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Louisiana, U.S.A., is among the world’s most vulnerable places to coastal flooding.
Increasing frequency/intensity of natural hazards under climate change scenarios is
expected to exacerbate Louisiana’s coastal flood risk. Although many factors are
involved, land subsidence from marshland compaction and underground resource
extraction, shoreline erosion accelerated by eustatic sea level rise (ESLR), and
tropical-cyclone-induced storm surge are among the most important. While past
research has focused on flood risk assessment and mitigation strategies, including
climate change scenarios, few studies examine all of these factors collectively. This study
shows present pluvial flood depth and the contributions of additional coastal subsidence
and ESLR toward future (2050) pluvial flooding. Then, current tropical-storm-induced
storm surge and future storm surge depth modeled by Louisiana’s Coastal Protection
and Restoration Authority (CPRA) under climate change scenarios are presented. Present
and future 100-year pluvial flood and storm surge losses (separately, 2020%) to structures
and their contents are estimated at the individual building level for Grand Isle, Louisiana, a
barrier island town of ecological, economic, historical, recreational, cultural, and aesthetic
treasure. Results suggest that the average 100-year pluvial flood depth in buildings will
increase by 1.35 feet by 2050, with subsidence contributing over 82% of this total.
Subsidence is projected to escalate structure and content losses by ~17% above
losses in 2017, while ESLR may contribute ~3% above 2017 losses. A 100-year
tropical-cyclone-induced storm surge event amid a “low” scenario of environmental
change as defined by CPRA would increase Grand Isle’s structure and content losses by
68-74% above the 2017 value by 2027, 141-149% by 2042, and 346-359% by 2067.
The (“high”) scenario of environmental change would increase the 100-year storm surge
losses by 85-91% above the 2017 value by 2027, 199-218% by 2042, and 407-415%
by 2067. Outcomes from this study will offer a more realistic risk assessment model
and will direct flood risk managers, property owners, and other stakeholders to build a
comprehensive framework to minimize future flood risk in one of the most vulnerable sites
in the U.S.A. to coastal flooding.

Keywords: future flood, risk assessment, coastal Louisiana, sea level rise, storm surge, climate change, tropical
cyclones, subsidence
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INTRODUCTION AND BACKGROUND

Flooding is an increasingly prevalent hazard and risk to
coastal property and crops worldwide, including in Louisiana,
U.S.A. Carter et al. (2018) suggested that by 2050, extreme
coastal flood events will increase both in frequency and
duration in the U.S.A. Louisiana’s coastal flooding problem is
exacerbated by high tides, frictionally-forced Gulf of Mexico
currents, and unfavorable basin bathymetry, in an environment
where river sediment nourishment is minimized due to the
presence of levees. Although these and other factors intensify
this hazard in Louisiana, land subsidence from compaction
of marshlands, tectonism, isostasy (Gonzalez and Toérngvist,
2006) and underground resource extraction; shoreline erosion
accelerated by eustatic sea level rise (ESLR); and tropical-cyclone-
induced storm surge are three of the most important (Yang
et al., 2014). The broad-scale atmospheric circulation favorable
for flooding in the U.S.A. has been described in detail (e.g., Junker
et al., 1999; Shepherd et al., 2011; Warner et al., 2012; Lavers
and Villarini, 2013; Wang et al., 2016), and tidal or nuisance
flooding has recently received attention (Sheridan et al., 2017;
Vega et al., 2020). Evidence suggests that flood frequency will
increase markedly in the future and that, collectively, nuisance
flooding events are likely to rival or exceed damage due to
catastrophic flooding (Jacobs et al, 2018). Moreover, high-
resolution modeling for the conterminous U.S.A. has uncovered
that past and future fluvial and pluvial (i.e., rainfall-caused)
flooding leaves increasingly more of the nation, including
Louisiana, in flood hazard zones than previously realized,
even without considering subsidence, ESLR, and storm surge
(Wing et al,, 2018). Yet a comprehensive analysis of Louisiana
susceptibility to loss due to coastal flooding is lacking. This is
unfortunate because, unlike so many other hazards and risks in
coastal Louisiana (e.g., Mostafiz et al., 2020a,b), the predictability
of flooding and its effects is relatively straightforward and could
result in substantial mitigation to the hazard through inexpensive
improvements in planning and forecasting.

