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The consequences of future sea-level rise for coastal communities are a priority concern
arising from anthropogenic climate change. Here, previously published methods are scaled
up in order to undertake a first pass assessment of exposure to hurricane storm surge and
sea-level rise for the U.S. Gulf of Mexico and Atlantic coasts. Sea-level rise scenarios rang-
ing from +0.50 to +0.82 m by 2100 increased estimates of the area exposed to inundation
by 4–13% and 7–20%, respectively, among different Saffir-Simpson hurricane intensity
categories. Potential applications of these hazard layers for vulnerability assessment are
demonstrated with two contrasting case studies: potential exposure of current energy
infrastructure in the U.S. Southeast and exposure of current and future housing along both
the Gulf and Atlantic Coasts. Estimates of the number of Southeast electricity generation
facilities potentially exposed to hurricane storm surge ranged from 69 to 291 for category
1 and category 5 storms, respectively. Sea-level rise increased the number of exposed facil-
ities by 6–60%, depending on the sea-level rise scenario and the intensity of the hurricane
under consideration. Meanwhile, estimates of the number of housing units currently
exposed to hurricane storm surge ranged from 4.1 to 9.4 million for category 1 and
category 4 storms, respectively, while exposure for category 5 storms was estimated at
7.1 million due to the absence of landfalling category 5 hurricanes in the New England
region. Housing exposure was projected to increase 83–230% by 2100 among different
sea-level rise and housing scenarios, with the majority of this increase attributed to future
housing development. These case studies highlight the utility of geospatial hazard informa-
tion for national-scale coastal exposure or vulnerability assessment as well as the impor-
tance of future socioeconomic development in the assessment of coastal vulnerability.

� 2014 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.
Introduction

Enhancing understanding of the implications of climate variability and change for coastal assets and communities is a
high priority for researchers as well as coastal managers (Klein and Nicholls, 1999; Preston et al., 2011). Over the past dec-
ade, natural disasters at disparate points along the U.S. coast including Hurricanes Sandy, Katrina, and Irene have contributed
billions of dollars in direct and indirect economic losses, displaced millions, and caused significant morbidity and mortality.
Such discrete events, as well as a general upward trend in U.S. disaster losses (Van Der Vink et al., 1998; Cutter and Emrich,
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2005; Gall et al., 2011), have highlighted the vulnerability of the U.S. coastal population and built environment to extreme
weather events (Gall et al., 2011; Preston, 2013). Nevertheless, various driving forces will interact to further increase such
vulnerability in coming decades (Preston et al., 2013). Anthropogenic climate change is projected to increase the intensity of
future tropical cyclones due to its effect on higher sea surface temperatures (Mendelsohn et al., 2012). Meanwhile, those
higher ocean temperatures are projected to increase global sea level. Yet, human decision-making regarding the develop-
ment of coastal areas and disaster risk management is also likely to contribute to future vulnerability (Pielke, 1860; Titus
et al., 2009; Gall et al., 2011; Mendelsohn et al., 2012; Preston, 2013). For example, Mendelsohn et al. (2012) and Preston
(2013) project U.S. hurricane losses will increase several fold over the 21st century due to continued development along
the Gulf of Mexico and Atlantic coasts. Although historical evidence suggests the United States has made incremental
improvements to increase societal resilience to hurricanes (Changnon and Easterling, 2000; Cigler, 2009; Gurley and
Masters, 2011), such incremental change does not appear to have been sufficient to offset the rate of growth in societal
exposure (Gall et al., 2011; Preston, 2013). To the contrary, Titus et al. (2009) demonstrate that local governments along
the U.S. Atlantic Coast intend to develop the majority of coastal lands below 1 m in elevation, despite increasing awareness
of sea-level rise, not to mention historical experience with hurricanes.

In light of these trends, recent years have witnessed rapid growth in coastal vulnerability assessments, both in the United
States and internationally (Preston et al., 2011). In particular, geospatial information regarding exposure and vulnerability is
seen as a particularly valuable means of supporting risk communication and spatial planning for climate adaptation and
disaster risk management (Preston et al., 2011). Yet, different approaches to assessment may be pursued depending on
the type of information that is sought by researchers and stakeholders and the level of investment that is required. Sharples
et al. (2008), for example, propose a three-tiered approach to iterative coastal risk assessment ranging from a national first
pass that identifies sensitive coastlines, to a regional second pass that examines vulnerability to physical processes, to a site-
specific third pass that evaluates different coastal management options in the context of local geomorphological character-
istics and site values. These different approaches to assessment imply potential trade-offs between the scale of the assess-
ment and its robustness with respect to informing subsequent decision-making. That said, rapid advances in geospatial data
and computational processing tools for their analysis over the past decade has greatly enhanced the capacity to undertake
assessments over expansive geographic scales while still capturing spatially explicit physical processes and characteristics of
coastlines.

Even within the aforementioned typology of assessment approaches, different tools and methods may be employed to
capture various processes that are deemed important for understanding vulnerability (Voice et al., 2006; McLeod et al.,
2010). For example, a range of studies focus on storm surge and the influence of future sea-level rise on return intervals
for surges of a given magnitude (Lowe and Gregory, 2005; Claudia et al., 2012; Lin et al., 2012; Grinsted et al., 2013). How-
ever, such studies do not propagate those surges over land, and thus the consequences of changes in return frequency for
inundation and societal losses go unaddressed. One common approach for understanding the exposure of coastal areas to
inundation has been simply to compare coastal elevation contours with different scenarios of sea-level rise (Nicholls
et al., 1999; Titus and Richman, 2001; Nicholls and Small, 2002; DCC, 2009; Nicholls et al., 2010; Nicholls and Cazenave,
2010; Tebaldi et al., 2012). Such studies, however, often do not account for the routing of water across the landscape and
thus are largely representations of the relative low-lying nature of coastal lands. Moreover, although sea-level rise has been
affecting the U.S. coast for the past century (Aubrey and Emery, 1983; Roemmich, 1992; Nicholls and Leatherman, 1996;
Gehrels et al., 2002; Church et al., 2004; Kemp et al., 2011; Houston and Dean, 2011), significant loss and damage has largely
been associated with acute events such as hurricanes and the associated wind, wave, and storm surge damage. This suggests
the need to integrate sea-level rise and storm surge for meaningful assessment of the physical vulnerability of the coast
(Rygel et al., 2006; Kleinosky et al., 2007; Frazier et al., 2010; Mahendra et al., 2011; Gilmer et al., 2012; McInnes et al.,
2013). Yet, such studies are commonly confined to discrete regions due to the needs of the project, availability of required
data, and/or the time-intensive nature of such modeling (McLeod et al., 2010). As a consequence, there are few examples of
the application of such approaches over large geographic areas (Hoffman et al., 2010). National assessments of coastal
vulnerability, for example, are often based upon simple analyses of elevation contours (DCC, 2009), reflecting potential
inundation of coastal land areas due to sea-level rise, or the development of vulnerability indices based upon relevant
physical variables (Hammar-Klose and Thieler, 2001; Boruff et al., 2005; Gutierrez et al., 2011; Yin et al., 2012).

