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Abstract: Predicting coastal infrastructure reliability during hurricane events is important for risk-based design and disaster planning, in-
cluding delineating viable emergency response routes. Previous research has focused on either infrastructure vulnerability to sea-level rise and
coastal flooding, or the impact of changing sea level and landforms on surge dynamics. This paper represents a multidisciplinary effort to
provide an integrative model of the combined impacts of sea-level rise, landscape changes, and coastal flooding on the vulnerability of
highway bridges—the only access points between barrier islands and mainland communities—during extreme storms. Coastal flooding
is forward modeled for static projections of geomorphic change. First-order parameters that are adjusted include sea level and land surface
elevation. These parameters are varied for each storm simulation to evaluate relative impact on the performance of bridges surrounding
Freeport, Texas. Vulnerability is estimated by evaluating both the probability of structural failure given surge and wave loads as well
as the time inundated. The probability of bridge failure is found to increase with storm intensity and sea level because bridge fragility
increases with storm surge height. The impact of a shifting landscape on bridge accessibility is more complex; barrier island erosion
and transgression can increase, decrease, or produce no change in inundation times for storms of different intensity due to changes in
wind-setup and back-bay interactions. These results suggest that tying down bridge spans and elevating low-lying roadways approaching
bridges may enhance efforts aimed at protecting critical infrastructure. DOI: 10.1061/(ASCE)NH.1527-6996.0000265. © 2017 American
Society of Civil Engineers.
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Introduction

The performance of transportation infrastructure during hurricane
events is crucial for evacuation and poststorm recovery operations.
When bridges become inaccessible, whether through loss of struc-
tural integrity or sustained high water, disaster response activities
are jeopardized. Identifying the major sources of risk to coastal in-
frastructure is therefore vital for disaster prevention and mitigation

efforts. As development and population of coastal landscapes con-
tinue to grow (Neumann et al. 2015), despite accelerated rates of
global sea-level rise (DeConto and Pollard 2016) and uncertainties
in future flood risk (Church et al. 2013), there is tremendous need to
understand the safety and security of coastal infrastructure.

Storm surge and wave-induced loading are the dominant threat
to the safety of bridges during hurricanes (Kameshwar and Padgett
2014; Padgett et al. 2008). When the level of storm surge and waves
rises to or above the bottom of the bridge deck, the deck is sub-
jected to uplift and can thereafter be shifted or completely dis-
placed. This mode of failure was ascribed to the damage or
destruction of 26 bridges during Hurricane Ike, which struck the
Houston-Galveston region of Texas in September 2008 (Stearns
and Padgett 2011). Bridge deck unseating was also observed at
nearly 1,000 bridge spans in Louisiana, Alabama, and Mississippi
after Hurricane Katrina in 2005 (Padgett et al. 2012). Bridge
infrastructure reliability during hurricane events extends beyond
structural integrity; elevated water levels due to inland flooding
and deposits of debris can likewise prolong the downtime of major
transportation networks (Padgett et al. 2008).

In learning from Hurricane Ike and other recent natural disas-
ters, risk assessment frameworks have been developed to quantify
bridge infrastructure vulnerability to hurricane-induced wave and
surge loads (Ataei and Padgett 2013; Kameshwar and Padgett
2014). In addition to these tools, regional managers and stakehold-
ers need information on future flood risk to effectively manage
infrastructure systems. This becomes increasingly complex given
uncertainties due to climate and environmental changes, which
impact, for example, cyclone climatology, sea-level rise, and
coastal morphology. These dynamic conditions render low-lying
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coasts particularly vulnerable to extreme flood events (Cazenave
and Cozannet 2014; Woodruff et al. 2013).

Hydrodynamic models have been used extensively to study the
impacts of relative sea-level rise (SLR), which includes eustatic
sea-level rise and local seafloor elevation changes due to isostatic
and sediment compaction effects (Church et al. 2013), on coastal
flooding (Atkinson et al. 2013; Bilskie et al. 2014, 2016a; Ding
et al. 2013; Mousavi et al. 2011; Passeri et al. 2015a; Ratcliff
and Smith 2012; Smith et al. 2010; Wang et al. 2012; Zhang
et al. 2013). Results from these studies show that hurricane storm
surge flooding under SLR can be linear (spatiotemporally
consistent) or nonlinear, because it is influenced by local variability
in coastal topography, land-use, and/or storm characteristics.
However, most of these studies simulated flooding of present-
day coastal landforms and did not incorporate morphodynamic
modifications to coastal landscapes, which have the potential to
alter storm hydrodynamics.

Recent investigations have shifted toward a synergistic approach
in modeling the effects of SLR by incorporating the interactions
between physical and ecological environments in hydrodynamic
simulations (Bilskie et al. 2016a; Cobell et al. 2013; Ferreira
et al. 2014; Passeri et al. 2015a, b, 2016). For example, Passeri et al.
(2015a) evaluated the sensitivity of a high-resolution tide, wave,
and hurricane storm surge model to projected shoreline and
nearshore morphology changes associated with SLR for the Florida
Panhandle. Bilskie et al. (2016a) expanded upon this work by
incorporating changes in barrier island morphology, land use land
cover (LULC), and salt marsh evolution across Mississippi,
Alabama, and the Florida Panhandle. Both studies found that,
when combined with SLR, erosional landscape changes modified
storm surge and wave dynamics by enhancing flooding of back-bay

regions, thereby amplifying surge, wave heights, and inundation
extent inland of deflated barriers. The results of these studies
demonstrate that hydrodynamic responses to SLR are complex
and spatially variable, particularly when influenced by local
landscape changes.

