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Abstract

Current estimates of U.S. property at risk of coastal hazards and sea level rise (SLR) are
staggering—evaluated at over a trillion U.S. dollars. Despite being enormous in the aggre-
gate, potential losses due to SLR depend on mitigation, adaptation, and exposure and are
highly uneven in their distribution across coastal cities. We provide the first analysis of how
changes in exposure (how and when) have unfolded over more than a century of coastal
urban development in the United States. We do so by leveraging new historical settlement
layers from the Historical Settlement Data Compilation for the U.S. (HISDAC-US) to exam-
ine building patterns within and between the SLR zones of the conterminous United States
since the early twentieth century. Our analysis reveals that SLR zones developed faster and
continue to have higher structure density than non-coastal, urban, and inland areas. These
patterns are particularly prominent in locations affected by hurricanes. However, density lev-
els in historically less-developed coastal areas are now quickly converging on early settled
SLR zones, many of which have reached building saturation. These “saturation effects” sug-
gest that adaptation polices targeting existing buildings and developed areas are likely to
grow in importance relative to the protection of previously undeveloped land.

Introduction
Increasing risk along coastlines

Coastal communities are increasingly threatened by sea level rise (SLR) and damaging flood
events, growing problems resulting from climate change and the subsequent impacts from
oceanic thermal expansion and melting of ice sheets[1]. Modelers project astounding future
coastal risk in terms of damage, adaptation costs, migration, and population affected by flood-
ing events [2-9]. Current estimates indicate that more than 2.5 million U.S. coastal properties,
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worth approximately $1.07 trillion dollars, are at risk of disruptive flooding by 2100 [10].
While these projected damage estimates are large enough to be comparable to the long-term
aggregate growth of the US economy [11], they are also highly localized and result in some
coastal areas being at much greater risk than others [12].

Reducing coastal risk to natural hazards requires advanced local adaptation strategies with
respect to the built environment. Adaptation to sea level rise often revolves around local sus-
tainable development and infrastructure strategies [13]. From the perspective of urban coastal
planning, policy decisions can largely address two sets of issues: how communities build and
where they build. Making effective decisions on these fronts requires a fact base that is rooted
in the best available data on both hazards and the built environment [14]. These are particu-
larly pressing considerations for coastal communities where urban inertia of prior building
decisions [15] has important implications for whether communities adapt existing structures
to hazards or focus on protecting shorelines from new development [16-21]. Until now the
absence of temporally consistent, fine-scale data on historical building patterns has impeded
such evaluations [19].

This paper leverages new multi-temporal data on building patterns, the Historical Settle-
ment Data Compilation for the U.S. (HISDAC-US) [22, 23], across all major coastal communi-
ties in the United States from 1900 to 2015 (Fig 1). With this extensive and high resolution
dataset, we ask how has the long-term development of coastal urban landscapes differed from
non-coastal locations? And what role, if any, do coastal hazards play in shaping these differ-
ences? We address this question by undertaking a century-long analysis of urbanization
encompassing both passive differences in regional building patterns between coastal and non-
coastal places, and explicit responses to hazardous conditions (hurricane events). We first
examine long-term changes in density and expansion across areas most likely to be impacted
by coastal hazards, which we delineate using NOAA-defined SLR zones. Following this analy-
sis, we explore how hurricane exposure relates to historical development and how current
exposure levels are changing with recent building patterns. To the best of our knowledge, this
is the first fine-scale nationwide analysis of the exposure of the coastal built environment to
hazards over the twentieth century.

This work contributes to the separate but highly related fields of historical urban develop-
ment and natural hazards. The natural hazards literature focuses on interactions between
social drivers and environmental hazards that can lead to extreme events and drastically
reshape social-environmental systems [24-26]. A growing body of social science is now
focused on using big historical data to describe historical urban development patterns [27-29].
and linking these patterns to long-term social outcomes [30-32]. There is still little compara-
tive work however in this historically focused, data-driven field that attempts to explain the
conditions that give rise to different urban spatial forms, particularly with respect to environ-
mental hazards. As we show below, we contribute to both fronts by establishing a robust link
between coastal conditions, specifically hurricane activity, and the long-term spatial develop-
ment of urban areas. Our analysis sets to stage for further ambitious long-term work that con-
tends with the historical forces that have shaped our cities, and specifically incorporate the role
of human-hazard interactions as a central feature of that research.

