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The potential of wetlands and
barrier islands as a coastal
defense in mitigating the
storm surge

Aditya Gupta*, Matthew V. Bilskie and C. Brock Woodson

School of Environmental, Civil, Agricultural, and Mechanical Engineering, University of Georgia,
Athens, GA, United States

A critical aspect of coastal protection is the role of barrier islands and wetlands in
mitigating storm surges. However, the level of protection offered by these natural
features can vary based on their geographical characteristics and the storms they
face. This study focuses on quantifying the attenuation capacity of the
Apalachicola Bay barrier island and coastal wetland system using a novel
approach that delineates watersheds to calculate localized water elevation
attenuation rates, incorporating spatially varying bed roughness and complex
channel-marsh networks. We simulated storm surge dynamics using the
ADvanced CIRCulation (ADCIRC) model under multiple configurations,
including entire barrier island presence, selective island removal, the absence
of all islands, and scenarios with and without marsh vegetation. The study
introduces an attenuation rate function based on the prediction factor that
improves surge attenuation modeling by integrating real-world scenarios with
idealized theoretical functions. Additionally, we derive a theoretical maximum
attenuation rate curve to calculate the highest achievable rate of storm surge
reduction in Apalachicola Bay, providing a benchmark for the landscape'’s full
attenuation potential. The findings of this study underscore the importance of
integrating wetlands and barrier islands into coastal protection strategies.
Insights from this study can guide restoration efforts, particularly in the context
of barrier islands and marshlands, to enhance resilience against increasing storm
surge threats.
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1 Introduction

Coastal flooding and storm surges, posing risks to coastal
communities, are not just a future concern but a pressing issue of
our time. The economic damages, estimated at billions of dollars
annually, and the loss of life they cause (Bridges et al., 2015; Saleh
and Weinstein, 2016) are a stark reminder of this urgency. In the
United States alone, hurricanes and storm surges caused an average
annual damage of $54 billion between 2000 and 2019
(Congressional Budget Office (CBO), 2019). In 2023, the U.S.
experienced several major storms, including Hurricane Idalia,
which caused $3.6 billion in damages (National Oceanic and
Atmospheric Administration (NOAA), 2023). As these events
become more frequent and severe due to climate change and
rising sea levels, the need for effective coastal defense mechanisms
becomes increasingly urgent (IPCC, 2019).

Natural and nature-based features (NNBF), such as barrier
islands and marshes, have emerged as solutions for flood risk
mitigation. These features, created and evolved through physical,
geological, biological, and chemical processes, can be harnessed or
enhanced to provide specific services such as coastal risk reduction,
habitat provision, and ecosystem services. These services include
storm surge protection and wave attenuation, making NNBF a
versatile and practical solution (Bridges et al., 2015; Narayan et al.,
2016; Temmerman et al., 2013). For instance, coastal wetlands in
the northeastern USA are estimated to provide storm protection
valued at $625 million annually (Narayan et al., 2017). Building on
the concept of NNBF, nature-based solutions (NbS) refer to the
sustainable management and use of natural features and processes
to increase resilience to climatological and environmental stress and
change while providing benefits for human well-being and
biodiversity (Nelson et al., 2020). NbS also includes restoring
ecosystems and enhancing natural processes in modified or man-
made areas (Browder et al., 2019). These solutions often involve
constructing dunes, marshes, barrier islands, and reefs that protect
coastal communities against storms (Whelchel et al., 2018; Sutton-
Grier et al,, 2015). For example, marshes can reduce storm surge
heights, dissipate wave energy, trap sediments, stabilize shorelines,
and protect inland areas from flooding (Shepard et al., 2011; Barbier
et al., 2013). Similarly, barrier islands, a key component of NNBF,
play a critical role in coastal defense by acting as physical buffers
that absorb wave energy and mitigate the impact of storm surges on
coastal communities (Grzegorzewski et al., 2011). These natural
defenses are often more cost-effective and sustainable than gray
infrastructure solutions, such as seawalls and levees, which can be
expensive to build and maintain and may have adverse
environmental impacts if they fail (van Rees et al., 2023; Narayan
et al., 2016; Gupta et al., 2022).

Integrating NNBF and NbS into coastal management practices
represents a paradigm shift toward more sustainable and resilient
approaches to addressing coastal hazards (Palinkas et al., 2022).
However, despite the recognized theoretical benefits of natural
features in storm surge attenuation, their real-world effectiveness
across various storm scenarios and coastal configurations remains
under-researched (Temmerman et al,, 2013). The effectiveness of
these features, such as salt marshes and barrier islands, varies
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significantly depending on their geographic and ecological
characteristics and the nature of the storm surges they encounter.
To accurately assess the protective benefits of natural coastal
features, it is essential to quantify the attenuation rates of storm
surges across different coastal ecosystems. This quantification
allows researchers, policymakers, and practitioners to understand
the effectiveness of these natural defenses in reducing storm surge
heights to mitigate coastal hazards. Integrating coastal management
strategies that effectively leverage these natural features can be
developed by systematically measuring how ecosystems perform
under various storm conditions.

Salt marshes, for instance, can reduce wave heights by up to
50% over short distances, though the effectiveness of this
attenuation can vary based on factors such as vegetation density,
type, elevation, and geomorphological structure (Shepard et al,
2011; Moller et al., 2014; Gupta and Behera, 2024). In northern
Germany, salt marshes were shown to reduce wave heights by 18%
over a distance of 40 meters, with 60% of this reduction attributed to
marsh plants (Moller et al,, 2014). Coastal wetlands can reduce
storm surge levels from 1 meter per 50 kilometers to 1 meter per 6
kilometers of wetland, underscoring the importance of wetland
restoration in coastal protection (Wamsley et al., 2010).