Existing scientific approaches that evaluate infrastructure
vulnerability have not considered the combined effects of rising
seas and changing coastal landscapes; the unique feature of this
study is to model both of these environmental changes to determine
the safety and accessibility of coastal bridges. This paper presents a
novel approach which couples hydrodynamic and geomorphic
modeling frameworks (e.g., Bilskie et al. 2016a) with engineering
reliability analysis of physical infrastructure. The study area centers
on Brazoria County, Texas (Fig. 1), a wave-dominated microtidal
environment that has endured numerous powerful hurricanes,
including Alicia (1983) and Ike (2008). This portion of the upper
Texas Gulf Coast (UTGC) was strategically selected because of its
ecologically diverse and low-lying landscape, which is heavily
developed for recreation, trade, and commerce. The western half
of the study area is composed of the Brazos River delta and the
City of Freeport, an important industrial center and deep-water
port. A system of levees and pump stations protect a 109-km2 area
encompassing Freeport and surrounding industrial complexes (U.S.
Army Corps of Engineers 2005). To the east stretches Follets
Island, a narrow barrier spit backed by lagoons that connect to
the Gulf of Mexico via San Luis Pass, a microtidal inlet. The shore-
line along this portion of the UTGC is characterized by rapid retreat
(1.5–3.9 m=year) which is attributed to accelerated rates of SLR,
punctuated storm impacts, and diminished sediment supply
(Morton et al. 2004; Wallace and Anderson 2013; Wallace et al.
2009). This long-term regional recessional trend is incorporated
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Fig. 1. (Color) Map of Freeport, Texas, showing features of the natural and developed landscape relevant to this study, including contributing rivers,
bays, ecological preserves, significant roads, bridges, evacuation routes, and storm protection systems; the transect locations used to analyze storm
surge are also shown; the dashed box outlines the area depicted in Figs. 2 and 6
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into the current study via modifications to shoreline, barrier island,
and deltaic morphology, and by considering an intermediate SLR
scenario for the year 2050. A hydrodynamic storm surge and wave
model is used to simulate a suite of synthetic and historical storms
for present and projected future conditions. Bridge vulnerability
assessment is performed, encompassing both the structural fragility
and prehurricane and posthurricane accessibility, for a portfolio of
bridges critical for transportation in this region. The study
concludes with performance assessments of regional transportation
infrastructure and provides feedback for planning risk management
strategies.

Methods

Wave and Storm Surge Model

The evolution of storm surge and waves is simulated along the
UTGC for various storms and climate change scenarios using
the tightly coupled Simulating WAves Nearshore and ADVanced
CIRCulation (SWAN þ ADCIRC) model (Dietrich et al. 2011;
Luettich and Westerink 2004). The coupling of SWAN and
ADCIRC allows for computation of water levels, depth-averaged
currents, and wave action density on a single mesh consisting of
nonoverlapping, unstructured triangular elements. The fidelity of
the SWAN þ ADCIRC model for simulating storm surge and
waves along the UTGC was validated for Hurricane Ike by Hope
et al. (2013) using an extensive collection of measured wave and
water levels across the region. This study utilizes the TX2008r35h
mesh, an improved version of the computational domain used by
Hope et al. (2013) that incorporates local mesh refinements along
the Texas coastline. The TX2008r35h mesh comprises 6.67 million
triangular elements that are discretized to extend resolution of
complex coastal features from 100 to 200 m in the nearshore
environment down to 20 m within channels and levees (Dietrich
et al. 2013). Bathymetric values are representative of post-Ike
conditions and were obtained from multiple data sources outlined
by Hope et al. (2013). This study modifies the TX2008r35h mesh
to represent projected geomorphic change under a future SLR
scenario for ca. 2050, as detailed in the section “Evolving Coastal
Morphology and Sea-Level Rise.”Astronomical tides are neglected
in numerical simulations in order to isolate the impact of meteoro-
logical forcing on SLR. Therefore storm surge is defined as the
hurricane still-water level driven by wind, wave, and pressure
setup.

Storm Selection

SWAN þ ADCIRC has been used extensively to understand storm
hydrodynamics in the greater Houston-Galveston region through
simulation of historical storms (Dawson et al. 2011; Hope et al.
2013) and variations thereof (Sebastian et al. 2014). However,
the scarcity of regional historical hurricane records has limited
analysis of how local hydrodynamics covary with storm attributes.
Synthetic wind and pressure fields have been used to quantify the

influence of storm size on surge generation (Irish et al. 2008) and
evaluation of flood hazards (Vickery and Blanton 2008; Toro
2008). With the development of the joint probability method with
optimal sampling (JPM-OS), hundreds of synthetic storms with
varied physical attributes (e.g., radius to maximum winds,
maximum wind speed, minimum pressure, and angle of approach)
can be simulated for any storm track using SWAN þ ADCIRC.

For this study, three storms were selected from the FEMA suite
of 162 JPM-OS–derived synthetic hurricanes for the UTGC
(FEMA and USACE 2011) to explore the relative impact of storm
intensification on storm surge and wave generation. These synthetic
storms were identified as proxies for wind fields that exhibit low,
medium, and high potential for storm surge generation as indicated
by the storm’s integrated kinetic energy (IKE) value, an alternative
metric to the Saffir-Simpson scale for storm intensity (Powell and
Reinhold 2007). The IKE index allows for the inclusion of storm
size, a critical factor in the generation of large storm surges (Irish
et al. 2008), in assessing hurricane destruction potential. Integrated
kinetic energy has been shown to have a strong correlation to peak
storm surge as well as to the regional surge response (Bass
et al. 2017). The IKE index is calculated as the sum of kinetic
energy per unit volume over the storm domain volume (V) as

IKETS ¼
Z
v

1

2
ρU2dV ð1Þ

where U = surface wind velocity (m=s) at 10 m above mean sea
level for tropical storm–force winds (>18 m=s); and ρ = density
of air. This value is commonly expressed in terajoules (TJ) and
represents a storm’s kinetic energy at landfall. The synthetic storms
chosen for this study exhibited the lowest, median, and highest IKE
within the subgroup of FEMA storms that follow a comparable an-
gle of approach to Hurricane Ike (Table 1) and are hereafter referred
to as the small (S), medium (M), and large (L) storms. Hurricane
Ike’s IKE value, as calculated by the National Hurricane Center,
represents an upper limit for this study and is therefore referred
to herein as the extra-large (XL) storm. All four storms were shifted
in space such that landfall occurred ∼40 km southwest of Freeport,
Texas, the industrial epicenter of Brazoria County (Fig. 1). This
landfall location was selected because it produced the maximum
storm surge at the bridge locations relative to other storms tracks
simulated during sensitivity modeling. Table 1 illustrates the
variability of meteorological attributes for the modeled storms
including maximum wind speed (Umax), radius to maximum winds
(Rmax), radius to tropical storm–force winds (RTS, U > 18 m=s),
radius to hurricane-force winds (RH , U > 33 m=s), minimum
barometric pressure (Pmin), 6-h forward speed at landfall (Vf),
and angle of approach (αapp, degrees from due north).