This research represents a comprehensive approach to
assessing coastal flood loss that considers the pluvial (i.e., locally-
generated, rainfall-induced) flood-related variables of coastal
subsidence and ESLR, and the tropical-cyclone-induced storm
surge flooding, for the present and future under environmental
change scenarios which include the effects of subsidence and
ESLR. In this analysis, the concept of the 100-year flood event
(or flood with a 100-year recurrence interval), which is defined
by United States Geological Survey (United States Geological
Survey, 2021a) as a flood of such magnitude that it has a 1%
annual chance of being equaled or exceeded, is considered. The
binomial theorem holds that, for example, a home in the 100-year
floodplain has a 26% chance of being flooded at least once during
a 30-year mortgage (United States Geological Survey, 2021b) and
a 50% chance of being flooded during the 70-year useful life cycle
of a building. This definition of 100-year flood may apply to
pluvial or storm surge-generated causes. The specific objective is
to evaluate current and future flood loss (due to 100-year pluvial,
and in a separate analysis, 100-year storm surge) to building
structures and their contents at the individual building level in

the town of Grand Isle, Louisiana (Figure 1), one of the most
vulnerable areas in the world to coastal flooding.

Subsidence
Subsidence is a major cause of the increased flood hazard
in Louisiana since the 1920s, when the backswamps of the
Mississippi River delta were drained and levees were built in
response to the Great Mississippi Flood of 1927 (Davis, 1998).
When these effects are combined with those of construction
of upstream dams that trap ~50% of the sediment load (Blum
and Roberts, 2009, 2012), the coastal wetlands are robbed of
the sediments needed to balance the erosive power of tides
and storms. Additionally, compaction and/or consolidation of
Holocene sediments exacerbated by human activities contribute
substantially to the problem (Dokka, 2006; T6rnqvist et al., 2008)
atleast in some localized areas (Meckel et al., 2006). Hydrocarbon
extraction is another cause of subsidence in southern Louisiana
(Voyiadjis and Zhou, 2018; Zhou and Voyiadjis, 2019), but it
may be a far smaller contributor than the geological factors (Olea
and Coleman, 2014), especially those related to local tectonics
(Dokka, 2011) and downwarping of the geosyncline on the Gulf
of Mexico coast by sediments (Blum et al., 2008; Byrnes et al.,
2019). Issues related to surface water drainage and management
also contribute to Louisiana’s subsidence problem (Jones et al.,
2016), though some have questioned the significance of this
factor (Olea and Coleman, 2014; Turner, 2014). Aside from the
obvious effect of increased vulnerability to coastal flood hazards,
subsidence along the Louisiana coast has also been shown to be
detrimental to ecosystem health (e.g., Yuill et al., 2009).
Subsidence rates in coastal Louisiana have been measured
accurately in recent years using high-precision instruments, but
because of wide spatial variation and differences in the techniques
used, rate estimates are difficult to generalize (Mallman and
Zoback, 2007). For example, Shinkle and Dokka (2004) found
rates as high as 52mm year~!. Dixon et al. (2006) measured
rates up to 28 mm year ! in New Orleans and noted that
rapid subsidence in the 3 years prior to Hurricane Katrina may
have played a role in some levee failures during Katrina. Yet
Dokka et al. (2006) reported only 7mm year~—! atop an active
allochthon in southeastern Louisiana, and Karegar et al. (2015)
approximated 5-6 mm year~! in the southern Mississippi River
delta. Reed and Yuill (2016) mapped the Mississippi delta region
of southeast Louisiana, showing ranges of 2-35mm year !.
Nienhuis et al. (2017) found much more uniform subsidence
rates across coastal Louisiana, with a mean of 9 mm year™! and
a standard error of the mean of only 1 mm year™!; however,
they cautioned that the uncertainty in the estimations must be
considered. Byrnes et al. (2019) reported that values range from
2 to 7mm year! at 21 locations in the Barataria Basin of
southeastern Louisiana. Harris et al. (2020) estimated rates from
<1 to 16 mm year~! in the Lower Mississippi River Industrial
Corridor. Overlapping results and the rationality of substantial
spatial variability and uncertainty suggest that the results noted
above may all be within an acceptable range of accuracy for the
areas considered, and Lane et al. (2020) offered a wide range
of 17-125mm year ! in southeastern Louisiana uncompacted
marshes. Zou et al. (2016) found that subsidence will cause the

Frontiers in Water | www.frontiersin.org

November 2021 | Volume 3 | Article 763358


https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles

Mostafiz et al.

Louisiana’s Future Flood Risk Assessment

FIGURE 1 | Grand Isle (town and barrier island), Louisiana, with dots representing building locations.
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below-sea-level areas in the lower Mississippi River basin to
increase from about 4% in 2004 to 31% by 2050.