Attenuation rates during major hurricanes have been
documented in various locations. For instance, during Hurricane
Charley (2004) in Florida, attenuation rates were found to be
between 9.4 and 15.8 cm/km, while rates during Hurricane
Wilma (2005) varied from 4.0 to 6.9 cm/km (Krauss et al., 2009).
Additionally, attenuation rates varying from -2 to 70 cm per
kilometer have been observed under different tidal conditions,
including marsh tides, over marsh tides, and storm tides during
moderate and severe storms (Stark et al., 2015). During Hurricane
Rita (2005), marsh attenuation rates in Louisiana varied
substantially, with values ranging from 4.0 cm/km to 25.0 cm/km
depending on local conditions (McGee et al., 2006; Wamsley et al.,
2010). This variability of attenuation rates highlights the need for a
comprehensive approach to coastal management by developing
accurate models that can predict attenuation rates by integrating
site-specific assessments.

Several studies have also quantified the impacts of restoring
or degrading barrier islands and marshes on storm surge
attenuation. Restoration of marshes and barrier islands can
reduce storm surge by up to 0.5 meters, while degraded
conditions might increase surge by as much as 1.5 meters
(Wamsley et al., 2009). Loss of barrier islands has been shown
to lead to increased storm surge in adjacent bays, with modeled
results indicating a 24% increase in surge heights when barrier
islands deteriorate (Stone et al., 2005). In Louisiana and
Mississippi, restored barrier islands can reduce wave heights by
up to 90% and peak storm surge by 12%, whereas degraded
islands might increase wave heights by as much as 495% and peak
storm surge by 12% (Grzegorzewski et al., 2009).

The sensitivity of storm surge responses to wetland
characteristics underscores the importance of spatial scaling and
mesh resolution in hydrodynamic modeling studies. High-
resolution models accurately representing the complex
topography and vegetation structure of coastal wetlands and
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adjacent landscapes are crucial for reliable predictions. Finer mesh
resolutions improve the accuracy of surge attenuation predictions
by accounting for the detailed interactions between storm surges
and wetland features (Loder et al., 2009). Including high-resolution
spatial data in hydrodynamic models can better capture the
complex interactions between water flow and marsh vegetation,
leading to more precise predictions of storm surge attenuation.
Storm surge responses show high sensitivity to wetland
characteristics, such as vegetation density and marsh topography,
emphasizing the importance of spatial scaling in hydrodynamic
modeling to accurately reflect the heterogeneous nature of wetland
environments, which is crucial for reliable surge attenuation
predictions (Lawler et al., 2016).

Theoretical models of idealized coastal landscapes have
enhanced our understanding of water level attenuation across
coastal wetlands. Despite these advances, research gaps remain.
One major gap is the need for a prediction factor to estimate peak
water level attenuation in real-world salt marsh systems,
considering spatially varied bed roughness, branched channels,
alongshore marsh extents, and marsh platform slope
(Hewageegana et al., 2022) emphasized the necessity for such
predictive tools. While theoretical models have provided valuable
insights, they often simplify the complex dynamics of actual
coastal landscapes. Many existing studies, along with what has
been discussed here, have been limited to either wetlands or
barrier islands in isolation, failing to capture the interactive and
combined effects of these features in mitigating storm surges.
Building on this research, our study aims to bridge the gap in
understanding the interaction between barrier islands and
wetland marshes in mitigating storm surge impacts, specifically
total water levels. We focus on the Apalachicola Bay region in
Florida, characterized by several barrier islands and an extensive
coastal marsh. Using the Advanced Circulation (ADCIRC) model
(Luettich et al., 1992), as described in Section 2: Numerical
Experimental Setup, detailed numerical simulations were
conducted to explore the impact of various storm surge
scenarios on this ecosystem, integrating barrier island dynamics
with wetland attenuation processes. This approach provides a
more holistic understanding of storm surge dynamics in the
region. It contributes to developing effective storm surge
defense mechanisms, moving beyond the limitations of
theoretical models of idealized coastal landscapes.

Our study improves upon the multivariate scaling relationship
of (Hewageegana et al, 2022) by integrating high-resolution
numerical simulations and theoretical models, as described in
Section 3:Methods, offering a more accurate representation of
storm surge attenuation within a real-world context. The
proposed prediction factor, as discussed in Section 4:Results and
Discussion, accounts for spatial variations and the geographical
complexities of coastal features. It highlights the importance of
maintaining, preserving, and restoring natural features such as
barrier islands and coastal wetlands to exploit their protective
benefits. Specifically, we aim to:

1. Quantify the attenuation of storm surges provided by barrier
islands and marshlands to understand their protective role.

Frontiers in Ecology and Evolution

10.3389/fevo.2025.1524570

2. Propose an attenuation rate function due to storm surge
based on the prediction feature and calculate the maximum
attenuation capacity for the Apalachicola wetlands.