Materials and methods

Using gridded historical settlement data layers derived from Zillow’s ZTRAX database [35],
the Historical Settlement Data Compilation of the United States [22, 23], we analyze built-up
property records across coastal regions of the U.S. from pre-1900 to 2015. Overlaying this data
with sea level rise zones from the National Oceanic and Atmospheric Administration [33, 36],
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Fig 1. This analysis covers sea level rise zones (3 feet / 0.91 meters and 6 feet / 1.83 meters) across the conterminous United States [33] and by Census Division
[34], with the 6 feet SLR zones displayed in blue (a). The spatial distribution of the year the first structure was built, provided by the HISDAC-US database [22],
illustrates the historical development of cities, such as Houston, displayed in the inset (b). All data used in figure available through an open license for U.S.
government datasets 33, 34] or through a CCO license [22].

https://doi.org/10.1371/journal.pone.0269741.9001

we investigate the trends of urban expansion into coastal areas at risk of the impacts of future
sea level rise (Fig 1) and compare them with more inland areas across the conterminous Unites
States, Census Divisions, and core-based statistical areas, including Census Micro- and Metro-
politan Statistical Areas (MSA) [34]. We use measures including built-up property density,
coastal land development (expansion) and the age of buildings, across sea level rise zones to
investigate critical land transitions that inform the measurement of exposure of the built envi-
ronment over the past century.

Zillow’s ZTRAX dataset and historical settlement layers in HISDAC-US

Zillow’s ZTRAX database contains unique data on housing transactions, home values, rental
estimates, spatial location, home- and property-related information (i.e., construction
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materials) as well as built-year information, for existing homes and certain other properties
across the United States at the address level. As reported by the owner of the data, Zillow
Group, Inc., the database includes information from more than 374 million public records and
assessor data for approximately 200 million parcels in over 3,100 counties in the U.S.[28, 35].
The data are obtained from a major large third-party provider as well as through an internal
initiative, called County Direct, which obtains records directly from the county assessor and
recorders. These data provide unique opportunities for historical analysis of residential land
use, housing markets and the built structure. Foremost of interest in this study, is information
about residential, commercial and industrial land use related to built structures, building area
(square footage), and the construction year. Furthermore, the ZTRAX database is a rich source
of geospatial data in the form of approximate address point locations and address information
enabling the characterization of settlement activity at fine spatial and temporal resolution.
While the ZTRAX database is of unique nature covering most of the U.S., there are some limi-
tations related to data quality, including spatial, temporal, and thematic uncertainties (see
“Uncertainty and error in HISDAC-US” below).

Using the ZTRAX database, our team created new settlement data products covering the
time period 1810-2010 (i.e., the HISDAC-US) and carried out an extensive uncertainty study
[22, 37-41]. The data surfaces produced include a series of multi-temporal raster layers repre-
senting the built-up intensity (sum of gross indoor area of all built structures in a grid cell at a
given year) [28], the year of the first settlement on record [37], the number of built property
locations (BUPL) 39, 40], and accompanying (spatial, thematic, and temporal) uncertainty
layers that were recently published as data products [42]. These gridded data layers were cre-
ated using data integration methods at 250-meter spatial resolution and 5-year temporal
resolution.

In order to better use the gridded datasets in combination with sea level rise zones, we
resample the data to smaller grid cell sizes. Using the 250-meter original resolution, we resam-
ple the grid cells to a spatial resolution of 50 meters with a nearest neighbor technique. We
then divide the number of built-up structures and built interior area raster values by 25 to
reflect an equal portion of the original 250-meter grid cell in each target cell. We calculated the
number of original (250 m) and resampled (50 m) grid cells within each SLR. On average, a
SLR zone fits 1283 original grid cells (250 m), with 10% of SLR zones with less than 8 grid cells
and 90% of SLR zones with less than 3,069 grid cells. SLR zones average 32,078 resampled grid
cells (50 m), with 10% of SLR zones with less than 31 grid cells and 90% of SLR zones with less
than 76,737 grid cells. While resampled cells do not represent the actual distribution of build-
ings within our highest resolution 250-meter grid cell, this up-sampling step allows us to better
reflect the small, complex shapes of SLR zones without divulging more detailed proprietary
data.