Evolving Coastal Morphology and Sea-Level Rise

Because of the complex nature of coastal processes operating over a
wide range of timescales, there is no universal model for assessing
the impact of SLR on coastal morphology (Cazenave and Cozannet
2014; FitzGerald et al. 2008). Instead, a technique that is typically

Table 1. Meteorological Parameters and Storm Surge Index for Selected Storms Making Landfall at Freeport, Texas

Storm name Storm identifier
Umax
(m=s)

Rmax
(km)

Pmin
(mb)

αapp
(degrees)

RTS
(km)

RH
(km)

6-h Vf
(m=s)

IKETS
(TJ)

Small FEMA 37 54.3 17 960 −41 187 61 6.7 25
Medium FEMA 38 40.9 41 975 −41 329 96 6.7 52
Large FEMA 30 37.2 62 978 −41 407 109 6.7 76
Extra-large Hurricane Ike (2008) 48.7 59 952 −36 479 159 5.0 99
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applied as a first-order estimate to predict movement of beaches
and barriers in response to SLR and storms is to extrapolate his-
torical trends of the shoreface (Passeri et al. 2015a; Ranasinghe
et al. 2012). This study estimated a future geomorphic condition
for the year 2050 by imposing modern rates of shoreline and bay-
line migration measured at Follets Island. Over the last 30 years,
shoreline migration (1.5–3.9 m=year) has been faster than bayline
accretion (<1 m=year) (Gibeaut et al. 2003; Paine et al. 2012). The
mechanism behind this trend has been linked to a diminishing
regional sand supply (Morton et al. 2004, 2005; Wallace and
Anderson 2013) and deposition of a significant portion (∼38%)
of sediment overwash into the back-barrier bay (Odezulu et al.
2017). Acoustic backscatter from compressed high-intensity radar
pulse (CHIRP) surveys conducted after Hurricane Ike show that
there is no sand below ∼4 m water depth to the ravinement surface
at ∼8–10 m (Carlin et al. 2015). Sediment availability in the upper
shoreface is also extremely limited, because the upper shoreface
contains no more than 1.5 m of sand (Odezulu et al. 2017). This,
in conjunction with ample back-barrier accommodation space
(three times the volume of the barrier), limits poststorm recovery
of the dune line and barrier-island rollover processes. Therefore
Follets Island is becoming lower and narrower, which will likely
lead to higher overwash fluxes (Schwartz 1975; Rosati et al.
2006; FitzGerald et al. 2008; Park and Edge 2011) and potentially
complete submergence due to accelerated sea-level rise (Odezulu
et al. 2017).

This study used average shoreline (2.7 m=year) and bayline
(0.5 m=year) migration rates to model the landward displacement
of Follets Island for the year 2050. Based on the barrier island
configuration in 2008, when bathymetry data used in this study
were collected, the resulting shoreline and bayline displacement
values are 113 and 20 m [Fig. 2(a)]. These are intermediate
(average) values when considering the total range based on the
measured annual retreat rates (i.e., 63–164 m landward shoreline
retreat for 2050). Shoreface retreat, however, is nonlinear and
dependent on punctuated storm conditions; for example, after
Hurricane Ike, parts of Follets Island eroded up to 180 m
(Carlin et al. 2015; Harter et al. 2015). This study assumed that
shoreface movement preserves the equilibrium shape profile and
therefore that the associated transgressive ravinement of the beach

profile occurs to the depth of closure, 8–10 m, so that the sub-
aqueous shoreface is leveled to this depth (Wallace et al. 2010).
Additionally, the subaerial extent of the barrier was lowered to
0.5 m above mean sea level (AMSL) to account for erosion by
storm overwash due to narrowing of the barrier island.

The Brazos River delta (subaqueous and subaerial) was simi-
larly modified. In its current configuration, the morphology is that
of a classic wave-dominated system [Fig. 2(b)]. Sediment feeding
this delta is primarily mud (∼80%), with some sand (∼20%),
whereby much of the discharge arises during decadal (punctuated)
flood events. The morphology of the delta nevertheless remains
relatively unimpacted even during prolonged low-flow conditions
(i.e., droughts) because the shoreface is stabilized by significant
volumes of large woody debris that attenuates wave energy. This
wood is continuously discharged by the Brazos River, even during
low flow (Huff 2015). Relative sea-level rise threatens this delta,
however, and the system remains quite vulnerable to removal
via erosion. History provides a prime example: the location of
the modern Brazos delta is a manifestation of displacement of
the main channel by the U.S. Army Corps of Engineers in 1929
to facilitate maintenance of the Freeport deep-water navigation
channel. The old delta, without supply of wood and sediment,
rapidly deteriorated in the energetic wave climate of the Gulf of
Mexico, and was completely eroded to a depth of 8 m within
13 years of the engineered diversion (Fraticelli 2006).

The tidal inlet geometry at San Luis Pass was not modified for a
changing tidal prism because both lobes are stabilized due to en-
gineering practices: the downdrift lobe is developed with residential
properties and the updrift lobe provides structural support for a
bridge that crosses the inlet. Future changes in LULC and marsh
evolution were also neglected for the 2050 scenario because it has
been demonstrated that the effects of bottom roughness on storm
surge are minor compared with the effects of SLR along the UTGC
(Atkinson et al. 2013). However, Manning’s roughness coefficients
(surface friction) were altered for newly wetted areas due to
changes in geomorphology. Lastly, changes to regional storm pro-
tection features (e.g., raising existing levees or constructing of
storm gates), although having the potential to alter inundation pat-
terns, were likewise not included in the 2050 scenario because they
are presently not detailed in terms of design or implementation.
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Fig. 2. (Color) Bathymetric and topographic representation of the modeled landscape changes for 2050 (future scenario) within the study area;
subplots indicate 2008 (baseline scenario) morphologies for (a) Follets Island (for a representative cross-shore profile) and (b) the Brazos River delta
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In any case, with the exception of one bridge, the infrastructure
highlighted in this study is located outside the region in which
protection system modifications are recommended (Gulf Coast
Community Protection and Recovery District 2016).