The objective of the current study was to scale-up previously published methods for the integrated assessment of coastal
vulnerability to hurricane storm surge and sea-level rise (Rygel et al., 2006; Kleinosky et al., 2007; Frazier et al., 2010) to
develop contiguous, process-based, geospatial inundation layers for the U.S. coastlines of the Gulf of Mexico and the Atlantic
Ocean. These data are then used to explore geographic variability in exposure of U.S. coastlines to storm surge inundation as
well as the relative importance of hurricane intensity and different scenarios regarding future global mean sea-level rise.
Furthermore, as a rich body of literature reflects the importance of considering physical vulnerability in the context of social
vulnerability (Cutter et al., 2003; Turner et al., 2003a,b; Rygel et al., 2006; Smit and Wandel, 2006; Kleinosky et al., 2007;
Füssel, 2007; Preston et al., 2009; Frazier et al., 2010; Preston et al., 2011), two case studies are used to illustrate applications
of these geospatial data for first pass assessments of the exposure of societal assets. The first focuses on U.S. energy infra-
structure in the Southeast, and the second focuses on residential housing for both the Gulf and Atlantic coasts. The subse-
quent discussion synthesizes cross-cutting insights that emerge from these case study applications regarding challenges and
opportunities for using hazard data for such assessment activities.
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Methods

Development of geospatial storm surge hazard layers

The geographic distribution of storm surge hazard zones was delineated using archived simulations with the Sea, Lake
and Overland Surges from Hurricanes (SLOSH) model from the National Hurricane Center (NHC) of the National Oceanic
and Atmospheric Association (NOAA) (NWS, 2011). The SLOSH model estimates storm surge heights associated with hurri-
canes by simulating the effects of storm size, forward speed, track, wind speed and atmospheric pressure on water heights in
the coastal zone. Data products from the SLOSH model are available for 37 basins along the coasts of the Atlantic Ocean, Gulf
of Mexico, Caribbean Sea, and Hawaii that are exposed to hurricanes, including population centers, ports, or low-lying topog-
raphy where the effects of storm surge are greatest (NWS, 2011; Burkett and Davidson, 2012). SLOSH basins consists of a grid
definition as well as various geographic features that route and impede the flow of water. Storm surge within a basin can be
represented using a polar, elliptical, or hyperbolic grid with a variable resolution, with the higher resolutions associated with
the area of interest. For example, the grid used in the current study for the New Orleans basin had a horizontal resolution of
approximately 6.9 km at its furthest point offshore (approximately 300 km), 1.6 km over downtown New Orleans, and
0.6 km at its most inland point.

Storm surge modeling with SLOSH can be approached in three ways: a deterministic model that predicts a single event
based on inputs and assumes perfect information; a probabilistic model that creates a suite of runs for specific storm input
and incorporates past forecasts’ statistical errors into its analysis; and a composite model that relies on a range of vari-
ables and combination of runs. The archived data products from the composite approach best fit our need to assess po-
tential exposure to a range of future storms over a centennial time scale. For the composite model, the NHC performed
hurricane simulations for each basin for the five Saffir-Simpson categories using varying forward speeds, landfall direc-
tions, and landfall locations (Frazier et al., 2010). Several thousand hurricane simulations were run for each basin; for
example, 1640 hypothetical hurricanes were modeled for the New Orleans basin (FEMA et al., 2003). Model simulations
generate values for the maximum storm surge surface water elevation obtained in each grid cell, called Maximum Enve-
lopes of Water (MEOWs) (Rygel et al., 2006; Kleinosky et al., 2007; Frazier et al., 2010). The MEOWs for each basin form a
composite dataset called Maximum of MEOWS (MOMs) (Rygel et al., 2006; Kleinosky et al., 2007; Frazier et al., 2010). The
MOMs represent the spatial distribution of potential storm surge elevation for a particular category of tropical cyclone at a
particular tide (NWS, 2011). For storm surge heights of individual hurricanes, this model is accurate to within ±20% (NWS,
2011).

For the current study, data from 33 of the 37 SLOSH basins corresponding to the Gulf and Atlantic coasts were selected as
focal areas. In order to convert SLOSH MOM grids into inundation layers, the storm surge surface water elevations associated
with MOM grids for each basin were compared with the underlying land elevation. The MOM grids for high tide were used in
order to capture inundation risk associated with tidal variability. For each basin, MOM grids representing high tide were con-
verted to points using the geographic information system software ArcMAP 10 from ESRI. Points containing no storm surge
information were interpreted as dry points and deleted, leaving only points with a non-zero storm surge estimate. A second-
order inverse distance-weighting algorithm was subsequently applied to the remaining points to generate a smoothed inun-
dation surface at 30 m resolution. The MOM values represented surface water elevation above the datum, including topog-
raphy, but the coarse resolution of the SLOSH modeling domain results in poor representation of land surface elevation.
Hence, this storm surge elevation layer was subsequently compared against a composite grid of USGS 1 arc-second
(�30 m horizontal resolution) National Elevation Dataset (NED) tiles corresponding with the spatial extent of the MOM.
The NED is a composite of best available elevation data for the U.S. assembled by the USGS (Gesch et al., 2002; Gesch,
2007). However, the vertical accuracy of NED expressed as a root mean square error is estimated at 2.44 m (Gesch, 2007).
Hence, caution is warranted in using NED as a basis for making judgments about potential inundation or water depth
(Murdukhayeva et al., 2013). Land elevations were subtracted from the interpolated storm surge surface, resulting in a
surface indicating depth of water above land. Due to the various uncertainties associated with SLOSH and the NED data,
inundation grids were converted to binary values by ranking positive depth values as 1, wet, and zero values as 0, dry. Cells
with 0 values were subsequently deleted as these represented locations where the estimated storm surge elevation was
below the land surface elevation and thus unlikely to be inundated. The remaining wet cells were converted to a polygonal
hazard zone delineating the spatial distribution of coastal areas within a basin that is potentially exposed to storm surge
from a hurricane of a given Saffir-Simpson classification. This process was repeated for each of the 33 basins included in
the current study. As storm surge estimates for a subset of basins were generated using the older National Geodetic Vertical
datum 1929 (NGVD29), MOMs for those basins were converted to the North American Vertical datum of 1988 (NAVD88) to
maintain consistent datum assumptions among basins as well as with elevation data. This was done by applying the data
transformation grid files associated with the VERTCON 2.0 datum conversion model developed by the National Geodetic Sur-
vey to convert MOM layers from basins using NGVD 29. The transformation files are raster files containing a conversion fac-
tor for translating NGVD29 elevations into NGVD88 elevations (Young, 2003). Once hazard polygons were generated for all
33 basins, they were amalgamated into a seamless data layer spanning the entire U.S. coastline from Texas to Maine. How-
ever, state and county administrative boundaries were maintained to enable data aggregation, integration, and analysis at
these levels geopolitical levels.
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Incorporation of sea-level rise