Uncertainty and error in HISDAC-US

ZTRAX data is affected by issues of data incompleteness and generalization that is subse-
quently inherited by HISDAC-US [22]. The ZTRAX database can have two types of error: 1)
commission errors where the database reports structures that do not exist, and 2) omission
errors where structures exist that are not reported in the database [22, 41]. For example, Mor-
gan City, Louisiana has no records of structures and built year (the year when the structure
was built) available; these data are necessary for mapping development through time. Previous
work shows that in urban areas and after 1850, the datasets show high levels of reliability when
compared to a variety of validation datasets, including building footprint data from Microsoft
and historical US census housing counts [41]. In this study, we exclude states and
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Metropolitan Statistical Areas (MSAs) that had significant area proportions missing (more
than 50%; see S1 Fig in S1 File). In addition, we use only the best quality data at the grid cell
level for all regional and state analyses (grid cell-level, year built missingness < 5%) to ensure
the processes and change patterns measured are reliable and accurate. We assessed missing-
ness by using the TPixMiss data layer in HISDAC-US [42]. TPixMiss contains the number of
records with missing year built for each cell value through time to understand temporal com-
pleteness [22]. We also assume that year built reflects the first building and not the replace-
ment of old buildings. In prior work, we demonstrated that this survivorship bias may be
problematic for neighborhood-scale analysis, but these issues are far less consequential for
more aggregate analysis, such as the urban scale analysis presented here [23, 41, 42]. There is
an exception in this study where changes in built environment compositions represent a con-
sequence of post-hurricane rebuild activities (see” Hurricane impacted areas are denser and
more developed than unaffected areas” section below). As demonstrated below, we can over-
come this limitation and even use it as an advantage in the analyses comparing trajectories of
built structure and age across different places (affected and unaffected by extreme events).
Relying on the best quality data available in the ZTRAX database (>95% data completeness)
precludes all coastal counties in Louisiana and restricts other counties (see S1 Fig in S1 File).
The low data quality grid cells account for approximately 14.5% of the area within coastal
MSAs and 17.2% of the built-up properties recorded in ZTRAX in coastal MSAs. Even with
excluding Louisiana and a few counties in Florida and South Carolina, we still find massive
growth in the Southeast over recent decades with this more conservative approach. Therefore,
we have more confidence in the findings. The variability in the data from raw ZTRAX to
resampled and cleaned 50-meter grid cells ranges depending on the quality of data at the loca-
tion (S1 Table in S1 File). While the presented estimates are conservative and a subset com-
pared to other studies [10], this strategy allows us to establish and focus on highly reliable
assessments of changes and trends in the built environment at local and regional scales.

NOAA sea level rise zones

In order to track the development of areas at risk of coastal hazards, we use SLR zones as areas
at high risk of hazards over this century. These areas are close to coastal waterbodies, and
therefore more likely to be impacted by coastal storms and hurricanes. We use the SLR zone
instead of FEMA flood zones because of the equal treatment across the country. FEMA flood
zones are often out of date and created with different methods across the country based on
funding, population and natural hazard probability [43]. For our purposes, we employ the
NOAA Sea Level Rise dataset [33] to determine the boundaries of the 3 feet and 6 feet zones
which come as state-level datasets. We use two zones in order to understand the differences
between areas that are highly likely to be affected (3 {t/0.91 m) and areas that could be affected
in the worst climate scenarios (6 ft/1.83 m). There are some limitations to the NOAA dataset,
as it is created using a modified bathtub approach [36], which assumes all areas will be equally
affected by SLR (equal rise in a bathtub) without accounting for variations in geomorphology,
shoreline change and other factors. The associated drawbacks are less important for our analy-
sis which uses the zones to understand large-scale development trends.

