallegan et al. [15]). Our results further support
beach nourishment as a strategy to mitigate storm-driven erosion, particularly during
back-to-back storm events. This is especially pertinent given the 2020 Atlantic hurricane
season during which five tropical cyclones (two tropical storms and three hurricanes) made
landfall in Louisiana.

5. Conclusions

Integrated models of storm-driven hydrodynamics, morphodynamics and post-storm
dune recovery were used to assess the effectiveness of beach and dune nourishment on
long-term (decadal) barrier island morphological resilience. Results showed that over a
30-year simulation period, the idealized nourishment scenario helped to maintain island
volumes by increasing barrier height and width compared with the no-action scenario.
During storms when the collision regime was dominant, higher volumes of sand were lost
from the wider beach in the nourishment scenario than in the no-action scenario. During
stronger storms, nourishment reduced dune overtopping, allowing the island to maintain
height and width, whereas the no-action scenario resulted in island rollover but decreased
island height. Nourishment was particularly effective in reducing erosion and breaching
during back-to-back storms occurring in the same year. Results of this study provide
insight to how beach and dune nourishment can improve morphological resilience by
maintaining barrier island geometry and volume over decadal timescales. Future efforts
assessing the dynamic effects of SLR and the ability of nourishment to improve barrier
island resiliency can benefit from these insights.
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