2 Numerical experiment setup
2.1 Study area and model domain

The study area is the Apalachicola Bay region within the Big Bend
region of Florida (Figure 1A). Apalachicola Bay covers an area of
260 km® with an average depth of 2.2 m (Mortazavi et al,, 2000). The
marshes surrounding Apalachicola Bay are predominantly big
cordgrass (Spartina cynosuroides), smooth cordgrass (Spartina
alterniflora), and black needle rush (Juncus roemerianus)
(Livingston et al, 1974). The Apalachicola River’s lower marsh
areas are mostly natural wetlands that have experienced minimal
human impact (Tahsin et al., 2016). The elevation across the marsh
surfaces ranges from 0.1 to 1.2 m NAVDS88. Three barrier islands
encapsulate Apalachicola Bay: St. George, St. Vincent, and Dog
Island. This area experiences frequent impacts from tropical
cyclones (Tahsin et al., 2016; Bilskie et al,, 2016) and along with its
barrier island and vast salt marsh habitat, provides an excellent study
area to investigate these natural features as natural coastal defense
systems. The unstructured mesh used in this study spans the western
North Atlantic Ocean to the 60-degree W Meridian (Figure 1B).

The resolution of the mesh varies from several kilometers in the
deep ocean to hundreds of meters on the continental shelf and down
to tens of meters in the marshes, floodplains, and channels of our
study region (Figure 2). Near the barrier islands, mesh sizes are as fine
as 70 meters. In Apalachicola Bay, the element size in the marshes
and floodplain is at most 200 meters and 50 meters, respectively, and
they are further reduced to 10 meters in the small-scale channels,
such as the tributaries of the Apalachicola River. The mesh consists of
713,000 nodes and 1,415,634 triangular elements.

Bottom friction was included in the model as spatially varying
Manning’s n and was assigned based on the National Land-Cover
Database 2001 (Homer et al., 2004; Alizad et al., 2016). The
accuracy of lidar-based DEMs is often compromised by dense
vegetation such as S. alterniflora and Juncus roemerianus (Hladik
and Alber, 2012), leading to overestimated marsh elevations by 0.20
to 0.80 meters (Medeiros et al.,, 2015). This overestimation affects
the precision of flood simulations, particularly during storm surges.
This study uses the adjusted DEM developed by (Medeiros et al.,
2015), combining ASTER Band 2, IfSAR, and lidar. The DEM’s
resolution is 3 m for the Apalachicola National Estuarine Research
Reserve (ANERR), which includes the lower 84 km of the
Apalachicola River and its floodplain as well as the entire
Apalachicola Bay estuary.

2.2 Hydrodynamic model

Advanced Circulation (ADCIRC) version 55.02 solves a modified
form of the shallow water equations for water levels and depth-
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FIGURE 1
Bathymetry and Topography (m, NAVD88) of unstructured finite element mesh for (A) Apalachicola Bay (Study area) and (B) Complete domain to
capture hydrodynamic interactions.

averaged currents on an unstructured finite mesh (Dawson et al,  directions from the depth-averaged momentum equations (Atkinson
2006; Kolar et al., 1994a, b; Luettich and Westerink, 2004; Westerink et al., 2004; Kolar et al., 1994b; Pringle et al., 2021). The unstructured
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FIGURE 2
Illustration of the mesh spacing in the Apalachicola Bay to capture hydrodynamic interactions.
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performed herein use a 0.25-second time step, wetting and drying
were enabled (threshold depth of 0.1 m), and the advective terms
were enabled. Bottom friction was represented using Manning’s n
bottom roughness. The ADCIRC model was driven by wind and
pressure fields for synthetic tropical cyclones, using the (Garratt,
1977) wind drag formulation to convert wind speed to wind stress.

2.3 Synthetic storm forcing

It is critical to understand regional storm climatology to assess
wetlands and barrier islands as coastal defenses. Toro et al. (2011)
established storm climatology in the Big Bend region with synthetic
storms derived from the Joint Probability Method with Optimal
Sampling (JPM-OS). We selected ten synthetic storms (numbers 64,
65, 82, 83, 84, 85, 86, 109, 154, and 155) from the 159 statistically
generated by Toro et al. (2011) (Figure 3). These specific storms were
chosen based on their attributes: pressure deficit, radius to maximum
winds, translation speed, and storm heading (Table 1). Hagen and
Bacopoulos (2012) examined coastal flooding on Florida’s coast using
synthetic storms generated by Toro et al. (2011) to study the impact
of sea-level rise on inundation. They concluded that storms 64, 65, 82,
83, 84, 85, and 86 contributed to the maximum of maximums
(MOM) inundation patterns, and simulating these storms can
replicate the inundation response set of hundreds of storms.

2.4 Simulation setup

Numerical simulations were conducted to assess the importance
of barrier islands and marshlands by sequentially removing barrier
islands and applying synthetic storm forcings to each modified
coastal configuration. Five scenarios were developed to quantify the
water level responses (Figure 4): Complete domain that is the base
case (CD), no Dog Island (ND), no Dog and St. George Islands
(NDG), no St. Vincent Island (NSV), and no islands (NI). A sixth
scenario involved examining the effect of the absence of bed

10.3389/fevo.2025.1524570
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FIGURE 3
Storm tracks of 10 synthetic storms considered for this study.

roughness on storm surges by assigning a uniform Manning’s n
value of 0.021 across all nodes, which represented open water. The
simulated storm surge signals were recorded at the location referred
to as “Gauge” (Figure 1). A total of sixty simulations were conducted.

3 Methods
3.1 Extracting estuary geometry

In the real world, rivers, lakes, bayous, and marshes are
intertwined, making it hard to separate river channels and
marshlands in numerical models. We extracted the actual
geometry of the river channels, and then the total inundated area

TABLE 1 Attributes (Pressure, Radius, Forward Speed, landfall location) of the ten contributing storms selected for this study.