In addition to the development of storm surge hazard data based upon hurricanes alone, additional data layers were
developed to represent the effects of sea-level rise on future storm surge inundation. Significant uncertainty is associated
with estimates of future sea-level rise over the 21st century, and particular differences are observed between model
based-estimates and empirical approaches, which tend to yield higher magnitudes of sea-level rise (Rahmstorf, 2007; Meehl
et al., 2007; Pfeffer et al., 2008; Hunter, 2010; Rahmstorf, 2010; Rahmstorf et al., 2012). Much of the impact assessment lit-
erature over the past decade has used the Special Report on Emissions Scenarios (Nakicenovic et al., 2000) as a guide for both
future greenhouse gas emissions as well as future socioeconomic conditions (Bierwagen et al., 2010) in recognition of the
fact that climate change will manifest in concert with changing social, economic, and political contexts. Therefore, the
sea-level rise values used for our calculations were developed by Hunter (Hunter, 2010), who reconciled projections from
the IPCC Fourth Assessment Report (AR4) with the sea-level rise time series of the IPCC’s Third Assessment Report to better
account for the additional contributions of ice sheet discharge (IPCC, 2001; Hunter, 2010). Sea-level rise projections by 2100
from four of the illustrative SRES scenarios were used: A1Fi (+0.82 m), A2 (+0.69 m), B1 (+0.50 m) and B2 (+0.58 m) as well as
fifth (base case) that represented no sea-level rise. Although based upon scenarios originally published in 2001 (IPCC, 2001),
these sea-level rise estimates are consistent with those of the more recent AR5 report (IPCC, 2013). For example, the AR5
upper estimate of likely global sea-level rise in 2100 associated with representative concentration pathway (RCP) 8.5 is also
0.82 m (IPCC, 2013), although other RCPs generate sea-level rise estimates by 2100 that are as low as 0.26 m.

These sea-level rise assumptions were incorporated by adding the respective sea-level rise scenarios to the interpolated
storm surge surface prior to their conversion to binary values. No assumption was made with respect to the absolute or rel-
ative likelihood of the different sea-level rise scenarios, and the position of the shoreline was not adjusted for sea-level rise
inundation, so resulting hazard zones do not separate land inundated by sea level rise from land inundated by storm surge. In
addition, while the SLOSH model dynamics account for flow around barriers, our methods did not retain that accuracy when
adding sea-level rise. Inundation values were raised regardless of exposure to inflow, which could cause isolated valleys to
have positive flood values. To identify these isolated cells, the focal statistics tool was used to determine whether a flooded
cell was tangent to another flooded cell that could have exposed it to inflow. Cells that did not touch another flooded cell
were considered isolated by elevation barriers and were masked out of further calculations. These methods resulted in five
distinct coastal storm surge inundation hazard datasets for each of the five Saffir-Simpson categories, resulting in 25 differ-
ent hazard layers for the United States, which were archived as ArcGIS shapefiles ranging in size from 129 to 183 megabytes.
As the sea-level rise scenarios do not account for transient changes in sea-level between the present and 2100, the resulting
hazard layers represented hazard zones that may be exposed to storm surge inundation over the 21st century.
Results

The geospatial hazard layers indicated that approximately 87,000 km2 of U.S. coastal land area is potentially exposed at
present to storm surge inundation from category 1 hurricanes (Figs. 1 and 2). This value is consistent with the 77,612 km2

estimated to be the land area along the U.S. Atlantic and Gulf Coasts defined by the Federal Emergency Management Agency
as being subject to a 1% annual flood probability (Crowell et al., 2010). Although the estimated return interval for category 1
storms along the U.S. coast is much less than 100 years (Keim et al., 2007), differences in the manner in which flood hazard
and storm surge hazard are calculated limit the utility of direct comparisons between the hazard metrics (US Army Corps of
Engineers et al., 2011). However, the relative exposure of different coastal regions to inundation was consistent with prior
studies based on elevation contours (Titus and Richman, 2001). The exposed area increased significantly with the Saffir-
Simpson scale, with the area potentially exposed to category 2 storms approximately 28% greater than that for category
1, and the area potentially exposed to category 5 storms almost 84% greater than that for a category 1 storms (Fig. 2).
The area exposed to category 5 storms was similar to that for category 4 storms at the national level, because landfalling
category 5 storms are extremely rare in the U.S. Northeast, and therefore the NOAA category 5 storm surge dataset coverage
did not extend north of Maryland, excluding a large amount of area from our calculations. In fact, since 1900, no storm great-
er than category 3 has made landfall in the Northeast (Vallee, 2000). However, on a regional or local level in southern lat-
itudes, category 5 events produced storm surge inundation greater than a category 4 storm.