Sea Level Rise

The most comprehensive recent study on ESLR is by
Oppenheimer et al. (2019), as part of the Intergovernmental
Panel on Climate Change (IPCC), who reported a rise of 1-2 mm
year~! in most regions through the twentieth century, with
current rates of 3-4mm year~!. Predictions of future ESLR
hinge on the extent to which societal changes may mitigate or
increase the warming (Bushra et al., 2021). Intergovernmental
Panel on Climate Change (2021) defines several “representative
concentration pathways” (RCPs) scenarios, named for the
number of Watts per square meter of additional radiative forcing
that is assumed to occur in that scenario. For example, the
most “optimistic” (i.e., “low environmental change”) scenario,
RCP2.6, is based on the assumption that bioenergy combined
with carbon capture/storage increasingly replaces fossil fuel
combustion through the twenty-first century, leading to an
increase in atmospheric CO; to 490 parts per million (ppm)
(van Vuuren et al,, 2011), compared to 419 ppm today. Such a
scenario would cause ESLR to increase to 4-9 mm year—! by
2100 (Oppenheimer et al., 2019). By contrast, the most drastic
(i.e., “high environmental change”) scenario considered by IPCC
(RCP8.5) would produce atmospheric CO, concentrations of
1,370 ppm by 2100 (van Vuuren et al., 2011) and generate
ESLR of 10-20mm year~! by century’s end (Oppenheimer
et al., 2019). Predictions to 2050 can be made with a higher
degree of confidence, with ESLR likely between 17 and 32 cm
under RCP2.6 and 23-40 cm under RCP8.5 by 2050, with the
latter being reported with a “medium” degree of confidence
(Oppenheimer et al., 2019).

Local sea level may depart from ESLR for a variety of
geophysical reasons. An early study concluded that Louisiana
exhibited the highest sea level rise (SLR) rate along the U.S. Gulf
of Mexico coast, with values of ~10 (at Grand Isle) to 12 mm
year_1 (at Eugene Island, Louisiana) from 1946 to 1988 (Penland
and Ramsey, 1990). Jankowski et al. (2017) approximated recent
SLR rates on the Louisiana coast at 4-20 mm year!. National
Oceanic and Atmospheric Administration (National Oceanic
Atmospheric Administration, 2021a) reported a trend at Grand
Isle of 9.16mm year~! with a 95% confidence interval of
+0.4mm year™!. Again, the correspondence between these
results may suggest that all are plausible. The combined effect
of ESLR and subsidence at a local point is often referred to as
relative sea level rise (RSLR). Historical RSLR has been estimated
for Grand Isle (Figure 2).

Storm Surge

Along with the two components of RSLR, the third major
consideration in this research is tropical cyclone-induced storm
surge. Current 100-year storm surge depth for Grand Isle is
shown in Figure 3. Not surprisingly, with the increase in sea level
and coastal flooding comes an increase in the effect of storm surge

by 2050. Storm surge amid ESLR in the U.S. Southeast may cost
up to $60 billion/year by 2050 (Carter et al., 2018).

Modeling of storm surge for Louisiana began over 40
years ago with the Sea, Lake, and Overland Surges from
Hurricanes (SLOSH; Crawford, 1979) model. Other one- and
two-dimensional models were used to assess the impact of
current on the storm surge on the Louisiana-Texas continental
shelf (Signorini et al., 1992). Hurricane Katrina (2005) stimulated
additional work on storm surge in Louisiana (e.g., Fritz et al,
2007; Dietrich et al., 2010). Developed in the early 1990s (Luettich
etal.,, 1992), the Advanced Circulation (ADCIRC) model became
an increasingly important tool for modeling storm surge in
Louisiana’s coastal zone (e.g., Westerink et al., 2008; Smith et al.,
2010). ADCIRC was also coupled with other models (Bunya
et al., 2010) to describe hurricane evolution in improved detail
(Dietrich et al., 2010). Using ADCIRC to simulate storm surge
near the Mississippi River mouth, Kerr et al. (2013) suggested
that water levels in this area are only slightly dependent on
streamflow. Building on previous research that modeled the
potential of coastal wetlands for reducing storm surge (Wamsley
etal., 2010), Barbier et al. (2013) calculated the economic value of
southeast Louisiana wetlands for storm surge mitigation. Siverd
et al. (2019) predicted increases of storm surge from 2010 to
2110 of 55-75cm, with future changes dominated by RSLR
effects, unlike historical storm surges that increased primarily
due to local land and river management decisions. Most recently,
Camelo et al. (2020) projected up to a 25% increase in wetted
area due to tropical-cyclone-induced storm surge for the Gulf of
Mexico and Atlantic coasts, including Louisiana, under climate
change scenarios by 2100.