Metropolitan and micropolitan statistical areas

To aggregate our results to representative areas along the coast, we use Metro- and Micropoli-
tan Statistical Areas (MSAs) [34], which allow us to determine boundaries of contiguous popu-
lation cores within consistent 2010 boundaries for all years. For this analysis, we employ MSA
boundaries to analyze settlement patterns in SLR zones. Metropolitan statistical areas are
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defined as adjacent counties or county equivalents that have one or more urban areas with a
population of at least 50,000 and any adjacent areas that have a high degree of integration with
the urban area, measured by commuting [44]. Micropolitan Statistical Areas are similarly
defined except they have an urban core area with a population greater than 10,000, but not
more than 50,000. Although much of the area considered in the MSA boundaries in 2010 was
rural in 1900, we use contemporary MSA boundaries to assess how these transitional units
developed over time, similar to recent approaches of urban change assessments [45, 46]. We
use MSAs as the unit of analysis because most of the coastline is covered by Metropolitan and
Micropolitan Statistical Areas (S1 Fig in S1 File).

HURDAT?2 database

We use NOAA’s National Hurricane Center’s North Atlantic hurricane database (HURDAT?2)
[47] to determine which MSAs were affected by hurricanes over our study period. We employ
the records in the dataset from 1900 to 2015 with hurricanes that made landfall along the Gulf
and Atlantic coasts of the United States. To determine which MSAs were affected by hurri-
canes, we intersect the MSAs with all hurricane eye landfalls, and select any coastal MSA that
was within 20 km of an eye’s landfall. Because of the uncertainty in the location of landfall in
the HURDAT?2 database (e.g. landfall location offshore), we determine the 20 km buffer was
adequate to identify MSAs close to or containing hurricane eye landfall locations and thus a
direct impact from the storm event. We also count the number of hurricane hits and their
severity for each MSA from 1900 to 2015. These data capture most major hurricanes since
1900. These hurricanes can be an early indicator (through storm surge) of future SLR condi-
tions. Therefore, we use them in this paper to understand development of areas that are fre-
quently exposed to flooding and damage in comparison to other areas.

Constraining variables

To account for areas of the SLR zones that would not likely be developed, we exclude some
areas from our analysis. In order to determine which lands are protected, we use the Protected
Areas Database for the United States [48]. We also use the National Wetlands Inventory [49]
to exclude areas that are considered wetland, and less likely to be developed. These areas are
erased from the SLR zone before we calculate development metrics.

For each SLR zone and MSA polygon, zonal statistics are used to determine the total num-
ber of structures, built interior area (indoor square meters of buildings within the grid cell)
and built grid cells (grid cells with at least one property record) for each polygon in five year
increments from 1900 to 2015. Zonal statistics are computed for each state’s SLR zone, the SLR
zone within each MSA and the remaining area of the MSA outside of the SLR zone (inland
MSA). These data layers are used to derive all variables and carry out all analysis for MSAs,
SLR zones, states and the entire U.S. coastline over time.

Derived variables

We create several variables from HISDAC-US to compare measures of development. We
aggregate all data by state within the entire conterminous United States and by MSA within
each census division from 1900 to 2015. To create a trajectory of built area, we sum built grid
cells and divide them by the total number of grid cells in the unit of analysis. This measure pro-
vides the proportion of grid cells developed, binned by 5-year windows (Built Area Proportion
(BAP) = A,/Ar; where A, is the number of built grid cells and A is the total number of grid
cells in the unit of analysis). To determine density of structures within developed land found
in the unit of analysis, we divide the number of structures by the total number of developed
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grid cells for each 5-year time window (Structure Density = S/A,; where S is the number of
structures and A, is the total number of developed grid cells in the unit of analysis; Fig 2).

To understand expansion and land cover change across communities, we measure shifts in
the built-up proportion of areas over time. Expansion is a measure of the increase of the pro-
portion of built grid cells during a given time period (Expansion = BAP,,—BAP,;; Fig 2). To
derive a relative measure of added density in relation to expansion, we develop a densification
measure that is a ratio of the number of added structures to the number of added developed
grid cells:

where S is the number of structures and A, is the number of developed grid cells in the unit of
analysis. When this measure is greater than one, more structures are being added than grid
cells; when densification is less than one more developed grid cells are being added than
structures.