The global sea-level change projections developed by Parris
et al. (2012) for use in coastal vulnerability studies were locally
calibrated by adjusting for vertical land motion (VLM). This
was accomplished using the U.S. Army Corps of Engineers
sea-level change curve calculator, which can estimate VLM
through decomposition of mean sea-level data from long-term tide
gauge records (Zervas et al. 2013; USACE 2015). The regional
mean sea-level trend in Freeport, Texas, is 4.43� 1.05 mm=year
(NOAA 2016) based on monthly sea-level data collected between
1972 and 2008. The VLM-adjusted SLR scenarios for 2050
(relative to 2008) in Freeport range 0.22–0.7 m. Because an
intermediate rate of shoreline (and bayline) migration was chosen
for the geomorphic change projection, the intermediate-low SLR
scenario, 0.31 m, was selected for consistency.

The twelve simulations conducted in this study incorporated
four storm intensities (S, M, L, and XL), two imposed sea levels
)0 and 0.31 m AMSL), and two coastal morphology configurations

[2008 (baseline) and 2050]. Each storm was simulated for three
scenarios: (1) baseline (0 AMSL and 2008 morphology); (2) future
morphology (FM) (0 AMSL and 2050 geomorphic projection); and
(3) future scenario (FMþ SLR) (0.31 m AMSL and 2050
geomorphic projection). The morphological changes modeled in
this study are intrinsically linked to SLR and therefore the FM
scenario should only be used for comparative analysis because
it does not represent a precise future condition.

Bridge Infrastructure Performance Assessment

The hydrodynamics at 25 bridges located within Brazoria County
(Fig. 1) were examined for each of the 12 storm surge and wave
simulations. A bridge was selected for analysis if it met the
following criteria: (1) bridge is on an arterial roadway, (2) bridge
is proximate to the coastline or water body with a hydraulic con-
nection to the coast, or (3) the bridge is the sole access point to a
community. The dominant failure mode was bridge deck unseating
due to storm surge and wave attack at either the bridge approach
span (AS) or main span (BS). The bridge approach spans are akin to
ramps that connect the roadway to the main bridge span. Although
the failure modes may differ in location (AS or BS) between
bridges, for simplicity, both locations are collectively referred to
herein as the bridge span. The bridge spans in this study were
all simply supported; this superstructure type is particularly vulner-
able to bridge deck unseating. Table 2 specifies the location of fail-
ure (AS or BS) for key bridges discussed in this study.

Bridge details were extracted from bridge plans obtained from
the Texas Department of Transportation and the Office of the

Brazoria County Engineer. For this study, bridges were classified
based on the elevation of the roadway approaching the bridge
(hereafter referred to simply as the roadway) and proximity to
the coast. The roadway elevation, which was incorporated into
SWAN þ ADCIRC as the ground elevation, was extracted for each
bridge from the nearest SWAN þ ADCIRC node. Bridges were
deemed low-lying if the roadway elevation was less than 0.5 m
(Table 2).

Stage hydrographs generated from SWAN þ ADCIRC allow
for comparison of maximum inundation depths above the roadway
(henceforth referred to as roadway inundation) and duration of
roadway inundation between scenarios. This analysis then informs
a probabilistic assessment of bridge failure due to surge and wave
loading. Maximum inundation depth provides a perspective on the
magnitude of the hazard whereas time of roadway inundation
quantifies the bridge accessibility. Probability of failure likewise
quantifies the vulnerability of bridges to hurricane attack and dic-
tates the long-term availability of a bridge after a storm. To relate
the hydrodynamics observed at bridge locations to trends along the
coast, changes in volumetric flow and significant wave height were
analyzed across the modeled landscape changes.

Hydrodynamics
Stage hydrographs were generated for each bridge location by
extracting water surface elevations from the nearest land-based
SWAN þ ADCIRC node to the bridge approach span or main span
for each time step in the storm simulations (Fig. 3). Water surface
elevations were temporally synchronized during postprocessing by
shifting the time of landfall for the baseline synthetic storms (S, M,
and L) to match Hurricane Ike (XL). Water surface elevations were
converted to stage by subtracting the elevation of the nearest node
such that the water level could be interpreted as the depth of
inundation or residual storm surge (neglecting waves and tides)
above the roadway. The threshold for roadway inundation (black
line in Fig. 3), and therefore bridge accessibility, was set at
0.6 m (∼2 ft), which is the approximate depth at which most
vehicles become buoyant in flood waters (National Weather
Service 2016). The duration of roadway inundation was calculated
as the cumulative time over the simulated storm that water levels
remained above this threshold.

To assess whether and how localized trends in relative storm
surge elevations are influenced by the large-scale changes to coastal
morphology and SLR, the surge response at the coastline was
examined by computing the volumetric flow across discrete linear
transects (solid black lines in Fig. 1). The two transects discussed
herein produced large changes in system hydrodynamics and
encompassed the morphological modifications to the coast.
Transects were created in ArcGIS and populated with equidistant
nodes spaced 50 m apart. Water surface elevations, velocities,
and bathymetric data were extracted for each transect node from

Table 2. Characteristics of Selected Vulnerable Bridges

Bridge
identifier

Node elevation
(m AMSL)

Study
classification

Susceptible
spans

Super-structure
type

Bridge
clearance,
HB (m)

Normal water
depth (m)

10 0.388 LC AS SS 3.1 0
11 0.432 LC AS SS 3.1 0
13 1.901 EC AS SS 2.1 0
14 0.648 EC AS SS 2.1 0
15 2.356 EI BS SS 4.7 4.3
25 0.462 LI BS SS 2.0 3.3

Note: AMSL = above mean sea level; AS = approach span; BS = bridge span; EC = elevated coastal; EI = elevated inland; LC = low-lying coastal;
LI = low-lying inland; SS = simply supported.
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the nearest SWAN þ ADCIRC node to calculate volumetric flow,
which was then integrated along the transect length. Wave dissipa-
tion across the modified landscape was also evaluated by differenc-
ing maximum significant wave heights for different scenarios.