Impacts of storm surge on various aspects of the Louisiana
natural and human environments have also been analyzed. For
example, building structural damage (Robertson et al., 2007),
agricultural pests (Beuzelin et al., 2009), power outages (Tonn
etal., 2016), and bird nesting (Bolinger et al., 2018) have all been
shown to be impacted negatively by storm surge. Furthermore,
storm surge deposition in Louisiana has been used to reconstruct
pre-historic storm surges (e.g., Williams and Flanagan, 2009; Liu
et al,, 2014) and marsh aggradation processes (Williams, 2012).
The response of storm surge to sea level changes (Smith et al.,
2010; Bilskie et al., 2014) and barrier island/marsh restoration
(Wamsley et al., 2009; Grzegorzewski et al., 2011) have also been
topics of recent scholarly interest.

Precipitation

Changes in precipitation are a potential factor that could
influence future floods. However, for this study region, the
literature does not suggest drastic changes in precipitation by
2050. More specifically, Ingram et al. (2013) noted that the
North American Regional Climate Change Assessment Program
(NARCCAP) identified precipitation projections for Louisiana
that will remain similar for 2014-2070 as compared to 1971-
2000. Hausfather (2018) provided multimodel averages from the
Coupled Model Intercomparison Project version 5 (CMIP5) that
show that, unlike most other areas of the world, Louisiana can
expect only a small difference in total precipitation for 1981-
2000 vs. 2081-2100, even for the RCP8.5 scenario. Kadaba (2018)
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FIGURE 2 | Historical relative sea level at Grand Isle, Louisiana. Source: National Oceanic Atmospheric Administration (2021a).

suggested that by 2050, annual precipitation in Jefferson Parish
(i.e., county), which contains Grand Isle, will increase by only
16 mm, as compared to baseline values from 1970 to 2000.
Thus, this study does not consider changes to precipitation by
2050. However, it is noteworthy that extreme precipitation events
that cause floods may increase in frequency and/or magnitude
(Lall et al., 2018), as weakened steering circulation (He et al.,
2014) would cause storms to remain overhead for a longer
period of time. It is also important to note that compound
inundation models (e.g., Santiago-Collazo et al., 2019) have been
implemented to consider the effects of two or more factors in
generating floods.

MATERIALS AND METHODS
Study Area

Grand Isle is a town that sits on both the mainland and the only
inhabited barrier island in Louisiana (also named Grand Isle, see
again Figure 1). Similar to other barrier islands, Grand Isle was
formed as waves and the longshore current deposited sediments
in a linear fashion, in this case ~5,000 years ago as sediment
from the Mississippi River was carried westward. Like most of
the rest of the U.S. Gulf of Mexico coast, Grand Isle has a humid
subtropical climate. Mean daily maximum temperatures in July
hover near 89°F, while mean daily minimum temperatures in
January are near 45°F; killing frosts are rare but do occur (Vega
etal., 2013). Although precipitation is abundant year-round with
a mean annual total of 61 inches, minor hydrologic deficits are
common in summer owing to high evapotranspiration rates, and
droughts do occur (Vega et al., 2013).

Grand Isle is selected as the study area because it is particularly
vulnerable to the effects of subsidence, sea level rise, and storm
surge. As a popular fishing, resort, and mineral extraction area,
it is well-known by many sectors of society, and therefore, the
findings here would be of broad interest in both the scientific and

popular sectors of society. Grand Isle is also one of the few areas
where present and projected future 100-year storm surge and
current 100-year pluvial flood data are available along with the
subsidence rate, ESLR, and NOAA sea level rise inundation depth
scenarios. A final reason for selecting this study area is that no
previous study has focused on present and future flood damage to
building structure and contents in Grand Isle while considering
the effects of subsidence, ESLR, and tropical cyclone-related
storm surge.

Data

The U.S. Army Corps of Engineers (USACE) Hydrologic
Engineering Center’s Flood Inventory Analysis (HEC-FIA;
Dunn, 2000) model is used to calculate the loss from the
current 100-year pluvial flood event and (separately) 100-year
storm surge event, and to project loss resulting from a future
(i.e, in 2050) 100-year flood due to RSLR and (separately) a
storm surge event 10, 25, and 50 years after the 2017 baseline.
Calculation of the loss in HEC-FIA requires a building inventory
for representing building characteristics such as replacement
cost, number of stories, and foundation height; a digital elevation
model (DEM) for identifying building elevation; and a pluvial
flood and (separately) storm surge inundation depth grid of the
study area. The default depth-damage function from the HEC-
FIA model is employed here to express loss as a function of flood
inundation depth by building.

The building inventory used here is the National Structure
Inventory (NSI) (2019) 2.0, a building attribute dataset of every
major structure, such as homes, commercial establishments,
and educational buildings, in the conterminous United States.
NSI 2.0 was developed from many sources, including Hazus
(Schneider and Schauer, 2006), USACE, USGS, National Center
for Education Statistics, U.S. Census Bureau, Microsoft, Esri,
and Homeland Infrastructure Foundation-Level Data (Barnett,
2010). Availability of NSI 2.0 is typically limited to approved
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FIGURE 3 | Current modeled 100-year tropical storm-induced storm surge inundation depths (feet) for Grand Isle, Louisiana. Source: Coastal Protection Restoration

federal government applications and academic work such as
this research. Attributes in NSI 2.0 used in this research
include: structure value (i.e., replacement cost), building content
value, number of stories, occupancy type (i.e., residential vs.
commercial vs. industrial), foundation type (e.g., slab, pier on
beam, basement), and foundation height.