Future sea-level rise increased the area of the U.S. coast that would be inundated by storm surge events (Figs. 1 and 2)
(Rygel et al., 2006; Kleinosky et al., 2007; Frazier et al., 2010). On a relative basis, the effects of sea-level rise were more pro-
nounced for lower magnitude storms as the ratio of sea-level rise to storm surge was greater (Fig. 3). For example, for a cat-
egory 1 storm, the area vulnerable to storm surge inundation increased by 13–20% among the different sea-level rise
scenarios. In contrast, for a category 5 storm, the area subject to inundation increased by 4–7%. As the response of inundation
to sea-level rise was highly linear, inundation response functions for the SLOSH results were extrapolated to higher levels of
sea-level rise using least-squares linear regression, with the sea-level rise scenario for each Saffir-Simpson category as the
independent variable and area inundated as the dependent variable (Fig. 2). The r2 values for regression models for each Saf-
fir-Simpson hurricane category ranged from 0.98 to 1.00 and were significant at the a < 0.01 level. Although such extrapo-
lation is only indicative, it suggests that a 2 m increase in sea level by 2100 would increase the area subject to inundation for
category 1 storms by approximately 49%, while for category 5 storms the increase would be approximately 20%. Even when



Fig. 1. Contiguous U.S. hurricane storm surge inundation zones for selected Saffir-Simpson categories (1, 3 and 5) assuming no sea-level rise (base case) or
the highest sea-level rise modeled in the current study (A1Fi; +0.82 m). The three maps represent three different coastal regions: (A) Gulf of Mexico, (B)
Southeast and Mid-Atlantic, and (C) New England.

Fig. 2. Estimated U.S. coastal land area that could be exposed to inundation in response to storm surge associated with different Saffir-Simpson hurricane
categories as well as different sea-level rise scenarios. The SRES sea-level rise scenarios were directly integrated with SLOSH model MOMs in the
development of hazard layers while results for the extrapolated scenarios were based upon least-squares linear regression extensions of the SRES results.

30 M.C. Maloney, B.L. Preston / Climate Risk Management 2 (2014) 26–41
accounting for such high magnitudes of sea-level rise, the coefficients of variation in land area exposed to storm surge inun-
dation among different hurricane intensities (ranging from 24% assuming no sea-level rise to 16% assuming 2 m of sea-level
rise) were greater than those among different 21st century sea-level rise scenarios (ranging from 12% for category 1 storms
to 6% for category 5). Hence, potential changes in hurricane intensity (e.g., wind speed or central pressure) (Seneviratne et al.,
2012) may be a greater concern for coastal exposure and vulnerability than sea-level rise.



Fig. 3. Estimated percent changes in U.S. coastal land area exposed to storm surge inundation for different Saffir-Simpson hurricane categories and sea-
level rise scenarios relative to results generated by the base case that assumes no change in sea level.
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As suggested by previous studies (Frazier et al., 2010), the effects of future sea-level rise on storm surge inundation were
comparable to increasing the magnitude of a hurricane to which a coastline is exposed, although this conclusion may be con-
tingent upon the selected storm surge model and elevation data used in the current study. For example, the land area asso-
ciated with hazard zones for category 1–3 storms using the A1Fi sea-level rise scenario (+0.82 m) were closer to the next
higher base case Saffir-Simpson category (i.e., category 2–4 storms) than the original base case. This is consistent with a
range of prior studies that have identified sea-level rise as a factor contributing to reductions in the annual return interval
for storm surge levels (Lowe and Gregory, 2005; Claudia et al., 2012; Lin et al., 2012; Grinsted et al., 2013). However, as sug-
gested by the extrapolated scenarios (Fig. 2), it would take significantly higher sea-level rise than the SRES scenarios used
here for a lower intensity storm category and sea-level rise to result in a hazard zone equivalent to a higher intensity base
case storm. Sea-level rise in 2100 would have to be 1.25–1.50 m in order for future category 1–3 hazard zones to meet or
exceed current category 2–4 hazard zones. Such magnitudes of sea-level rise cannot, however, be ruled out (Pfeffer et al.,
2008).

When disaggregated to the state level, inundation areas reflect a significant degree of heterogeneity among states with
respect to both the magnitude of land subject to inundation as well as the sensitivity of inundation to sea-level rise. The
majority of land area subject to inundation was accounted for by two states: Florida and Louisiana (Fig. 4). For example, gi-
ven the base case hazard zone for category 3 storms, these two states accounted for approximately 55% of the total land area
subject to inundation, followed by Texas and North Carolina, which captured another 28% of the total. Assuming sea-level
rise equivalent to the A1Fi scenario (+0.82 m), the land area subject to inundation increased by an average of 11% among
states, ranging from a 4% increase for Louisiana to a 17% increase for South Carolina. On an absolute basis, those states with
the largest increase in category 3 hazard zones with sea-level rise included Florida (+5391 km2), Texas (+1844 km2), North
Carolina (+1618 km2), Louisiana (+1417 km2), and South Carolina (+1147 km2).
Case study applications

To illustrate potential applications of the geospatial storm surge hazard layers for first pass coastal assessment, two case
studies are explored that use the hazard layers as a basis for assessing potential exposure of human systems and assets to
storm surge and sea-level rise. The first focuses on the exposure of electricity generation facilities and oil refineries in the U.S.
Southeast to storm surge inundation with and without sea-level rise. The second focuses on the exposure of residential hous-
ing adjacent to both the Gulf and Atlantic coasts. For each of these case studies, detailed information is available regarding
the distribution of exposed assets, thereby maximizing the utility of high-resolution inundation information. The two case
studies differ in their assumptions regarding future changes in the built environment. While reliable location estimates for
existing energy infrastructure are readily available, scenarios that represent future expansion and/or their redistribution in
response to changing energy demand, technologies, and risk are not. In contrast, the recent emergence of high resolution
housing scenarios for the United States (Bierwagen et al., 2010) enable the consideration of changes in both biophysical



Fig. 4. Comparison of the estimated area within each state adjacent to the U.S. Gulf of Mexico or Atlantic Ocean that is exposed to inundation from category
3 hurricanes given a base case with no change in sea level and a sea-level rise scenario (A1Fi; +0.82 m by 2100).
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factors such as sea-level rise and storm surge as well as socioeconomic conditions such as population growth and develop-
ment. This also enables one to compare the relative contribution of sea-level rise and population growth to future societal
exposure.
Case study 1: U.S. Southeast energy infrastructure