Probability of Failure
The probability of structural failure, via bridge deck unseating, was
evaluated for each bridge using a parameterized bridge fragility
function developed by Kameshwar and Padgett (2014), which
gives the conditional probability of failure for a given inundation
depth (S), wave height (H), and bridge clearance (HB) as

pðfailjS;H;HBÞ ¼
1

ð1þ expð−lxÞÞ ð2Þ

where lx = polynomial representing the logarithm of odds in favor
of bridge failure

lx ¼ 2.71þ 3.47ðHB − SÞ − 1.59H − 0.17HðHB − SÞ
þ 0.22ðHB − SÞ2 − 0.05H2 ð3Þ

The polynomial lx consists of a nonlinear combination of the
predictor variables S, H, and HB with coefficients estimated by
minimizing the deviance of the logistic regression model in
Eq. (2). The wave height (H) in Eq. (3) is a random variable which
can take all possible values of wave height for a given storm surge
elevation. The probability of observing different instances of wave
heights (h) is characterized by the probability density function of
wave heights—fðHÞðhÞ. The probability density function fðHÞðhÞ
was obtained using an empirical formulation described by
Elfrink et al. (2006) with significant wave heights (Hs) from

SWAN þ ADCIRC as input. This provided the opportunity to
weigh the failure probability calculated using Eqs. (2) and (3) with
the probability of observing a given wave height (h)

pðfailjS;HBÞ ¼
Z

pðfailjS; h;HBÞfHðhÞdH ð4Þ

Eq. (4) was evaluated for each time step in the SWAN þ
ADCIRC simulation and the maximum failure probability value
was used to assess bridge vulnerability. For each bridge, the
relationship between probability of failure and depth of inundation
was described by a characteristic S-curve. This follows from the
sigmoidal nature of the logistic function in Eq. (2). A feature of
this relationship is that for a small increase in inundation, there
may be a sharp rise in failure probability. The fragility model de-
scribed in Eqs. (2)–(4) can only be used to calculate the failure
probability of simply supported spans via bridge deck unseating.
This support condition is typical of the main spans for a majority
of the bridges in the case study region and all of the approach spans.

Results

Of the 25 bridges examined, six exhibited a probability of failure
greater than 10%. Therefore further analysis and discussion is
limited to these bridges. Bridges 10 and 11 and Bridges 13 and
14 are colocated bridge pairs that serve as the only evacuation
and reentry routes for their corresponding island communities.
Bridge 10 is located along State Highway 332 and spans the
Intracoastal Waterway between Freeport and the island community
of Surfside, whereas Bridge 11 serves as a feeder road to Bridge 10
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(Fig. 1). Similarly, Bridge 14 is located on Farm-to-Market Road
1495 connecting Freeport to Bryan Beach and the island commu-
nity of Quintana, whereas Bridge 13 serves as the feeder road to
Bridge 14. The remaining bridges are located farther inland. Bridge
15 connects Highway 523 across the Dow Bridge Canal and serves
as an evacuation route for the City of Freeport and a means of
access to several industrial facilities. Bridge 25 is located along
Redfish Drive approximately 16 km northeast of Freeport in a com-
munity located along Bastrop Bayou. This bayou is hydraulically
connected to the coast through Bastrop Bay via San Luis Pass, a
tidal inlet located at the northeast end of Follets Island. Bridge 25 is
the sole access point to this island residential community.

Hydrodynamics at Bridge Locations

Fig. 3 shows the evolution of storm surge in time at each bridge
location (column) and for each storm intensity (row), landscape,
and sea-level scenario (line type). Roadway inundation depth, or
alternatively stage, represents the still-water elevation of the storm
and excludes changes to the free surface due to wave action.
Bridges 10 and 11 and Bridges 13 and 14 are represented jointly
due to their close proximity and similarity in stage hydrographs.
After solution of the generalized wave continuity equations, but
prior to solution of the momentum equations (within the middle
of the time loop), ADCIRC implements a wetting and drying
algorithm that regulates participation of each node in further
computations by comparing water levels against a minimum wet-
ness height. Although the ADCIRC wetting and drying algorithm is
inherently more complex than explained herein (Dietrich et al.
2004), for consistent bottom friction, a node transitions from
dry to wet once an adjacent node reaches a threshold free surface
elevation such that the gradient allows water to flow into the
element of interest. This threshold free surface elevation gradient
is represented in ADCIRC as a minimum wetting velocity and was
chosen for this study to be 0.01 m=s. Similarly, a node transitions
from wet to dry once the total water depth drops below a nominal
water depth, which was chosen for this study to be 0.10 m. These
criteria were surpassed at low-lying roadways (Bridges 10, 11, and
25) 42 h prior to storm landfall. For elevated roadways (Bridges 13,
14, and 15), the target elements became wet 1–2 h prior to landfall.

There is a direct correlation between maximum roadway
inundation depth and storm intensity (Fig. 3). This observation
should be intuitive, and supports the supposition that the IKE is
a first-order proxy for storm surge generation potential. The
sensitivity of stage hydrographs to changes in coastal morphology
and SLR (FMþ SLR), i.e., the future scenario, varies spatially and
with roadway elevation. For the majority of low-lying roadways
(Bridges 10=11 and 25), there were two distinct modes of response
that occurred: prelandfall and postlandfall. Prior to storm landfall,
the stage at both bridges increased monotonically along the rising
limb of the hydrographs [Figs. 3(a and b)]. To isolate the contri-
bution of SLR to this trend, landscape changes were simulated
independently (FM). From Figs. 3(a and b), it is evident that

SLR dictated the hydrodynamic response at both bridges prior
to storm landfall, for all storm intensities, with morphologic
changes (FM) only slightly (<0.1 m) elevating inundation levels
above baseline. This was also the case for the elevated roadways
at Bridges 13=14 and 15.

After storm landfall, landscape changes appeared to regulate the
impact of SLR on roadway inundation. This was most obvious
along the falling limb of the stage hydrograph for Bridges
10=11 [Fig. 3(a)]. Beginning with the smallest storm, morphologic
changes (FM) resulted in only a slight decrease (∼0.1 m) in
inundation depths from baseline conditions, and therefore SLR
(FM + SLR) was again the primary contributor to the ∼0.2 m
increase in stage over baseline. However, as the storm intensity
increased, stage continued to decrease due to morphologic changes
until SLR was nearly completely offset, as documented for the re-
sults of the XL storm. This trend was also produced for the elevated
roadways at Bridges 13=14 and 15 for the XL storm, although to a
lesser extent due to lower stage elevations. Additionally, Table 3
highlights that the increase in maximum roadway inundation
for the future scenario (FM + SLR) was approximately equivalent
(�0.10 m) to the SLR value incorporated into SWAN þ ADCIRC
(0.31 m). As modeled for Bridge 25 [Fig. 3(b)], storm simulation
postlandfall was limited due to the temporal resolution of the wind
fields, and therefore the full descending limb of the stage hydro-
graph was not captured. The source of this extended lag time is
detailed in the “Discussion” section.