Storm no. DP Rp \%i 6 Landfall Longitude Landfall Latitude

& Scenario (mb;coast) (km offshore) (m/s) (deg) (deg) (deg)
64-LANDFALL NE 56.47 36.45 4.156 61.12 -85.72 30.08
65-LANDFALL NE 56.47 36.45 4.156 61.12 -85.01 29.73
82-LANDFALL NE 86.95 37.47 6.756 283 -85.83 30.15
83-LANDFALL NE 86.95 37.47 6.756 283 -85.53 29.93
84-LANDFALL NE 86.95 37.47 6.756 283 -85.2 29.75
85-LANDFALL NE 86.95 37.47 6.756 28.3 -84.72 29.81
86-LANDFALL NE 86.95 37.47 6.756 283 -84.19 29.94
109-LANDFALL NW 63.42 63.02 9.487 -10.88 -85.7 30.07
154-BYPASSING 89.78 38.97 6.8 -52 -84.99 29.72
155-LANDFALL NE 58.85 3237 7.105 86.84 -85.28 29.78
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FIGURE 4

Five Scenarios of barrier island configuration considered in the study (A) Complete Domain (CD) (B) Dog Island absent (ND) (C) Dog and St. George
Islands absent (NDG) (D) St. Vincent Island absent (NSV) (E) All Islands absent (NI).

was calculated. This method involved classifying nodes with
elevation values less than zero (bathymetry) as a part of the river.
These nodes were compared with water elevation data to determine
inundated areas. Finally, the area of these water-covered regions
(triangular elements) was calculated using the Shoelace formula
(Lee and Lim, 2017; Setiawan and Sediyono, 2022). By summing the
elemental areas, the total inundated area of the river in the region of

UTM X

FIGURE 5

interest was calculated. The floodplain marsh area (Figure 5) was
also calculated using the same approach as above. Nodes within the
desired geographical location were identified, and their
corresponding Manning’s n values were sourced from an attribute
file. Based on predefined thresholds for Manning’s n values (set for
open water, saline marsh, marsh/woodland mix, and others), nodes
representing marsh areas were identified. Mesh elements made

- Other, n>0.15

MarshWoodland mix, n = 0.060 - 0.15

Manning's n

Saline Marsh, n = 0.03 - 0.061

Open Water, n = 0.02 - 0.027

»10°

Manning n values of various marsh types for base configuration and the total floodplain marsh area for n values 0.02-0.15.
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from these marsh nodes were identified, and their areas
were calculated using the Shoelace formula to estimate the
total marsh area. The flowchart (Figure 6) represents the flood
analysis algorithm detailing the process from data input to
area calculations.

3.2 Quantifying attenuation rate and
inundation analysis

Determining the attenuation rate of storm surge is challenging
due to the complexity of landscape features, such as variations in
vegetation type and density, branching channels, and the extent of
marshes along the shore. This study introduces a new approach to
compute the attenuation rate to address this challenge. The
wetland is segmented into multiple watersheds or wetland units
(Figure 7A) using ArcGIS Pro. This delineation initiates by
specifying the ‘outlet—in this context, the locations where the
water exits the wetland, typically the river mouths and associated
tributaries. The DEM identifies the flow direction or the
hydrological pathway across the terrain leading toward the
wetland. Utilizing this directional data, the boundaries of
watersheds draining into the wetlands are defined, which outline
the areas where inundation will eventually converge into the
wetland. Each delineated watershed is anchored by a single
outlet, dividing the study area into 95 distinct watersheds and
their corresponding outlet points.

Water levels were sampled every 15 minutes for each grid cell,
and peak water surface elevations were extracted for all nodes at
dn

= was determined using

each timestep. The rate of attenuation

10.3389/fevo.2025.1524570

the equation by Hewageegana et al. (2022) to calculate the change
in peak water level and the distance over which the flooding
occurs.

Af)(cm)
Lyrop (km)

m/km] = (1)

dn
ale
where A7 is the spatial average of the difference in peak water
level between the marsh starting location and the maximum onshore
inundation location, and L, is the distance from the marsh starting
location to the maximum onshore inundation extent. The maximum
distance from the marsh edge to the farthest wetted/inundated node
is the onshore inundation extent. Each simulation’s inundated area
(flooded area) was identified by comparing the peak water elevations
at each mesh node with the ground elevations. Specifically, a node
was classified as inundated if its peak water elevation exceeded the
ground (topo) elevation. For each watershed, the flow length or L,,,,
was determined by measuring the distance from the farthest
inundated node within the watershed to its associated outlet
point (Figure 7B).

The marsh platform elevation gradient is low, so defining the
distance to the outlet based on hydraulic connectivity did not prove
helpful in this case. The difference in water elevation A7} was
computed, inside each watershed. Finally, the average gradient
across all valid watersheds was computed using Equation 1. To
calculate the effect of channel width and spacing on flood
attenuation, a channel ratio (C,) was defined to consolidate both
effects (Equation 2).

_ Inundated channel area (m®)

" Inundated marsh area (m?)

~Star
Gtart>
T
_— " Read Mesh and Attribute File
Latitude, El M

——

1

_— — —
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T as River Nodes - .
—_ " - — -
- _I_ o X——-"-———-____
— Cross-reference River Nodes T, _=___———_'______])l!ﬁlll! Range of n Valueﬁ_____"——____}
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--"'___T\Eg_m_ ate Each Element to Determine
Qh___ __ Total River/Marsh/Inundated Area ______.-)
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FIGURE 6

Flowchart of the flood analysis algorithm for extracting the desired estuary geometry.
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inundation or flooding for Storm# 65.