The DEM is downloaded from National Oceanic Atmospheric
Administration (2021b), where it was compiled from among the
following Lidar data sets: 2017 Upper Delta Plain LA Lidar;
2015 South Terrebonne Lidar; 2013 USGS Louisiana Barataria
Lidar; 2013 USGS/NPS Jean Lafitte Lidar; and 2011 USGS
Louisiana Coastal Lidar Project (ARRA Region 2). The DEM
is referenced vertically to the North American Vertical Datum
of 1988 (NAVDS8S8, Geoid12B) and horizontally to the North
American Datum of 1983 (NADS83), with vertical units of meters
and spatial resolution of ~3 m (National Oceanic Atmospheric
Administration, 2021b).

To ascertain the present impact of flooding on building
structure and content losses, the 100-year return period pluvial

flood depth grid for Jefferson Parish, Louisiana, was developed
at a scale of 3.048 x 3.048m by FEMA through its Risk
Mapping, Assessment and Planning (Risk MAP) program
(FEMA, 2021). While the complexities associated with Risk
MAP products have been identified (Johnson and Mahoney,
2011), these model-output data represent the best available
input for understanding the flood risk. In Risk MAP, FEMA
determined flood hazard areas using statistical analyses of
records of river flow, storm tides, and rainfall; information
obtained through consultation with the communities; floodplain
topographic surveys; and hydrological and hydraulic analysis.
However, because subsidence and ESLR were not considered
in FEMAs Risk MAP program and because these are two
important considerations regarding Grand Isle’s future flood
hazard, spatially-distributed subsidence rates from Zou et al.
(2016) and inundation depths caused by ESLR from National
Oceanic Atmospheric Administration (2021b) are collected
for calculating the structure and content losses due to
future flooding.

Frontiers in Water | www.frontiersin.org

November 2021 | Volume 3 | Article 763358


https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles

Mostafiz et al.

Louisiana’s Future Flood Risk Assessment

To calculate the losses, present and future 100-year storm
surge data from Louisianas Coastal Protection Restoration
Authority (2017) are used. Coastal Protection Restoration
Authority (2017) assesses changes involved in a 50-, 100-,
and 500-year storm surge event 10 (i.e., 2027), 25 (i.e., 2042),
and 50 (i.e., 2067) years after the 2017 baseline. This is done
by including tropical cyclones of different storm intensities,
areas, and landfall locations in and near Louisiana, including
the different environmental change scenarios described in Sea
Level Rise section, both with and without implementation
of the protection and restoration actions. Specifically, CPRA
provides spatially-distributed 100-year storm surge depth grids
along Louisiana’s coast, for the present and for 10, 25, and
50 years into the future. Each of these projections includes
six depths: one each for low, medium, and high scenarios of
environmental change (i.e., warming and sea level rise), with and
without implementation of mitigation measures described in the
Louisiana Coastal Master Plan. Output data from Grand Isle are
used here. A summary table of data sources is shown in Table 1.

Method

Given that local precipitation change at Grand Isle is expected
to be negligible, localized future flood depths are governed
by two major local factors: changes in pluvial floods due to
subsidence and ESLR, and tropical cyclone-dominated changes
in storm surge.

Subsidence and Sea Level Rise
For pluvial changes, the current 100-year flood depth at Grand
Isle from the Jefferson Parish Risk MAP program flood depth
grids is used as the baseline for predicting future flood depths
due to these two categories of factors. The mean subsidence rate
(mm year‘l) raster files generated by Zou et al. (2016) for coastal
Louisiana are used to project the total subsidence from 2017 (i.e.,
when the flood depth grid was calculated) to 2050. Then, the
Grand Isle elevation in 2050 is computed as the value in National
Oceanic Atmospheric Administration (2021b) minus this total
subsidence. The decrease in elevation is assumed to be linear over
time and will increase the flood depth for buildings in Grand Isle
by 2050 at a mean of 1.11 feet, but ranging from 0.63 to 1.25 feet.
The ESLR trend of 9.16 mm year ! at Grand Isle as measured
by National Oceanic Atmospheric Administration (2021a) is
extrapolated linearly from 2017 (i.e., when the flood depth grid
was calculated) for 33 years, to project a ESLR of 302 mm
(or ~one foot) by 2050. The flood depth increase attributed
to this ESLR increase is calculated using the National Oceanic
Atmospheric Administration (2021b) “sea level rise depth”
option for a zero (i.e., for present) and a one-foot (2050
scenario) sea level rise. The inundation depth accompanying
this one-foot increase is calculated as the difference between
the zero (for present) and one-foot (for 2050) inundation
depth. Consequently, the building 100-year flood depth in 2050,
considering the effect of ESLR only, is calculated as the sum of
the present 100-year flood depth and the increase in inundation
depth attributed to ESLR by 2050.