Results

Development trends across the coastal United States

We begin our analysis by describing the continental building trends along U.S. coastlines.
Across the conterminous United States, developed area and housing stock dramatically
increased along the coastline over the past century. Based on the highest-quality data in our
settlement layers, we find that much of this growth occurred between 1950 and 2000 with a
446% increase in structures and a 220% increase in developed land area. Much of this trend
reflects the high rates of suburban expansion and new growth in Sunbelt states after the Second
World War [28, 50]. This highest-quality data subset contains approximately 1,050,000 built
structures of any type (commercial, residential, etc.), and 35% of the land in the 6 foot SLR
zone is developed (with at least one structure per grid cell) across the conterminous U.S in the
year 2015. The median year of construction of those buildings in the 6 feet SLR zone is 1975.
In the mid-twentieth century, coastal building transitioned from high rates of expansion to
higher levels of densification, as urban areas grew into available space and added more struc-
tures to already developed areas [23, 29]. SLR zones across the United States have higher struc-
ture density, are more developed, and have densified and expanded at higher rates than inland
coastal areas and MSAs across the country (Fig 3). Density, or the number of structures per
grid cell (250m resolution), increased dramatically in SLR zones after 1950 (Fig 3A), with a
slowing, but still positive trend after 1980. Mirroring trends in density, developed land in
coastal communities greatly expanded after 1950, slowing significantly after 1980 (Fig 3C).
Expansion of coastal communities (measured by the proportion of land developed per time
period) created SLR zones that are, on average (mean), 35% developed in the 6-feet zone (Fig
3C and 3D). After the high expansion of the first part of the 20 century, expansion rates
dropped after around 1980. Rates of added structures were higher than the development of
new land later in the study period, with densification (number of structures added per devel-
oped grid cell during the time period of interest) greater than one after 1980 (Fig 3B).
Although coastlines across the country differ from inland areas, coastal development also
varies by region. When we consider patterns of expansion and densification by census divi-
sion, some nuanced regional trends appear (Fig 4). Older coastal areas, such as the Northeast-
ern region of the U.S. (New England and the Middle Atlantic Divisions), developed early, even
preceding our study period, and rank high in density and developed area throughout the 20th
century. The coasts of the Southeastern (South Atlantic and East South Central Divisions) and
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Fig 2. The two major drivers of urban development, measured in this paper are: 1) expansion (panel a to b), or the
aerial growth of developed land, and 2) structure density (panel f to g), or the addition of more or bigger structures to
already developed areas. An example of high expansion within SLR zones [30] is in Fort Meyers, FL where developed
land rapidly expanded after 1950 (panels c-e). Los Angeles, CA is an example of high growth of structure density
within SLR zones, particularly after 1950 (panels h-j). Both examples are measured using the built up properties
(BUPL) data layer from HISDAC [39]. All data used in figure available through an open license for U.S. government
datasets [33, 34] or through a CCO license[39].

https://doi.org/10.1371/journal.pone.0269741.g002
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Fig 3. The 6 feet SLR zone, the inland part of coastal Micro- and Metropolitan Statistical Areas (MSAs; without SLR zone), and all MSAs of the
conterminous United States (CONUS) show over time: a) increasing density (structures per grid cell) of developed area; b) recent increases in
densification (structures added relative to expansion; values greater than 1 mean that density is increasing faster than the addition of developed land grid
cells; ¢) a steady increase in built-up percentage (percentage of grid cells developed within the MSA or SLR zone); and d) changing rates of expansion of
developed area (increase in developed grid cells) with steep increases between 1950 and 1970, and dramatic decreases after 1980. Densification (b) and
expansion (d) were calculated over 10-year time increments. Compared to all MSAs across CONUS, SLR zones and coastal MSAs are denser, more
developed, and consistently have higher rates of expansion than MSAs across the country as a whole.

https://doi.org/10.1371/journal.pone.0269741.9003
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Fig 4. Regional trends in the 6 feet SLR zone tell a varied story about the timing and intensity of historical coastal development. Built environment
characteristics are based on structure density (structures per developed grid cell); a); densification (structures added relative to expansion; values greater
than 1 mean that density is increasing faster than the addition of developed land grid cells); b); proportion of the SLR zone developed (proportion of grid
cells developed within the unit of measurement); ¢); and expansion (increase in developed grid cells); d). Colors denote coastal MSAs aggregated to Census
Divisions. Densification (b) and expansion (d) were calculated over 10-year time increments.

https://doi.org/10.1371/journal.pone.0269741.9004

the Pacific U.S. had high rates of growth after 1950, mirroring sunbelt growth trends [51], clos-
ing the gap and converging to the already developed Northeast in built environment character-
istics. Despite increases in density and percent built, the West South Central remains lower in
density of structures and percent of SLR zone developed.