4 Results and discussion

4.1 Effect of barrier islands on
surge attenuation

The surge signals from synthetic storms are generated for the
case CD (Figure 8). These signals are recorded at the point
“Gauge” (Figure 1) within Apalachicola Bay. The surge
amplitude (ay,,) is defined as the maximum surge level, and the
surge duration (Ty,,) is defined as the duration between the rising
limb and falling limb on either side of the crest at half surge
amplitude (Figure 8).

The simulation results show that the absence of an island
generally leads to higher surge levels (Figure 9). The increase in
ag,, varied from 13.5% in Storm# 64 to 86.8% in Storm Run 154,
indicating a protective role of barrier islands in mitigating storm
surges. There is an exception in Storm# 86, where a 26.2%
reduction in ay,, is observed, suggesting specific storm dynamics
or environmental conditions where island absence might reduce
surge impacts. The absence of Dog and George Island (NDG)
consistently results in higher surge amplitudes than other
individual island removals. For instance, in Storm# 84, the surge
amplitude peaks at 5.95 meters, which is one of the highest
observed in the study, indicating that these two islands have
significant combined protective effects. The impact of St.
Vincent Island (NSV scenario) on storm surges shows
variability; in some storm runs, such as Storm# 86, the absence
of St. Vincent results in a reduced amplitude, which could be
attributed to the island’s capacity to retain water, thus modulating
the surge impact.

The storm tracks (Figure 3) and their landfall location (Table 1)
govern the potential impact for each scenario. To examine this
relationship across different cases, a heatmap of the storm intensity,
denoted by Ty,,/a,,,, was created (Figure 10). For instance, storms#
64 and 154, based on their surge signals, generate intense surges for
CD and ND, 64 and 86 for NSV, and 64 and 82 for NDG and
NI, respectively.
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4.2 Effect of marsh on surge attenuation

To assess the influence of marsh on storm surge attenuation, we
compared the maximum mainland inundation (Figure 11) from the
base case CD defined with spatially varying manning’s n to the ‘No
Marsh’ case where the manning’s n value was set to 0.021 across the
wetland. The absence of the marsh vegetation resulted in more
flooding than the absence of barrier islands, with the maximum
inundated area more than doubling in some cases (over 100%
increase for storm 154).

A descriptive statistical analysis was conducted to understand
the maximum inundated area across all 6 cases (Table 2), and the
following observations are made:

1. Role of barrier islands and vegetation: The removal of Dog
Island (ND) and St. Vincent Island (NSV) resulted in only a
slight increase in the average inundated area compared to
the scenario with all islands present (CD). This suggests
that both islands play a role in reducing inundation, but
their absence does not drastically alter the inundation
patterns. The combined absence of Dog and George
Islands (NDG) behaves similarly to all Islands absent
(NI), leading to the highest increase in inundation area.
This emphasizes the collective importance of these barrier
islands in protecting inland areas from storm surge
inundation. In the” No Marsh” scenario, the inundated
area increased to 877.25 km* from 551.04 km® [CD], a
59.20% rise.

2. Variability Across Storm Surge Events: The variability
indicated by the standard deviation (Table 2) in
inundated areas across different storm surge forcings is
high for the NDG and NI scenarios. This suggests that the
combined absence of Dog and George Islands introduces
more variability in how different storm surge events impact
the inundated areas. CD and ND, the scenarios with the
most islands present, exhibit the least variability, indicating
that the presence of islands brings consistency in protection
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against various storm surges. The standard deviation for the
inundated area (km?) in the” No Marsh” case is notably
higher at 235.28 compared to 171.81 in the CD scenario.
This increased variability suggests that vegetation or bed
roughness, in this case, reduces consistency in surge
protection across different storm surge events. The
presence of marsh vegetation adds a level of resistance to
the coastal ecosystem, dampening the impact of varying
surge intensities.

4.3 Effect of hydrodynamic forcing and
channel ratio

We analyzed the channel ratio (C,) for all configurations in
our study to understand the interactions between storm surge
dynamics and the inundation patterns of channels and marshes
(Figure 12). In each case, ranging from Complete Domain (CD) to
No Islands (NI), the inundated channel area remains constant at
39.68 km?, allowing for a direct comparison of marsh
inundation impact.

Frontiers in Ecology and Evolution

For the case CD, the channel ratios vary across storm events,
reflecting the fluctuating impacts on channels and marshes. For
example, storm# 86 displays a higher channel ratio (0.297),
suggesting a reduced impact on marsh areas due to a lower surge
amplitude (2.81 m) and moderate duration (5.75 hr.). In contrast,
storm# 84, with its higher amplitude (4.09 m) and longer duration
(7 hr.), shows a lower channel ratio (0.148), indicating extensive
marsh inundation. Similar patterns are observed in the NDG
scenario during storm 84, where the peak marsh inundation
correlates with the highest surge amplitudes (5.94 m) and a
shorter duration (4.87 hr.). The absence of islands (NI) highlights
the marsh inundation as higher surge amplitudes and longer
durations consistently lead to lower channel ratios, resulting in
extensive flooding. This is seen during storm 83, which combines a
high surge amplitude (4.94 m) and extended duration (7.25 hr.) to
lower the channel ratio to 0.150. The NSV scenario further
underlines a clear trend between storm surge characteristics and
the channel ratio, where intense surges (4.35 m, 6.5 hr.) result in
higher marsh inundation, reducing the channel ratio (0.148).