Storm Surge

For both present and future 100-year storm surge at Grand
Isle, the Coastal Protection Restoration Authority (2017) storm
surge inundation depth shapefiles are converted to raster files
using the “Polygon to Raster” tool in ArcGIS®. All combinations
of scenarios are run (i.e., current 100-year storm surge depth,
storm surge depth 10 years in the future without action for a
low environmental change scenario, 25-year future storm surge
without action for a high environmental change scenario,... 50-
year future storm surface with action for a high environmental
change scenario). The present and future 100-year storm surge
scenarios are used to calculate the structure and content losses in
HEC-FIA to determine the economic impact of a future 100-year
storm surge in Grand Isle.

HEC-FIA

HEC-FIA is the best model for this analysis because its method
is to estimate quantitatively flood consequences with uncertainty
(Lehman and Light, 2016), and because it partitions direct and
indirect economic losses (only the former are of interest here)
geospatially while allowing incorporation of externally-derived
flood depth grids (Lehman et al., 2014) which are essential for this
analysis. HEC-FIA is also advantageous because it is compatible
with other USACE software, including River Analysis System
(HEC-RAS) for geospatial analysis of losses from fluvial flooding
(Dunn et al,, 2016), making it useful in future riverine flood
research while providing the same basis for comparison of results
from this coastal flooding analysis. A more comprehensive review
of the useful features of HEC-FIA for flood damage assessment is
provided in Nafari (2013).

HEC-FIA information flow is depicted in Figure 4. The layer
files (i.e., study area boundary and NSI 2.0 data for Grand Isle) are
first converted into shapefiles. Likewise, all raster files (i.e., DEM,
100-year flood depth grids, and 100-year storm surge depth grids)
are converted into Tag Image File Format (TIFF or TIF), and all
shapefiles and raster files are projected to the same geographic
projection system (WGS 1984 UTM Zone 15N).

The method involved in structure and content loss
calculations follows that of Mostafiz et al. (2021). Specifically,
after the study area and NSI 2.0 shapefiles are added in the
“map layers” folder, the DEM data are included by selecting
“add terrain model” in the “terrain grids” folder, and a new
“watershed configurations” is created using the terrain grid (i.e.,
DEM). Then, the study area is “imported” in the “boundaries”
and “impacted areas” folders separately. Next, 100-year flood
and storm surge depths (present and future) are configured
separately, by selecting “new” in the “inundation data” folder,
“grid only” under “hydraulic data type, “inundation grid”
under “grid only,” and the watershed configuration (i.e., DEM)
created earlier. Then “define event” is selected separately for each
scenario. The next step is to import the depth damage functions
(DDFs) using the “import from default” option in the “structure
occ. types” folder. Next, “structure inventories” is selected, along
with “generate from point shapefile” (i.e., NSI 2.0), and “use
terrain+foundation height” under the “first floor elevation
source” header. Then, the appropriate mandatory “shapefile
fields” added from NSI 2.0 are uploaded into the “structure 1D,
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TABLE 1 | Summary of data sources used in this research.

Data Source

Attribute

Building information

Digital elevation model (DEM)
(2021Db)

Present 100-year pluvial flood
planning (Risk MAP) program
Subsidence rate Zou et al. (2016)
Eustatic sea level rise (ESLR)
(2021Db)

Current and future 100-year storm surge

National Structure Inventory (NSI) (2019) 2.0

National Oceanic Atmospheric Administration

FEMA (2021) Risk mapping, assessment and

National Oceanic Atmospheric Administration

Coastal Protection Restoration Authority (2017)

Structure ID, damage category, occupancy type,
replacement value, content value, foundation height,
foundation type, and number of stories

Ground elevation (m)

3.048 x 3.048 m depth grid cells in feet

mm year~'
Inundation depth (m)

Inundation depth (ft)

Building Inventory (NSI 2.0)

Occupancy type
Foundation type
Number of stories

Flood Depth in Ground

Depth Damage Function (DDF)

100-year pluvial
100-year storm surge

Structure DDF
Content DDF

Structure & Content Loss

Terrain Grid
Digital elevation model (DEM)

Flood depth in building=
Flood depth in ground — FH

100-year pluvial flood
100-year storm surge

Building Inventory (NSI 2.0)
Latitude & longitude

Foundation height (FH)

Building Inventory (NSI 2.0)

Structure value
Contentvalue

FIGURE 4 | HEC-FIA flood model.