Locations of energy facilities in the 10 state U.S. Southeast region were identified through a geospatial database comprised
of thermoelectric power plants, hydropower facilitates, renewable energy facilities, and oil refineries (Fig. 5). The dataset was
provided by Oak Ridge National Laboratory and represents the results of a collaboration involving Oak Ridge National Labora-
tory (ORNL), Idaho National Laboratory (INL), and Argonne National Laboratory (ANL) to develop an energy infrastructure data-
base as part of the Homeland Security Infrastructure Protection (HSIP) Freedom database accessible through the Homeland
Security Information Network. The HSIP Freedom database is analogous to the HSIP Gold database, but with increased share-
ability within the Federal, State, and Local emergency response communities. The database was developed using open source
information including digitized published open source, unrestricted reports; Federal Energy Regulatory Commission (FERC)
filings openly published with unlimited distribution; remote sensing imagery; and datasets contributed by the various collab-
orating national laboratories. This dataset indicates that 1711 electricity generation facilities are located in the 10 state south-
east region, with the three most common fuel types being natural gas, hydropower, and other renewables. Net operating
capacity among these facilities was largely attributed to natural gas, coal, or nuclear plants. In addition, the database contained
54 oil refineries, which were concentrated in Texas and Louisiana, as well as the refining capacity of those facilities (Fig. 5). The
dataset included facilities that have been decommissioned as well as those that have been planned but are not yet generating;
both were included in the case study as former facilities have potential to be used in the future through redevelopment and
repowering of the existing site, while the latter may be exposed to future climate change once operations commence. The
majority of these facilities were adjacent to the Gulf of Mexico, which has been described as the ‘Energy Coast’ (America’s
Energy Coast, America’s Wetlands Foundation, Entergy Corporation, 2008), and which has been the focus of prior energy infra-
structure vulnerability assessments (Needham et al., 2012; Strauss and Ziemlinski, 2012).

Locations of power plants and oil refineries were intersected with each of the 25 storm surge hazard layers described pre-
viously in order to identify facilities that are potentially vulnerable to exposure to hurricane storm surge at present as well as
with additional sea-level rise. As this analysis did not consider the depth of inundation and may not account for local struc-
tural defenses to protect infrastructure, those facilities that were identified were interpreted as being potentially exposed.
No assumptions were made about subsequent impacts to exposed facilities as such a determination cannot be made based



Fig. 5. Geographic distribution of electricity generation facilities and oil refineries in the ten state U.S. Southeast region as well as the coastal area
potentially exposed to inundation from current category 1 storm.
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upon exposure alone. However, prior events such as Gulf Coast hurricanes in 2005 and 2008 resulted in significant adverse
impacts on energy infrastructure. During Hurricane Katrina, this included extensive flooding of power plants and oil refin-
eries (NIST, 2006; DOE, 2009). Hence, exposure is a useful first-order proxy for adverse impacts, although more refined anal-
ysis would be needed for confident determination of risk at the scale of a specific site or facility (Murdukhayeva et al., 2013).

Of the 1711 electricity generating facilities in the database, the number currently vulnerable to storm surge inundation
ranges from 69 for category 1 events to 291 for category 5 events (Fig. 6). The category 2 inundation zone doubled the num-
ber of exposed facilities compared to category 1, although the additional exposure associated with progressively larger
storms diminished substantially. For example, the exposure associated with category 5 storms was just 13% higher than
for category 4 storms. Sea-level rise significantly increased the number of vulnerable facilities, although the effect was par-
ticularly pronounced for hazard zones associated with category 1 and 2 storms. For example, just 0.5 m of sea-level rise in-
creased the number of facilities vulnerable to a category 1 storm surge by 41%. For a category 3 storm, the increase was 8%,
and just 5% for a category 5 storm. Similarly, additional increases in sea-level rise based on the A1Fi scenario contributed to a
60% increase in the number of exposed facilities for category 1 storms and just a 6% increase for category 5 storms. This nom-
inal increase in exposure associated with sea-level rise highlights the existing exposure of infrastructure regardless of the
relatively small additional burden related to future sea-level rise.

Exposure was also examined in terms of the electricity generation capacity of facilities. The increased exposure due to
increasing hurricane intensities translated into exposure of total operating capacity in increasing steps of approximately
20,000 MW between the first four Saffir-Simpson categories (Fig. 6). There was less increase between categories four and
five, perhaps due to increasing topography inland that impeded storm surge, high capacity facilities being grouped to serve
vulnerable port cities (e.g., the 2100 base case category 5 hazard zone exposes 21% of total MW output capacity on just 8% of
the land for the southeast study region), or facility placement that takes advantage of water features that provide cooling
services. Of the 116 facilities in the region with an operating capacity above 1000 megawatts, five were located in the base
case category 1 hazard zone, totaling 11,206 MW. Twenty eight were located in the base case category 5 hazard zone, total-
ing 52,597 MW; 24% of the total MW produced by >1000 MW capacity facilities in the region on 8% of the total land area. The
maximum sea-level rise scenario, A1Fi, exposed one additional plant, bringing the total exposed operating capacity to
54,307 MW.

Although the number of oil refineries identified in the Southeast was significantly less than the number of power plants, a
much larger fraction (61%) of oil refineries in the region were in coastal areas potentially exposed at present to storm surge
inundation. Assuming no increase in sea-level rise, the number of exposed oil refineries ranged from 7 for category 1 storms
to 33 for category 5 storms (Fig. 6). Consistent with results for power plants, while sea-level rise increased the number of
facilities potentially exposed to storm surge inundation, this increase was most pronounced for low intensity hurricanes
(i.e., category 1 and 2 on the Saffir-Simpson scale). For category 1 storms, the B1 (+0.50 m) sea-level rise scenario doubled
the number of exposed facilities, but additional increases in sea level beyond this magnitude did not result in additional



Fig. 6. Estimates of U.S. Southeast energy facilities that are potentially exposed to storm surge inundation and sea-level rise: (A) number of exposed
electricity generating facilities; (B) megawatts of exposed electricity generation; (C) number of exposed oil refineries; (D) exposed oil production in barrels
per day.
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exposure. This relative insensitivity to higher magnitudes of sea-level rise was true for storms of all Saffir-Simpson categories
except category 3 storms, for which the B2, A2, and A1Fi scenarios (+0.58–0.82 m) resulted in the exposure of one additional
refining facility relative to the B1 scenario.