The relationship observed between the channel ratio (C,) and
the attenuation rate (Figure 12B) shows an intriguing trend with an
R? value of 0.64 in which higher values of C, correlate with an
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increased attenuation rate. Interestingly, in Hewageegana et al.
(2022) study based on idealized conditions, observed the opposite
trend: attenuation rates decreased as C, increased. This study
observed an increasing trend because as the inundated river
channel area was kept constant, an increase in C, indicates a

decrease in the inundated Marsh area based on Equation 2. As
the inundation of the marsh area becomes limited, the effect of the
marsh dynamics intensifies, resulting in higher attenuation. This
relationship underlines the role of balancing channel and marsh
areas in understanding optimal flood mitigation outcomes.
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ratio, providing a visual comparison of the intensity of storms.
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4.4 Scale consolidation

The attenuation of storm surge water levels across a wetland
segmented into various watersheds is assessed. The attenuation rate
in our study is defined as the change in water elevation between two
points within a watershed, normalized by the distance between
these points. For each watershed, two points are selected: Point A,
the outlet point (denoted by a green dot) and Point B, the farthest
inundated point from the outlet (connected to point A by a red line)
in Figure 7B. Water elevations at each point are determined using
the ADCIRC model, while ground elevations are obtained from a
Digital Elevation Model (DEM). The attenuation rate % is then
calculated as shown in Equation 1. To understand the holistic
picture of wetland attenuation, we plotted our results obtained from
Equation 1 with the prediction feature (P) (Equation 3), which
combines the wetland’s spatial scales and the storm’s temporal
scales (Figure 13).

TABLE 2 Statistics for all 6 cases for understanding the maximum
inundated area (in km?).

Scenario Mean Median  Std Dev % Change
CD 551.04 572.62 171.81 0
ND 554.17 575.74 170.73 0.56
NDG 638.71 712.36 184.03 1591
NSV 555.51 566.82 176.34 0.81
NI 630.64 684.55 179.17 14.44
No Marsh 877.25 922.02 235.28 59.198
Frontiers in Ecology and Evolution
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where ¢, a, and T are constant exponents. The values for the

a
asur

constants are 0.56, 0.47 and 0.67, respectively, adopted from
Hewageegana et al. (2022). The results are compared against the
Hewageegana et al. (2022) idealized peak water level attenuation
exponential function (Equation 4) represented as a black solid line
in Figure 13.

d—z [cm\km] = 94.86¢ °>" + 49.18¢ >¥7"

(4)

In the CD scenario, where both barrier islands and marshes
are present, the Prediction factor (P) values range from 0.65 to
1.54, and the corresponding attenuation rate values span from
3.95 to 19.97, indicating effective surge attenuation, particularly
at lower P values. The attenuation capacity decreases slightly as P
increases, though the system remains relatively effective overall.
The ND scenario shows almost a similar pattern as the CD since
the removal of Dog Island does not affect the hydrodynamics
much. The NDG scenario, with P values ranging from 0.45 to 1.65
and attenuation rate values from 6.12 to 18.51, shows stable
attenuation across a broader range of P values. This suggests that
despite some reduction in natural defenses, the system maintains
a relatively effective attenuation capacity, likely due to other
mitigating factors such as vegetation (bed roughness). The NSV
scenario, with P values from 0.65 to 1.76 and attenuation rate
values between 4.23 and 12.64, shows a sharper decline in
attenuation capacity as P increases, indicating greater
vulnerability to storm surges under the absence of St. Vincent
Island. The NI scenario shows a pattern similar to that of the NSV
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of the attenuation rate against the channel ratio.

case. The decline in surge attenuation highlights the critical role
of barrier islands in coastal defense. Each island removal reduces
the system’s ability to mitigate storm surges. This phenomenon
can be partly explained by the island’s impact on modifying flow
patterns by creating barriers and potentially influencing

flow velocities.
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The no marsh scenario, with P values from 0.33 to 0.67 and
attenuation rate values between 1.08 and 16.23, shows the most
significant decrease in attenuation capacity, particularly at lower P
values. The absence of marshlands, critical for dissipating surge
energy, leads to poor overall performance in surge mitigation,
highlighting its importance. The Hewageegana et al. (2022) model,
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Variation of peak water level attenuation with consolidated prediction feature (P) for all scenarios.
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designed under idealized conditions, assumes a uniform coastal
environment with constant bed roughness and regular coastal
configurations such as straight channels and no alongshore
branches. While this model provides a valuable baseline for
storm surge predictions, it needs to include the complexities of
natural environments. When comparing our results against the
Hewageegana model (Figure 13), scatter around the model’s curve
was evident, resulting in an average RMSE value of 7.19. One of
the primary reasons for this scatter is the spatial variability in bed
roughness. Intertwined channels, tributaries, and alongshore
marsh extents within our study area add further complexity.
This variability leads to deviations from the model’s predictions,
with our observed data reflecting the influence of these real-world
complexities. We propose a new predictive model function
tailored to the specific conditions of our study area. Using
regression analysis, we derived an equation that more accurately
accounts for the change in temporal and spatial scales of the storm
due to changes in wetland characteristics. While this model
provides a more precise representation of storm surge behavior
in our context, it is essential to recognize that its applicability may
be limited to similar environments.