“damage category;,” “occupancy type;” and “replacement value”
inventory fields. The following optional inventory fields are then
uploaded: “content value,” “foundation height,” “foundation
type,” and “number of stories,” along with their corresponding
shapefile fields.

To run the final loss calculation, the “new” option is
selected within the “alternatives” folder for each scenario. The
study area is clicked under “impact area set,” the appropriate
inundation depth (e.g., 100-year flood for present, 100-year
storm surge depth for 10 years in the future, etc.) is chosen
under “inundation configuration,” and NSI 2.0 is selected
under “structure inventory.” Then, “new” is clicked from the
“simulation” folder, and the appropriate flood return period
is selected in the “alternative” and “event” fields. Finally,
the “compute” option is selected by clicking on the name

given to the simulation in the previous step. The results
show the aggregate and individual building damage reports,
including both structure and content separately, for the selected
study area.

RESULTS

Computation of losses using the Monte Carlo technique with
inclusion of uncertainty only yields slight differences from
that without uncertainty. The results without uncertainty are
presented here.

A 100-year pluvial flood event in 2017 would produce over
$169 million (2020$) in structure and content losses (Figure 5) to
the 2,023 structures on Grand Isle, of which 1,897 are residential,
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FIGURE 5 | Present (2017) and 2050-projected total (structure + content) losses (2020$) for all buildings and for only residential buildings, from 100-year pluvial flood
event due to the effects of continued subsidence and eustatic sea level rise, Grand Isle, Louisiana.

79 are commercial, 21 are industrial, and 26 are public [(National
Structure Inventory (NSI), 2019)]. The mean 100-year pluvial
flood depth for all structures on Grand Isle today is 8.95 feet
above the ground surfaces, which explains why the structures
are all elevated (Supplementary Figure 7). By 2050, 1.11 feet of
additional depth is projected to have been caused by continued
subsidence (Supplementary Figure 8) and another 0.24 feet of
depth is projected to be due to ESLR (Supplementary Figure 9),
leaving the projected mean 100-year pluvial flood depth
for these structures at 10.30 feet (Supplementary Figure 10).
Thus, continued subsidence and ESLR will increase the
2017 pluvial flood depth by 12.4 and 2.7%, respectively, by
2050. Continued subsidence to 2050 is projected to increase
these losses to over $198 million (2020$), a 17% increase
(Supplementary Appendix A), and ESLR would add another
3.1% to these losses by 2050 (Supplementary Appendix B). In
both cases, losses to structure are and will likely remain greater
than losses to content (Supplementary Appendices A, B), and
the combined total effect of continued subsidence and ESLR
will cause over $203 million (2020$) in losses to these buildings
by 2050 (Figure 5; Supplementary Appendix C). Nearly 77% of
these total (structure + content) losses would be to residential
structures (Figure 5; Supplementary Appendix D).

Regarding tropical-cyclone-induced storm surge flooding, the
100-year event that occurs 10, 25, and 50 years into the future
will cause greatly magnified total (structure + content) losses at
Grand Isle compared to today’s loss estimates for all buildings
of $59 million (2020$) for structure and content (Figure 6).
Interestingly, because the Louisiana Coastal Master Plan (Coastal
Protection Restoration Authority, 2017) prioritizes rebuilding
land elsewhere, the losses are estimated to be slightly greater
at Grand Isle with implementing the Plan compared to the
scenario without Plan implementation (Figure 6). The “low”
scenarios of environmental change would increase the storm-
surge-induced flood losses at Grand Isle by 68-74% in 10 years,
141-149% in 25 years, and 346-359% in 50 years (Figure 6;
Supplementary Appendix E). Even more menacingly, “high”
scenarios of environmental change are expected to increase the
losses by ~85-91% in 10 years, 199-218% in 25 years, and
407-415% in 50 years (Figure 6; Supplementary Appendix E).