Again, given the refining capacity of different facilities varies, exposure was also explored in the context of the exposed
refining capacity represented by vulnerable facilities. At present, facilities vulnerable to category 1 and category 5 storm
surges represent 1.2 and 5.8 million barrels per day, respectively, of refining capacity (Fig. 6). The upper end of this range
represents 74% of the total Southeast capacity, which further highlights this disproportionate concentration of refining facil-
ities in the coastal zone. However, the response of exposure to greater storm intensities was similar to that for facility counts.
The exposed refining capacity for category 2 storms was approximately 3 times that for category 1 storms. While higher
magnitude storms contributed to further increases in exposed refining capacity these increases declined substantially as
storms moved up the Saffir-Simpson scale. This indicates that the majority of refining capacity (63%) is concentrated in areas
vulnerable to category 1 and 2 storms. As was observed with facility counts, exposed refining capacity was relatively insen-
sitive to sea-level rise scenarios. For category 1 storms, the various sea-level rise scenarios increased the exposure of refining
capacity by 30-34%. For category 2 and 3 storms, the increases were 7–14%, declining to 4% and 0% for category 4 and 5
storms, respectively.
Case study 2: U.S. residential housing

The geographic distribution of residential housing in U.S. coastal areas was based upon the Integrated Climate and Land
Use Scenarios (ICLUS) developed for the EPA’s Global Change Research Program in the Office of Research and Development’s
National Center for Environmental Assessment (Bierwagen et al., 2010). The ICLUS scenarios represent county population as
well as gridded housing density and impervious surface estimates at resolutions of 0.01 and 1 km2, respectively. In addition
to representing current (i.e., 2005) estimates of population, housing density, and impervious surface, the ICLUS scenarios are
also comprised of spatially explicit projections throughout the 21st century that are based upon the SRES socioeconomic sce-
narios (Nakicenovic et al., 2000). This includes the B1, B2, A1, and A2 families as well as a base case scenario that represented
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an intermediate development pathway (Bierwagen et al., 2010). The projections were created by the Spatially Explicit Regio-
nal Growth Model (SERGoM), which assesses changes in land cover classes and environmental variables at 0.01 km2 resolu-
tion based on housing density growth patterns (Bierwagen et al., 2010). The SERGoM model uses population projections to
allocate housing units in 5-year time steps. At each time step, the model uses the spatial pattern developed from the previous
time step to guide the allocation of additional housing units. For the current study, ICLUS housing density values were ex-
tracted from each of the SRES scenarios for those areas that overlapped with the 25 hazard zone inundation polygons rep-
resenting storm surge and/or sea-level rise.

To maintain internal consistency in assessing the exposure of housing to future storm surge and sea-level rise, storm
surge hazard layers associated with a particular SRES scenario were used to extract data from the matching ICLUS housing
density scenario. For example, ICLUS B1 housing density data were extracted for the SLOSH inundation zones calculated for
the B1 sea-level rise estimate, and the ICLUS A1 scenario was paired with the SLOSH A1Fi inundation zones. For analyses that
assumed current sea level, the ICLUS base case scenario was used. As with the sea-level rise scenarios, no assumption was
made with respect to the absolute or relative likelihood of the housing density scenarios. To evaluate the components of
change in future housing exposure, exposure was divided into four sources (Table 1): (a) current exposure, calculated from
current hazard zones and housing, which was affected by neither sea-level rise, nor socioeconomic development; (b) future
exposure solely attributable to sea-level rise, calculated using future hazard zones with current housing; (c) future exposure
solely attributable to socioeconomic change, calculated using the housing growth within current hazard zones; and (d) fu-
ture exposure attributable solely to combined drivers of sea-level rise and housing growth, calculated from the housing
development occurring only in the additional land exposed by inundation associated with sea-level rise.

This methodology indicated that at present, exposure of housing units to storm surge inundation ranges from 4.1 million
units for category 1 storms to 9.4 million for category 4 storms (Fig. 7). Potential exposure to category 5 storms is 7.1 million
due to the absence of category 5 hurricanes and therefore MOM data in the Northeast. By using both the hazard layers
accounting for sea-level rise and the ICLUS scenarios of future housing density, our analysis enabled the assessment of
the net implications of these processes as well as their marginal contributions to future housing exposure (Fig. 7). When both
factors were considered, the number of housing units projected to be exposed to storm surge inundation generally triples.
However, as noted previously, the effects were more pronounced for storms at the bottom end of the Saffir-Simpson scale.
For example, the number of housing units exposed to a category 1 storm increased from 4.1 million in 2005 to 10.7 million
(+161%) assuming a B1 socioeconomic future and 13.5 million (+229%) assuming an A2 future which assumes higher pop-
ulation growth. In contrast, for a category 4 storm, exposure grew from 9.4 million in 2005 to 20.0 million (+113%) and 24.8
million (+164%) in 2100 for the B1 and A2 futures, respectively. It should be noted that while the A1Fi scenario assumes the
largest increase in sea-level rise, the A2 scenario assumes the largest increase in population and housing. As a consequence,
the A2 future results in the greatest increase in housing exposure by 2100.

At a sub-national level, housing exposure to storm surge and sea-level rise was heterogeneously distributed among coast-
al states. Of the approximately 21.4 million housing units potentially exposed to storm surge inundation from a category 3
event for an A2 scenario by 2100, just under half occurred in the state of Florida (Fig. 8). This was a function of Florida
accounting for a significant fraction (31%) of U.S. land area that is exposed, as well as the high future growth in housing
in the state. Approximately 51% of the net increase in housing in exposed areas between 2005 and 2100, for example,
was projected to occur in Florida. In contrast, while Louisiana was associated with 31% of the total increase in land area ex-
posed to a category 3 storm surge in 2100, it only accounted for 3% of the net increase in exposed housing. To further explore
the attribution of exposure to different factors at the state level, the ratio of the percent change in socioeconomic (i.e., hous-
ing) exposure to category 3 storms from 2005 to 2100 for the A1Fi scenario to the percent change in land area exposed for
the same scenario was calculated (Fig. 9). The results indicated that all states are expected to experience increases in housing
exposure that are disproportionately large relative to the change in land area exposed to inundation. These ratios varied sig-
nificantly among states, however. For Connecticut and Massachusetts, housing exposure was expected to grow at just twice
the rate of growth in land exposure. At the opposite extreme, however, housing exposure in New York under the A1 scenario
was projected to grow at a rate 39 times that of land exposure. These ratios would be ever larger under an A2 scenario, which
has lower rates of sea-level rise, but higher rates of housing development.