To capture the attenuation rate with a consolidated prediction
factor for our case, a two-term exponential model is employed to
establish the relationship between P and %, a common approach in
modeling to capture non-linear relationships (Lagarias et al., 1998).
The function is expressed in Equation 5.

dan
dL

= aleblp + azeh2P

©)

where ay, by, a, and b, are parameters to be optimized using the
Nelder-Mead method (Lagarias et al., 1998). Optimization involves
minimizing the sum of squared differences between the observed
values % and those predicted by the model. The attenuation rate
function calculated for this study is shown in Equation 6.

dn
dL

Using Equation 6, a value of RMSE 3.79 is obtained, which is a
48% improvement over Equation 4. We integrated the relationship

— 5.8660'1184}) + 1.4660'11851)

(6)

between the attenuation rate and prediction factor obtained in this
study (Equation 6) and the Hewageegana et al. (2022) relationship
(Equation 4) into a single analytical framework that can give a holistic
view of the overall trends and relationships. We utilized a regression
approach to integrate data from two distinct exponential models,
Equation 4, with P values ranging from 0 to 2, and Equation 6, with P
values ranging from 0.3 to 1.6 (observed range in our study). A range
of predictor values (P) for both models are generated. These values
were then used to calculate the corresponding response values (% ),
representing the rate of change of a dependent variable for P. The
datasets from these two models were then merged to form a unified
set of predictor-response pairs formulated as:

dn

gy Lem\em] = 6.45¢"1 +137.74¢77'P

?)

The final attenuation equation (Equation 7) provides an
attenuation rate curve specific to the Apalachicola wetlands. In
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contrast to the attenuation function from Hewageegana et al.
(2022), which shows minimal or no attenuation when P > 1 and
even negative attenuation as P further increases, our function
demonstrates a gradual increase in attenuation once P exceeds
one (Figure 14). This behavior reflects the dominant influence of the
wetland’s spatial characteristics, specifically the channel ratio
discussed in Section 4.3.

Our attenuation function comprehensively models a wetland
system with spatially variable bed roughness, branched channels,
and shoreline-extending marshes. Derived using synthetic storm
events, this function was further validated by simulating the
attenuation rates during Hurricane Helene (Figure 14).
Hurricane Helene, a Category 4 storm, made landfall in Florida
near the Aucilla River in the Big Bend area on September 26, 2024,
around 11 p.m (National Hurricane Center, 2024). The
Generalized Asymmetric Holland Model (GAHM) was used to
account for the near-field wind and pressure based on the
National Hurricane Center’s (NHC) best-track for Hurricane
Helene. Details regarding the development of GAHM can be
found in Gao (2018) and Dietrich et al. (2018) The modeled
attenuation rates during Hurricane Helene closely align with our
modeled function, showing an average accuracy of approximately
70%. Higher P values (3-4) were recorded for configurations with
all barrier islands present (CD) or with Dog Island absent (ND)
compared to scenarios with additional island absence (NDG,
NSV, NI). The presence of barrier islands contributed to an
higher C,, as the islands effectively reduced flooding on the
marsh, enhancing attenuation. In contrast, when all islands were
absent, the marsh experienced greater inundation, leading to
lower P values (1-1.5) and reduced C,, underscoring the islands’
protective role in maintaining marsh attenuation capacity against
storm surges.

5 Theoretical maximum
attenuation rate

Many studies, including this one, have established that wetlands
such as marshes play a vital role in attenuating surge heights in
coastal regions, thereby protecting inland areas. However, this
protective capability is not limitless; it depends on various factors,
including the density and type of vegetation, water depth, flow
velocity, and bed friction. Establishing a maximum attenuation rate
allows us to quantify the theoretical peak at which a wetland can
attenuate water levels before its buffering capacity is overwhelmed.
This maximum rate is essential for assessing the resilience of a
wetland under extreme storm conditions. For instance, during
severe storm surges, wetlands may reach a threshold beyond
which their attenuation effect diminishes significantly, making
coastal regions more vulnerable to flooding. By identifying this
threshold, we can better understand the limitations of natural
defenses and guide the design of resilience strategies that combine
natural and engineered solutions.

We developed a maximum attenuation rate equation based on
the simplified 1D momentum balance equation, incorporating key
factors such as bed friction (Manning’s n), water depth (h), and flow
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Variation of water level attenuation with consolidated prediction feature (P) for Apalachicola wetland. The rate curve is integrated by combining the
Hewageegana et al. (2022) curve for P values less than 0.3 with the observed values from the current study for P values greater than 0.3.

velocity (u). The resulting Equation 8, which expresses the
attenuation rate A7n/L in terms of friction slope (Sy), provides
valuable insights into how physical and environmental conditions
influence storm surge attenuation. For further details, refer to the
Supplementary Material on the complete derivation of the
maximum attenuation rate equation.

An

L

= P )

The derived equation shows that the attenuation rate is
governed by bed friction and the flow’s physical characteristics,
such as water depth and velocity. In the context of our study, this
framework allows for the estimation of a theoretical maximum
attenuation due to flow through a marsh, focusing on the influence
of frictional forces and marsh geometry. By assuming steady flow
and small marsh areas, the model isolates the key factors affecting
water surface elevation changes over a given flow length L.

To quantify the influence of physical parameters, we
performed a sensitivity analysis (Figure 15), demonstrating how
variations in Manning’s n, water depth h, and velocity u affect the
attenuation rate. The relationship between water velocity and
depth is captured by the scaling parameter o = u/v/h, which
assumes a proportional relationship between velocity and the
square root of depth, as supported by previous studies
(Friedrichs and Aubrey, 1996; Neumeier and Amos, 2006).