DISCUSSION

The nearly $34 million (2020$) in additional damage to all
buildings from a 100-year pluvial flood event that can be
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FIGURE 6 | Total (structure + content) losses (2020$) for a 100-year storm surge flood event in Grand Isle, Louisiana, with vs. without implementation of the 2017
Louisiana Coastal Master Plan (CMP), and by low, medium, and high scenarios of environmental change, for 2017, 2027, 2042, and 2067.

expected because of the continuing effects of subsidence and  direction of resources elsewhere for fortifying Louisiana’s
ESLR between 2017 and 2050 (Supplementary Appendix C)  coastline in Coastal Protection Restoration Authority (2017)
would represent an extra $23,770 (2020$) for each of the  may simply be evidence of a triage-based approach to prioritize
1,429 permanent residents of Grand Isle in 2017 (United States  the areas with the greatest impact per dollar spent. Regardless,
Census Bureau, 2021). Thus, the total losses to all buildings  however, the overwhelming sentiment is that Grand Isle is worth
are projected at an astounding $142,132 per person (not  saving, but this will require individual homeowners to elevate
per household). The 2050 losses from an event of the same  their homes and camps under the assumption that the CPRA
magnitude solely to the residential buildings would leave  Coastal Master Plan will provide little additional mitigating
each person (not each household) with $108,922 in damage  effects for Grand Isle.
(Supplementary Appendix D). According to the binomial distribution, the probability of
An even more sobering story emerges when examining a 100-year flood occurring in a 33-year period (e.g., between
the impact of tropical-cyclone-induced storm surge. In the 2017 and 2050) is 28.2%, and the 50-years-in-the-future-from-
least severe environmental change scenario with and without 2017 probability of the 100-year storm surge flood is 39.5%.
implementation of the Louisiana Coastal Master Plan (Coastal ~ Bohn (2013) provides a comprehensive set of possible mitigation
Protection Restoration Authority, 2017), a storm surge in  measures to circumvent such an undesirable outcome. In all cases
50 years (ie., 2067) would inflict $187,786 and $185,133,  for both the 100-year pluvial flood and the 100-year storm surge,
respectively, per person in losses. Even more ominously, damage to structures exceeds damages to the contents within the
the most severe environmental change scenario with and  structure (Supplementary Appendices A-E).
without implementing the Louisiana Coastal Master Plan Even more daunting is the fact that these losses do not
Coastal Protection Restoration Authority (2017) would  include those incurred to vehicles including boats, ecosystem
impose losses of $211,443 and $209,646 per person in 2067  structures and functions, recreation, industries (e.g., commercial
(Supplementary Appendix E). fisheries, tourism, and mineral extraction), indirect losses
The fact that losses would likely be slightly greater without  (e.g., hotel expenses while a residence is being remodeled,
implementation should certainly not be taken as evidence that ~ work absences, and emotional/psychological anguish), and the
Louisiana’s Coastal Master Plan (Coastal Protection Restoration  priceless impacts to aesthetic resources for which Grand Isle is
Authority, 2017) should not be implemented. Instead, the renowned. Nor does it include additional damage to structures,
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contents, or the items listed above from wind or lightning that
accompanies the modeled flood-producing storms. Furthermore,
it is noteworthy that the losses calculated herein assume no
increase in precipitation, even though several sources suggest an
increasing frequency of heavy precipitation events, as described
previously. Thus, our calculations here likely underestimate
the losses.

SUMMARY AND CONCLUSIONS

This analysis estimates loss to building structure and contents
from a 100-year pluvial flood event and a 100-year tropical
cyclone-induced storm surge event at the iconic resort area of
Grand Isle, Louisiana, for the present and for future scenarios.
The 100-year pluvial flood event certainly produces formidable
flood depths at Grand Isle today—an average of almost 9 feet.
However, continued subsidence and ESLR will increase this
value by 12.4 and 2.7%, respectively, causing over $203 million
(2020$) in structure and content damage by 2050, an increase
of 20% over calculations for the 100-year pluvial flood in 2017.
While the 100-year storm-surge flood causes ~$58,878,948 in
structure and content damage today for all buildings in Grand
Isle, future increases in flood depths caused by low, medium,
and high scenarios of environmental change (Coastal Protection
Restoration Authority, 2017) may produce losses 50 years into
the future (i.e., 2067) of between $265 and $300 million. Because
mitigation measures are targeted for areas other than Grand Isle,
the losses are slightly greater with implementation as compared
to without implementation of Coastal Protection Restoration
Authority (2017). Thus, individual homeowners must elevate
their homes and camps under the assumption that the CPRA
Coastal Master Plan will provide little additional mitigating
effects for Grand Isle. In all cases for both the 100-year pluvial
flood and the 100-year storm surge, damage to structures
exceeds damage to the contents within the structures. Municipal
and parish (county) officials must make all practical efforts to
mitigate these losses through effective planning and cooperation
to enhance community resilience to the coastal flood hazard.
Otherwise, Grand Isle may be destined to a similar fate as
another famous Louisiana barrier island resort destination—
Isle Derniere—where ~200 lost their lives when the island was
destroyed and broken into multiple islands by a hurricane in
1856, with its subsequently unpopulated remnants renamed as
Isles Dernieres.

Similar methods could be used to assess potential risk in
any coastal area for which sophisticated flood modeling has
been done. Results from such analyses would assist community
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