Fig. 4 shows the time of roadway inundation, which represents
the time base of the stage hydrographs depicted in Fig. 3 above the
0.6 m accessibility threshold (black line) for each simulation.
Low-lying bridges (Bridges 10, 11, and 25) remained inundated,
and therefore impassable, for the longest time, approaching the
total simulation duration (69 h) for the FMþ SLR scenario. Inter-
estingly, for coastal bridges [Figs. 4(a and c)], landscape changes
(FM) reduced the time that the roadway remained inundated during
the larger intensity storms (L and XL), damping the effect of SLR
for the future scenario (FMþ SLR). For inland bridges, landscape
changes (FM) either increased [Fig. 4(b)] or produced no change
[Fig. 4(d)] in inundation time.

Regional Impact of Landscape Change and SLR

From the stage hydrographs, it is difficult to ascertain the additional
storm surge elevation at roadways induced by landscape changes at
the coast. To elucidate the impact of landscape change on the
propagation of storm surge inland, volumetric flow was computed
for each time-step across transects encompassing the coastal
landscape modifications. The resulting time series are shown in
Fig. 5, where negative flow corresponds to landward-directed flow
and positive flow to seaward-directed flow. Figs. 5(a and b) depict
the net flow across Transect 1 (Brazos River delta) and Transect 2
(Follets Island), respectively, for the baseline scenario. The baseline
trend in volumetric flow at each transect did not vary significantly
with changes in storm intensity. However, the magnitude of flow

Table 3. Maximum Roadway Inundation Depths (m) for Each Landscape, Sea Level, and Storm Scenario

Bridge SB SFM SFMþSLR MB MFM MFMþSLR LB LFM LFMþSLR XLB XLFM XLFMþSLR

10 2.38 2.46 2.74 3.37 3.37 3.65 3.83 3.81 4.07 4.24 4.23 4.51
11 2.36 2.43 2.72 3.34 3.35 3.62 3.79 3.78 4.04 4.22 4.20 4.49
13 0.84 0.85 1.11 1.53 1.56 1.81 1.77 1.81 2.10 2.35 2.38 2.69
14 2.09 2.11 2.36 2.78 2.81 3.06 3.03 3.07 3.35 3.60 3.63 3.94
15 0.51 0.55 0.81 1.52 1.51 1.76 1.69 1.68 1.92 2.21 2.21 2.45
25 2.31 2.42 2.71 3.32 3.34 3.64 3.85 3.85 4.16 4.52 4.53 4.87

Note: B = baseline; FM = future morphology; FMþ SLR = future morphology with sea-level rise; L = large; M = medium; S = small; XL = extra-large.
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landward (prior to landfall) and seaward (postlandfall) increased
with storm intensity for both transects. The flow reversal at storm
landfall corresponded well with previous observations of storm
hydrodynamics along the UTGC for hurricanes striking the coast
perpendicular to the shoreface (Rego and Li 2010).

The difference in volumetric flow between the FMþ SLR and
baseline scenarios [Figs. 5(c and d)] was calculated to depict
where and how the future scenarios deviate from the baseline
[Figs. 5(a and b)]. For example, in Fig. 5(c), a negative difference
prior to storm landfall corresponds to an increase in landward-
directed flow. Similarly, a positive difference after landfall corre-
sponds to an increase in seaward flow. Figs. 5(c and d) show that
with one exception [denoted with a box in Fig. 5(d) and elaborated
upon in the “Discussion”], there was a net increase in the inflow and
outflow of surgewater over baseline conditions at both transects prel-
andfall and postlandfall, respectively. At Transect 1 (Brazos River

delta), the increase in volumetric flow increased with storm intensity.
This was also the case for the increase in outflow postlandfall at
Transect 2. In contrast, the increase in inflow, or more precisely storm
surge overtopping, immediately prior to landfall at Transect 2 (Follets
Island) was significant for small storms (1,000−7,000 m3=s), but
decreased with increasing storm size. Figs. 5(e and f) show the rel-
ative contribution of SLR to the changes in volumetric flow depicted
for the future scenario (FM + SLR) in Figs. 5(c and d). Along
Transect 1, the increase in sea level contributed a maximum of
∼2,500 m3=s to net inflow (large-intensity storm), with negligible
contributions to outflow postlandfall. For Transect 2, the impact
of SLR on volumetric flow was more pronounced, particularly
through the increase in outflow for the synthetic storms (S, M,
and L), which exceeded 7,500 m3=s for the large-intensity storm.

To assess the impact of SLR and landscape changes on
wave height and the pattern of wave propagation, the difference
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in maximum significant wave height between the FMþ SLR and
baseline scenarios is determined (Fig. 6). For simplicity, only
small-intensity and large-intensity storms are depicted in Fig. 6.
However, wave propagation patterns mirrored maximum still-water
inundation extents (not shown), and therefore the spatial extent of
wave propagation inland increased with storm intensity. Wave
heights were amplified at the coast along both landscape changes,
with the greatest increases observed along the eroded foredune of
Follets Island (0.5–1.0 m) and the entire subaqueous delta plain of
the Brazos River delta (1.0–2.8 m). There was also wave growth
(<0.4 m) in back bays and along coastal floodplains outside of
the Freeport storm protection system because waves propagated
farther inland. Wave heights were reduced in a few isolated pock-
ets, particularly in proximity to the river delta.

Probability of Bridge Failure

The probability of structural failure, via bridge deck unseating,
under surge and wave loads was calculated at each bridge for

all scenarios. In general, results showed that failure probability
increased with storm surge and wave height and therefore storm
intensity (Figs. 7 and 8). From Table 3 and Fig. 3, the maximum
depth of inundation occurred at Bridge 25, which corresponds to
the highest failure probability in Fig. 7. The difference in failure
probabilities between Bridges 13 and 14 was due to a 1.25 m differ-
ence in roadway elevation, which produced an equivalent increase
in storm surge at Bridge 14. However, bridge characteristics
(Table 2), specifically the bridge deck elevation [HB—a key param-
eter in Eq. (4)], produced the large-scale differences in failure
probabilities between bridges with similar storm surge elevations.
For example, although Bridges 25 and 10=11 are both low lying
(0.288–0.362 m AMSL) and exhibit similar maximum depths of
inundation (�0.38 m), the failure probability for Bridge 25 was
nearly triple that for Bridges 10=11.