We considered water depths of (h = 1, 2, 3 m) to capture a
representative range of conditions typically encountered in coastal
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and marsh environments. Shallow water, such as (h = 1, m), is
characteristic of marshes and intertidal zones, where frictional
interactions with vegetation and the seabed heavily influence
wave energy dissipation. In such environments, bottom friction
and surface roughness are key in dissipating energy (Friedrichs and
Aubrey, 1996). For deeper water depths, such as h = 2-3m, we focus
on conditions more representative of storm surge events. The o
values are calculated based on the velocity range from (0.1 - 0.6, m/
sec) that is typically observed in coastal marsh and estuarine
systems (Leonard and Luther, 1995; Kjerfve and Proehl, 1979).

The results of the sensitivity analysis (Figure 15) show that the
attenuation rate increases quadratically with n, as expected, since
surface roughness is critical in dissipating wave energy. This finding
aligns with previous studies that have shown higher roughness
values, commonly associated with vegetated marshes and natural
barriers, tend to reduce flow velocities and attenuate storm surges
more effectively due to increased frictional forces (Wamsley et al,
2010; Moller™ et al., 2014).

We observe an increase in the attenuation rate for higher values
of o, which represent scenarios with relatively higher velocities or
shallower depths. The higher velocities may amplify frictional
effects, resulting in stronger energy dissipation. As ¢ increases
from 0.1 to 0.3, corresponding to velocities ranging from 0.1m/sec
to 0.6m/sec, the attenuation rates become more sensitive to changes
in n. This may be due to higher velocities causing more intense
interaction between the flow and the rough surface, leading to
greater energy losses. It is important to note that this formulation
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Sensitivity of attenuation rate An/L to Manning's n for various water depths (h) and scaling parameters (o) with the Apalachicola curve (in black).

assumes that the marsh has a linear slope (no bumps and valleys)
and that there are no tidal creeks.

We plotted a curve for Apalachicola conditions, characterized
by an average of all maximum water depths observed from the
model across all watersheds (h = 2.5m) and an average of maximum
water velocity (0.43 m/sec) at the farthest inundated node, reflecting
real-world dynamics in the Apalachicola coastal region. Attenuation
rates ranging from 13-120 cm/km are observed for bed roughness
varying from sparse and short vegetation (1 = 0.05) to dense and
taller vegetation (n = 0.15). This curve is crucial for understanding
the upper limit of water energy dissipation that can be achieved in
the Apalachicola region under storm surge or high-flow scenarios.
By understanding the maximum attenuation capacity, coastal
engineers and environmental planners can optimize the
placement and design of natural defenses, such as marshes or
barrier islands, to achieve the highest possible energy dissipation.

6 Conclusion

This study focuses on understanding storm surge dynamics and
their interaction with coastal ecosystems, particularly the role of
barrier islands, marsh vegetation, and channel characteristics in a
real-world landscape. By simulating various scenarios, including
removing barrier islands and marshes, we could quantify the
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protective capabilities of these natural features. Our results
indicate that eliminating barrier islands led to an increase of up
to 15% in flooding areas, while marsh absence—defined by spatial
bed roughness—resulted in up to a 60% rise in flooding.
Additionally, the calculated attenuation rates for different storm
surge scenarios highlight the variability in protection offered by
these natural features. The results demonstrate that barrier islands
and marsh vegetation are critical in reducing surge amplitudes and
protecting inland areas. Our proposed attenuation rate function
based on the Apalachicola Bay prediction factor addresses idealized
models’ limitations by incorporating the complexities of real-world
coastal environments. This includes considering spatial variability
in bed roughness, complex channel networks (channel-to-marsh
ratios), and the varied influence of barrier islands in our simulation.
Our new approach of delineating watersheds within the study area
to calculate attenuation rates during storm surges allows for a
spatially detailed and context-specific analysis of surge impacts.
By effectively combining the trend of the response variable from the
theoretical model by Hewageegana et al. (2022) with our simulation
results, we established a unified general equation that offers a more
comprehensive and realistic modeling approach for assessing surge
impacts in different coastal settings with an improved RMSE of
48%. We observed higher channel ratios, corresponding to a smaller
inundated marsh area relative to the channel area, produced high
attenuation rates. We derived a relationship between the maximum
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attenuation rate using a 1D momentum-based equation, accounting
for Manning’s n, water depth, and water velocity. This is a critical
metric for understanding the upper limits of a wetland’s capacity to
mitigate storm surges. This sensitivity analysis revealed that bed
roughness and water depth changes significantly affect attenuation
rates, particularly in shallow, highly vegetated regions. While the
predictive attenuation function proposed in this study is unique to
the Apalachicola wetland, the overall methodology offers a
framework that can be adapted to other coastal environments.
The approach provides insights into how natural defenses, such
as marshes and barrier islands, can be integrated into resilience
planning. This is especially relevant for nature-based solutions,
which can complement or reduce the need for traditional
engineered defenses like seawalls. By quantifying the surge
attenuation potential of ecosystems, this study guides
policymakers on prioritizing coastal restoration and land use
projects. The findings also underscore the importance of natural
defenses in mitigating storm surges and preserving coastal
ecosystems. Understanding the relationship between landscape
features and surge attenuation will enable more informed
decisions regarding conservation and development, ultimately
enhancing coastal resilience in the face of rising sea levels and
increasingly severe storms. Future work should refine these models,
incorporate additional environmental factors, such as sediment
transport and vegetation dynamics, and integrate tidal forcing
and seasonal sea-level change to evaluate its combined effects
with storm surges to provide an even more comprehensive real-
world hydrodynamcis of coastal protection mechanisms.
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