Among those regions, we find different types of development. The Pacific division overtook
New England in structure density within developed land yet remains low in percent of SLR
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zone developed. The Southeast has an opposite growth pattern with high expansion later in the
20" century and SLR zones that are increasingly developed. These two growth patterns illus-
trate the distinction between densification- and sprawl-based development trajectories. The
Western Gulf coastline (West South Central Division) also developed rapidly after 1950, but
remains less developed than the Northeast, Pacific and Southeast. The relatively modest histor-
ical intensity of development in the Western Gulf makes it a potential hotspot for new building
and land-use transitions in the future.

Changing patterns of coastal built environment exposure

In the previous section, we showed that the coastlines—particularly those in the 6-foot SLR
zone-are more developed than inland areas. The addition of buildings in these places has slo-
wed over recent decades. How is this shifting trend affecting exposure to environmental
change? We answer this question by quantifying the absolute and relative exposure of MSAs to
SLR, by comparing the total number of buildings (absolute exposure; Fig 5C and 5D) to the
percentage of buildings (relative exposure; Fig 5A and 5B) inside SLR zones.
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Fig 5. The number of structures in the 6 feet SLR zone is used as an indicator of built environment exposure, illustrating high exposure, particularly in
Florida and the South Atlantic division. Relative built environment exposure (the percentage of total structures in the MSA contained in SLR zone) is
depicted in MSAs in 2015 (a) and over time by Census Division (b). Absolute built environment exposure (absolute number of structures in SLR zone) is
illustrated by MSA in 2015 (c) and over time by Census Division (d). All data used in figure available through an open license for U.S. government datasets [34]
or through a CCO license [39].

https://doi.org/10.1371/journal.pone.0269741.9005
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Relative exposure decreased or remained relatively constant across the study period in most
divisions, except for the South Atlantic. Absolute exposure increased across the entire study
period, slowing between 1970 and 1980, with the South Atlantic surpassing both the Northeast
and Pacific in total number of structures in the SLR zone. While relative exposure remained
steady or began to decrease, the absolute number of structures in SLR zones increased across
all divisions.

We find that the South Atlantic division has the highest percentage of total MSA structures
in the SLR zone (Fig 5B), with areas like Miami, FL and Hilton Head Island, SC driving this
trend (Fig 5A). Since about 1970, the percentage of total MSA structures in the SLR has
dropped in the South Atlantic because of increasing addition of structures in inland areas.
These observations provide evidence for the development of coastal areas first and the subse-
quent expansion into more inland areas in the same MSAs. Additionally, we find that areas at
highest risk of hurricanes, the South Atlantic, have higher exposure across both measures,
showing that hurricane affected areas may be more developed than unaffected areas.

Hurricane impacted areas are denser and more developed than unaffected
areas

We now investigate the likelihood that the unique environmental conditions of coastlines have
influenced local building patterns. We address this question by rigorously testing how one
coastal natural hazard, hurricanes, affects local development. We assess if the building trajecto-
ries in SLR zones of urban areas differ from their respective interior areas, based on their envi-
ronmental context. This comparison between the SLR and interior zones of the same urban
areas helps account for historical and geographic differences in building that may otherwise be
unrelated to the environmental questions of concern here.

We first provide a descriptive illustration of the building-hurricane interactions that we are
attempting to explain. Using a regression, we present estimates predicting 2015 building attri-
butes across places characterized along two dimensions: 1) whether or not these locations are
in the 6-foot SLR zone, and 2) the historical severity of the recorded storms, as measured by
cumulative hurricane count and average windspeed (Fig 6). Differences in building patterns
by these two severity measures are consistent: SLR zones historically exposed to more intense
cyclonic activity tend to have higher proportions of built-up land and higher structure density
(Fig 6). We find no notable difference in total structure count across storm severity and SLR
zones (Fig 6). From a descriptive perspective, we find that hurricane activity tends to be associ-
ated with more compact and more dense building patterns. This descriptive analysis is limited,
however, in determining whether these distinct building patterns reflect adaptation to cyclonic
activity or a potentially wide range of omitted factors, such as the region or development time
period. To better identify the impact of hurricanes on the built environment, we examine the
timing of local building activity with hurricane events. We do this through a within-metropoli-
tan analysis of historical building patterns and hurricane trends.