Interestingly, with the exception of Bridges 13 and 15, all bridges
approached certain failure for the XL storm (Hurricane Ike) despite
low to moderate initial failure probabilities for the small storm.
In Fig. 7, the increase in storm surge height due to SLR was the
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primary contributor to the increase in failure probability for the fu-
ture scenario (FMþ SLR), because changes to morphology (FM)
only slightly elevated failure probabilities above baseline at each
bridge. This result can be explained through the characteristic S
shape of the fragility curves, which are shown in planform for
Bridges 10 and 25 in Fig. 8. With the exception of Bridge 25, all
bridges exhibited a baseline failure probability for the small storm
that fell along the lower portion of the rising limb of the S curve [e.g.,
dark blue in Fig. 8(a)]. For these bridges, failure probability rose
sharply with storm surge and wave height, and thus SLR, although
seemingly small (0.31 m), significantly increased the fragility of
bridge approach spans. For Bridge 25, the baseline failure probabil-
ity was moderately high for the small storm, and therefore a
small increase in storm surge, whether by storm intensity or
SLR, propelled the failure probability to the asymptotic limit
[Fig. 8(b)].

Discussion

This paper represents a multidisciplinary effort to provide an
integrative model of the combined effects of rising seas and chang-
ing coastal landscapes on the vulnerability of highway bridges to
extreme storms. Storm surge impacting the Freeport region has the
potential to cause large-scale economic and environmental damage.
Hurricane Ike illuminated the vulnerability of coastal infrastructure
along the UTGC and provided a wealth of empirical evidence
of bridge damages and failure modes. For example, the Pelican
Island Bridge, a major highway bridge that spans the Intracoastal
Waterway in Galveston, Texas, experienced severe erosion along its
approaches, with repair costs exceeding $6.5 million (Elder 2010).
The magnitude of such damages inspired the development of new
fragility models capable of quantifying the risk of damage from
storm surge and wave loading (Kameshwar and Padgett 2014).
The research presented in this study demonstrates the importance
of incorporating future projections of landscape change when
assessing the impacts of climate change and SLR on bridge reli-
ability, and most notably, the prehurricane and posthurricane acces-
sibility of critical infrastructure.

Relative sea-level rise increases bridge vulnerability by enhanc-
ing wave and surge loads, with landscape changes only slightly
elevating failure probabilities above the baseline (Fig. 7). The effect
of landscape change on bridge accessibility is more complex,
varying spatially with storm size and bridge characteristics. For

small-intensity storms, storm surge levels are relatively low and
the system responds to the increase in sea level and landscape
modifications through an increase in overland flooding. This result
should not be surprising, because SLR introduces more water into
the system and erosional modifications to the coastline allow this
water to more easily bypass natural barriers. Enhanced flooding of
back bays led to an increase in inundation time at low-lying
bridges (e.g., Bridges 10 and 11) by 25 h prior to landfall and
5 h postlandfall (Figs. 3 and 4).

As storm intensity increases, integrated feedback mechanisms
between coastal morphology and hydrodynamics begin to regulate
the impact of SLR on bridge reliability. The observed decrease in
inflow across Follets Island approximately 10 h prior to landfall for
the M–XL intensity storms [Fig. 5(d)] can be explained through
infilling of the back-barrier bay. Upon closer inspection of the
still-water elevation (color) and direction of flow (velocity vector)
at this time, there is clearly a seaward-directed gradient in water

Fig. 8. (Color) Plan view of the characteristic S-shape fragility curves for Bridges 10 and 25 given a range of maximum inundation depths and
significant wave heights
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levels prior to landfall (as shown in Fig. 9 for the southwest
portion of Transect 2). This phenomenon can be attributed to strong
shore-parallel currents and winds, which elevate back-bay water
levels sufficiently to surpass the elevation of the barrier island prior
to landfall, thereby forcing water seaward. During Hurricane Ike, a
forerunner surge, driven by shore-parallel winds acting on the large
and shallow continental shelf, led to a similar early rise in water
levels in coastal bays (Hope et al. 2013; Kennedy et al. 2011;
Sebastian et al. 2014). However, the landscape modifications mod-
eled in this study, specifically erosion of the barrier island dune
ridge, serve to enhance this seaward-directed gradient. This
phenomenon, in conjunction with the increase in outflow of storm
surge ebb due to deflation of the barrier island [Figs. 5(d and f)],
lowers the roadway inundation time at coastal bridges after storm
landfall (Fig. 4). In terms of bridge performance, if coastal bridges
do not fail completely due to hurricane loading (Figs. 7 and 8), then
barrier deflation is determined to be beneficial, because it offsets
the poststorm effects of SLR, thus enabling coastal bridges to be-
come accessible for rescue and recovery operations up to an
hour earlier than present-day estimates (Fig. 3). This result high-
lights the importance of using a holistic approach when modeling
SLR, because a static increase in water level would otherwise
overestimate bridge inundation times by neglecting significant
back-barrier interactions. Although counterintuitive, these results
also illustrate that low-lying barriers can prolong coastal flooding
in back-bay floodplains. However, storm-induced breaching, which
was documented at over 75 locations along Follets Island after
Hurricane Ike (Harter et al. 2015), was not modeled in this study
and would likely significantly aid in the present-day poststorm
draining of flood water from back-bay regions.

For Bridge 25, which is located along an inland bayou and
hydraulically connected to the coast through Bastrop Bay via
San Luis Pass (Fig. 1), the aforementioned benefit of barrier island
erosion for reducing inundation time is less evident because of
backwater effects. Here, water level is a function of channel
hydraulics and overland flow; enhanced overtopping of the barrier
island due to SLR serves to elevate water levels within back-bays
and thus creates backwater on connecting bayous. This effect
would likely be amplified by rainfall runoff, which was not
incorporated into the SWAN þ ADCIRC model. However, the
vulnerability of Bridge 25 lies primarily in its construction details
because even for small storms the bridge is highly vulnerable to
wave and surge loading (Fig. 8). At Bridge 25, the synthetic storms
(S, M, and L) produced an increase in inundation time with increas-
ing storm intensity, whereas Hurricane Ike (XL) deviated from this
trend [Fig. 4(b)]. Thus although the chosen synthetic storms
appeared to produce similar hydrodynamic trends to the historical
storm at bridges near the coast, complexities may exist as the
synthetic storms propagate inland.