These results indicate that despite significant discussion in the literature regarding the additional risks posed by climate
change and sea-level rise to coastal communities and assets (Keim et al., 2007; Tebaldi et al., 2012), the change in future
Table 1
Decomposition of components of future changes in housing exposed to hurricane storm surge. Changes in housing exposure can arise from two factors: (a) sea-
level rise that increases the land area exposed to inundation and/or (b) increases in housing on land exposed to inundation. The analysis reported here explores
all permutations of these factors for each Saffir-Simpson category and SRES scenario (Fig. 7). The sum of all four components represents the projected exposure
of housing in 2100.

Housing scenario Sea-level rise scenario

Current Future

Current Current: Base case inundation area and
current (2005) housing

SLR only: Inundation area associated with future sea-level rise and current (2005)
housing

Future Housing growth only: Base case
inundation area and future (2100) housing

Housing growth and SLR: Additional inundation area due to sea-level rise (i.e.,
2100 inundation area minus current) and future (2100) housing



Fig. 7. Total number of housing units on the U.S. Gulf of Mexico and Atlantic coasts that are projected to be exposed to storm surge inundation by the year
2100. Housing unit exposure is disaggregated into current (i.e., 2005) exposure for each Saffir-Simpson hurricane category (C1–C5) as well as the
components of future change associated with sea-level rise, increased housing development, and the interaction between the two (Table 1).

Fig. 8. Comparison of the number of housing units within each state adjacent to the Gulf of Mexico or Atlantic Ocean that are projected to be vulnerable to
inundation from category 3 hurricanes by 2100 given a base case scenario with growth in housing but no sea-level rise and a scenario with both housing
growth and sea-level rise (A1Fi; +0.82 m by 2100).
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exposure largely will be dictated by socioeconomic trends that are projected to greatly expand the concentration of physical
assets within hazardous coastal landscapes (Preston, 2013). Sea-level rise alone, for example, contributed to relatively small
increases in housing exposure by increasing the land area potentially exposed to storm-surge inundation, and this increase



Fig. 9. Ratio of projected percentage change in housing exposed to a category 3 storm surge by the year 2100 (assuming a A1Fi sea-level rise scenario of
+0.82 m) to the projected percentage change in land area exposed to a category 3 storm surge for states adjacent to the U.S. Gulf of Mexico and Atlantic
coasts.
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was most pronounced for the lowest intensity storms. In contrast, increases in future housing alone contributed to approx-
imately a doubling of housing exposure by the end of the century. Nevertheless, consideration of the interactions between
sea-level rise, storm surge, and future socioeconomic development are necessary for risk management.
Discussion

Future global and regional sea-level rise have been identified as a robust consequence of anthropogenic climate change,
despite persistent challenges in constraining future estimates of the magnitude of sea-level rise (Rahmstorf, 2007; Meehl
et al., 2007; Pfeffer et al., 2008; Rahmstorf, 2010; Rahmstorf et al., 2012). As such, coastal exposure to sea-level rise has been
a major focal area of climate change impacts, adaptation and vulnerability research (Preston et al., 2011). Such studies often
make discrete choices regarding methods for understanding the physical exposure and vulnerability of the coastline, includ-
ing empirical or process-based modeling; assessment for sea-level rise alone or in combination with storm surge; and con-
sideration for sea level elevation or coastal inundation. Each of these choices leads toward sets of investigative tools and
methods and carry trade-offs that may make them more or less appropriate for certain applications. For example, consider-
ation for just the inundation associated with sea-level rise can greatly underestimate coastal hazards, exposure, and there-
fore vulnerability in high energy coastlines and/or those that experience significant tropical cyclone activity (Nicholls et al.,
1999; Titus and Richman, 2001; Nicholls and Small, 2002; DCC, 2009; Nicholls et al., 2010; Nicholls and Cazenave, 2010;
Tebaldi et al., 2012). Meanwhile, studies that focus on understanding return intervals for sea level elevations provide infor-
mation on the frequency of hazards, but may not offer useful information on the direct consequences of exposure (Lowe and
Gregory, 2005; Claudia et al., 2012; Lin et al., 2012; Grinsted et al., 2013). Process-based methods based upon hydrodynamic
modeling may capture the complexity of coastal dynamics, but such complexity may create challenges for large-scale appli-
cations due to computational and cost constraints. This may result in a multitude of well-executed case studies that are nev-
ertheless difficult to integrate into a large-scale, systemic understanding of coastal vulnerability. These trade-offs suggest the
need for a range of analysis tools that can be adapted as needed to address particular questions.

To this end, models of intermediate complexity may be an effective strategy for capturing complexity and detail while
still enabling analyses over expansive geographic scales. As demonstrated here, the SLOSH model is one such platform. Its
reduced complexity enables rapid deployment and application by those with limited technical background, and it remains
the principle analysis tool for coastal evaluation planning and other municipal disaster risk management planning, which
suggests the presence of an established pathway into organizational decision-making. This flexibility and intermediate com-
plexity enables SLOSH modeling information to be applied in assessment over quite expansive geographic areas, including
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comprehensive coverage of U.S. coastlines exposed to hurricane landfall. It therefore makes a useful platform for nationally-
consistent assessment of coastal exposure and/or vulnerability at spatial scales sufficient to capture spatial heterogeneity
with respect to coastal morphology and human settlement patterns. That said, the structure of SLOSH modeling around doz-
ens of individual basins poses some challenges to the development of national, internally consistent results. Translating
SLOSH MOMs into inundation areas for multiple hurricane categories and sea-level rise assumptions and then integrating
those layers across multiple basins is labor and computationally intensive in a desktop GIS environment. Yet, as demon-
strated here, once that investment has been made, the resulting geospatial information regarding inundation exposure
can be used for a range of assessment tasks based upon internally consistent, if still incomplete, assumptions regarding phys-
ical processes.

As a model of intermediate complexity, SLOSH-based inundation estimates are subject to a range of uncertainties (Kettle,
2012). For example, they lack processes such as coastal accretion/recession, changes in near-shore bathymetry, wave height
and run-up, river flow, rain flooding, and coastal biogeochemistry. Furthermore, the methodology used here assumes the ef-
fects of sea-level rise are additive – an assumption that has been critiqued in the literature (Zhang et al., 2013; Atkinson et al.,
2013), and it does not account for regional variability in absolute or relative sea-level rise due to factors such as land sub-
sidence. Additional uncertainties are introduced by the elevation data used to translate SLOSH MOMs into inundation over-
lays. The USGS NED 30 m data used in the current study are derived from best available data sources. However, data quality
is not homogeneous across the entire U.S. coastline, and uncertainties in vertical accuracy are on the order of 2.44 m (Gesch,
2007), which is greater than the storm surge surface water elevation changes assumed by sea-level rise scenarios. Higher-
resolution elevation data with significantly lower vertical errors has enabled improvements in coastal assessments, as multi-
ple studies have noted the disparities between Light Detection And Ranging (LiDAR) and NED DEMs (Poulter and Halpin,
2008; Gesch, 2009). While LiDAR data are not currently available for the entire U.S. coastline, such data are available in a
number of locations and could be used for more refined second or third pass assessments on a regional or local level. How-
ever, integrating such high resolution elevation data with SLOSH MOMs with horizontal resolutions that are coarser by two
to three orders of magnitude may result in false precision. Lastly, as the current study was used to develop geospatial under-
standing of U.S. potential exposure to storm surge, it does not address the return interval of storm events along the U.S. coast,
which is an important consideration for coastal vulnerability (Bender et al., 2010; Knutson et al., 2010; Mendelsohn et al.,
2012). Collectively, these missing elements may result in underestimation of the potential impacts of future hurricanes
and storm surge, and therefore SLOSH-based inundation maps are somewhat conservative. Hence, despite its widespread
use in disaster risk management, applications with SLOSH may be restricted to those where there is value in first-order
or first pass understanding of potential inundation and/or where one is interested in relationships among storm surge
and other biophysical or socioeconomic processes.

Despite these uncertainties, the current study illustrates the potential utility in the use of SLOSH for spatially-explicit
assessments of storm surge exposure over large-geographic areas. For example while various assessments have identified
Gulf Coast energy infrastructure as vulnerable to hurricanes and sea-level rise (CCSP, 2007; DHS, 2011; Needham et al.,
2012; Strauss and Ziemlinski, 2012; Wilbanks et al., 2012), few spatially explicit and quantitative analyses have been con-
ducted. Our energy infrastructure exposure assessment is analogous to that conducted by Strauss and Ziemlinski (2012), yet
rather than assuming exposure based upon arbitrary coastal elevation contours, the current study incorporates some of the
processes that would determine the potential for different elevations to be affected by storm-surge and/or sea-level rise of
different magnitudes. However, as this analysis did not account for future changes in the number, size, and locations of fu-
ture energy infrastructure, it is highly questionable whether assumptions about exposure based upon estimates of sea-level
rise in 2100 are relevant to current, and particularly future, infrastructure. Although technology upgrades, repowering, and
investments in other infrastructure such as transmission lines and transportation networks allow energy infrastructure to be
long-lived (Lempert et al., 2002), future development and siting of energy infrastructure along the Gulf Coast, for example,
will likely consider the evolution of coastal hazards. Hence, development of scenarios and models that enable a range of en-
ergy futures to be explored for vulnerable areas may aid in better understanding of future exposure, vulnerability, and risk
management.

In contrast with the energy infrastructure case study, the examination of housing exposure incorporates explicit assump-
tions regarding future trajectories of housing development in the coastal zone. In so doing, the case study provides a broader
context for considering coastal exposure and illustrates the importance of human agency and socioeconomic processes in
influencing future exposure. The results demonstrate, for example, that changes in societal exposure will be dominated
by human agency at the local level with respect to development decisions, and thus failure to consider future socioeconomic
conditions may lead to biased perceptions of the forces driving exposure and therefore vulnerability. This becomes evident
when comparing the changes in exposed energy infrastructure and housing just for Gulf Coast states over the 21st century
relative to the change in exposed land area. While the ratio of the percent change in exposed housing to exposed land area by
2100 for category 3 events under the A1 scenario was 14.0, the same ratio for energy generating facilities was just 1.4, in part
because that analysis did not account for future expansion of the Gulf Coast energy system. Hence, while much attention has
been given to the inland penetration of sea-level rise and storm surge in low-lying coastal areas, little attention has been paid
to how future economic development of hazardous landscapes could contribute to significant increases in societal exposure
in future decades, despite comparatively small increases in the area subject to inundation. Preston (2013), for example, esti-
mates that continued coastal development may cause economic losses from hurricanes to grow more quickly over the first
half of the 21st century than the U.S. economy. Meanwhile, Schultz and Elliott (2013) find that natural disasters contribute to
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acceleration of development in affected areas, resulting in greater societal exposure to future disasters. These studies, in con-
junction with the case studies reported here, emphasize that useful insights regarding future exposure, vulnerability, and
risk in a changing climate are contingent upon integrated assessment that incorporates both physical hazards driven by cli-
mate change and socioeconomic exposure driven by economic and demographic change.

Conclusion

This paper has described the development of a set of geospatial data layers reflecting potential exposure to storm surge
inundation and sea-level rise that can be used for first pass coastal assessments for the United States as well as more region-
ally focused second pass assessments. These data reveal the inequitable distribution of inundation risk across the eastern
United States as well as the additional risk posed by sea-level rise through its interactions with storm surge. However, as
demonstrated by the case study applications, exposure is strongly influenced by human agency with respect to siting of crit-
ical infrastructure and development of the built environment on what are potentially hazardous landscapes. A significant
number of power plants and oil refineries are potentially exposed to coastal hazards along the U.S. ‘Energy Coast’, although
the current study does not provide information on changes in the frequency of such inundation, and more precise methods
are needed to evaluate exposure and vulnerability on a site-specific basis. Nevertheless, the locations of existing infrastruc-
ture represent a potential vulnerability to the U.S. energy system and future siting and investment decisions will have to
accommodate the changing nature of coastal hazards and risk in future decades. Similarly, housing scenarios for the future
suggest strong expansion of the built environment in areas that are exposed to storm surge inundation. While sea-level rise
is a significant contributor to this increase in exposure for a number of states, for others, the effects of sea-level rise on the
exposed land area are dwarfed by the effects of increased development in those areas. This highlights the importance of inte-
grated approaches to assessment that incorporate the future dynamics of natural and human systems and, on a more prac-
tical level, suggests that human decision-making at regional to local scales will have a critical influence on future exposure to
natural hazards, regardless of the future trajectory of climate change.
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