The modeled erosion of the Brazos River delta did not affect the
performance of adjacent bridges in terms of deck unseating
probability and inundation duration. However, the impacts of this
landscape modification to coastal flooding were significant. This is
clear, for example, through the increase in inflow of 7,500 m3=s for
the future scenario XL storm [Fig. 5(c)], of which only 2,400 m3=s
can be attributed to SLR [Fig. 5(e)]. Maximum significant wave
height was also amplified by up to 2.8 m along the eroded deltaic
plane, which can be attributed to slightly more wave growth and
less wave dissipation.

Because of the reducing effect of the modeled landscape
changes (particularly deflation of the barrier island foredune) on
inundation times for the M, L, and XL storms, the relative impact
of SLR on bridge accessibility was greatest for low-lying coastal
bridges during small intensity storms. At Bridges 10 and 11,

elevated storm surge levels led to a 30-h increase in total inundation
time for the small storm and a 17-h increase for the XL storm for the
future scenario. This result illuminates the vulnerability of infrastruc-
ture to coastal change; despite only a modest increase in sea level
(0.31 m), the surge response rendered Bridges 10 and 11 impassable
for one extra day. For evacuation planning purposes, coastal com-
munities that rely on low-lying bridges as the primary route will need
to evacuate more than 40 h in advance of hurricane landfall, regard-
less of storm intensity, to avoid submerged roadways (Fig. 3). Thus
the risk that SLR and landscape changes pose for potential loss of life
due to a reduction in infrastructure functionality, in terms of impeded
accessibility due to water inundation, is substantial. This risk is fur-
ther compounded by increased bridge structural failure probability
due to intensified wave and surge loading.

Conclusion

This illustration of a coupled hydrodynamic, geomorphic, and
engineering reliability modeling framework demonstrates a novel
approach for studying the interaction between environmental
change and infrastructure vulnerability. The developed methodol-
ogy was applied to a portfolio of bridges in Freeport, Texas, a
low-lying and storm-prone region located along the UTGC. A hur-
ricane storm surge and wave model representing present-day con-
ditions was modified to represent potential landscape changes
associated with a regional rise in sea level of 0.31 m, an intermedi-
ate scenario for the year 2050. Landscape changes, including the
erosion and landward migration of a barrier island, and the erosion
of a subaqueous deltaic plain, were developed by extrapolating
historical trends and geometric relationships. Four storms, of both
synthetic and historical origin, were used to simulate water levels
and wave heights at critical bridge locations in the region. The spa-
tial and temporal trends in roadway inundation were examined and
used for comparison of maximum inundation depths and time of
inundation between scenarios. Changes in volumetric flow and sig-
nificant wave height were analyzed across the modeled landscape
changes to relate the hydrodynamics observed at bridge locations to
trends at the coast. This analysis then informed a bridge reliability
assessment, which incorporated both bridge accessibility and
structural fragility, to infer the safety and longevity of transporta-
tion infrastructure susceptible to extreme storm events in a
changing climate and coastal landscape.

Bridge structural vulnerability was found to increase with storm
surge and wave height, and therefore storm intensity, as well as sea
level. This result was expected from analytic relationships and
previous numerical studies. The impact of landscape changes on
surge and wave loads was negligible and only slightly elevated
failure probabilities above baseline conditions.

The impact of landscape changes on bridge accessibility was
more complex; barrier erosion and transgression can increase,
decrease, or produce no change in inundation times for storms
of different intensity due to changes in wind-setup and back-bay
interactions. Strong shore-parallel winds associated with medium-
intensity to extra-large–intensity storms initiated a seaward-
directed flux of floodwaters across the deflated barrier island prior
to storm landfall. This prelandfall draining of the back-bays, in con-
junction with an increase in outflow of storm surge ebb due to
deflation of the barrier island, lowered total inundation time for
the 2050 scenario at adjacent low-lying bridges by up to 5 h for
the largest-intensity storm. When evaluating just the postlandfall
inundation time for these bridges, barrier island deflation was de-
termined to be beneficial because it offsets the poststorm flood
elevation caused by the rise in sea level. This could enable coastal
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bridges to become accessible for rescue and recovery operations
for the 2050 scenario up to 1 h earlier than present-day estimates.

The reducing effect of future landscape change on inundation
time was not observed for small intensity storms. Therefore the
relative impact of SLR on bridge accessibility was found to be
greatest for low-lying bridges during small-intensity storms. For
the lowest-lying bridges evaluated in this study, elevated storm-
surge levels associated with the 0.31-m SLR led to a 30-h increase
in total inundation time for the small storm versus a 17-h increase
for the XL storm for the 2050 scenario.

For all the bridges analyzed in this study, structural failure
probability was linked to a reduction in clearance due to an increase
in sea level, storm surge, and wave height. These results suggest
that raising low-lying main spans may enhance efforts aimed at
protecting critical infrastructure. Elevating approach spans is
generally not feasible; however, resistance against unseating could
be improved by tying the approach span to the bridge substructure.
Tie-downs should be designed so that they do not induce failure
of the substructure or negative bending (FHWA 2016). Future work
should address fragility modeling of bridges with retrofits or
alternative design details such as tie-downs as prospective measures
to improve the resistance to bridge deck unseating and reduce
vulnerability in current or future climate conditions.

Although the vulnerability analysis performed in this study was
based on scenario storm events across a range of intensity, the use
of storms representative of design recurrence intervals or analysis
of suites of synthetic storms would support risk assessment across a
region. Furthermore, although there is inherent uncertainty in how
the landscape will change in response to SLR, this study highlights
the importance of incorporating projected changes in infrastructure
vulnerability analysis. This is particularly important in regions with
back-barrier bays where the potential for nonlinear interactions
with SLR is high. Future work should consider the inclusion,
and concurrent occurrence, of other types of bridge hazards such
as scour, aging, and collision events involving debris. In addition,
forward modeling that incorporates the processes that contribute to
landform changes (Lorenzo-Trueba and Ashton 2014; Masetti et al.
2008) or probabilistic predictions of landscape change (Bilskie
et al. 2016b; Gutierrez et al. 2015; Passeri et al. 2016; Plant et al.
2016) should be used to better constrain future morphodynamic
change. Although this study used only a single SLR scenario, risk
management planners should simulate a range of sea levels and
storm characteristics (e.g., angle of approach, track, and forward
speed) to project coastal flooding under a variety of potential cli-
mate change and storm scenarios.
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