We construct this analysis by dividing coastal MSAs in two parts: the area inside and the
area outside of the 6-foot SLR zone. We then stack these locations and their ZTRAX attributes
based on 5-year time steps from 1900 to 2015 (24 observations per location within a metropoli-
tan area). Using these data, we estimate a series of two-way fixed effect panel regression models
[52] of the following form:

Yu = o+ By(SLRZx Storm,,) + B,(SLRZ;) + B,(Storm,) + X[I' + &,

where the outcome variables y for coastal areas i include one of three measures of building
intensity: total structures; share of built-up land; and density of structures. The main effect of
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Fig 6. Results from six regressions (a-e) using 3 dependent variables (share of built-up land, structure density, total structures) x 2 independent variables (wind
speed, total historical hits) across five units of analysis (MSA zones within and out of the SLR and no, low, or high impact from hurricanes). The dependent
variables were measured in 2015 and the models include a census division fixed effect. The coefficient estimates (y-axis) from the regressions are all relative to a
SLR zone with no storms in the database (the zero line in the graphs). In models that use wind speed, MSAs classified as low severity were hit by less severe
storms that have average max wind speeds < 100 mph; high severity MSAs were hit by severe storms, those that have average max wind speeds > 100 mph (b,
d, ). In the regression models using hurricane hits (a, ¢, e); severe levels of storm hits are defined as places hit by 5 or more storms since 1900, less severe levels
are those with 1-4 storm hits since 1900. Higher coefficient estimates illustrate higher rates of structure density or total structures relative to MSAs not affected
by hurricanes.

https://doi.org/10.1371/journal.pone.0269741.9006

SLRZ; estimates differences between metropolitan areas in and out of SLR zones. We expect
that 8, > 0 if SLR zones are more intensively built-up than non-SLR zone areas. The main
effect Storm;, is a measure of storm severity based on the count of storm landfalls recorded in
the HURDAT?2 database from 1900 to 2015 [47]. Due to the consistency of our estimates in

terms of hurricane events and mean wind speed (Fig 6), here we focus only on cumulative hur-
ricane events (Table 1). Our coefficient of interest is 5;, which tests whether SLR zones experi-
enced higher growth in building intensity following hurricanes. Our intuition is that if
hurricane-prone environments develop distinctive building patterns, these differences will be
identifiable within MSAs, between the SLR zone and the remainder of the metro area.

We control for geographical and temporal heterogeneity between metropolitan areas by
using the vector X;. These controls include individual year and MSA fixed effects, and time-
varying building trends within census divisions. These controls adjust our estimates for gen-
eral and regional time trends, with the identifying variation primarily stemming from differ-
ences within MSAs over time. If hurricane activity leads to differences in building between
SLR zones and interior areas, we expect 5;> 0. To provide further confidence in our estimates,
we also include results from when the sample is restricted to MSAs with at least one hurricane
landfall in our data.

We find that MSAs affected by hurricanes are denser and more developed than those not
affected by hurricanes (Table 1; Fig 6). As indicated by the estimates, we find that cumulative
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Table 1. Built environment and cumulative storm hits panel regression analysis from 1900-2015.

Location Coastal Coastal & Coastal Coastal & Coastal Coastal &
> 0 landfalls > 0 landfalls > 0 landfalls
(1) (2) (3) 4) (5) (6) (7) (®) )
Share of Share of Share of Structure Structure Structure Total Total Total
built-up land | built-up land | built-up land density density density structures | structures structures
Sea-level rise zone 0.0775* 0.0507* 0.0428* 0.0572* 0.0375** 0.0102 -84.43* -62.86" 16.68
(0.012) (0.013) (0.023) (0.012) (0.014) (0.018) (20.347) (21.011) (24.783)
Cumulative storms 0.0232* 0.00786 -0.00422 0.0341* 0.0228* 0.000326 34.14* 46.50 46.42*
(0.006) (0.006) (0.008) (0.010) (0.008) (0.007) (18.045) (28.164) (23.441)
SLRZ x Cumulative storms 0.0307* 0.0327** 0.0226"* 0.0295** -24.71 -44.98*
(0.010) (0.013) (0.010) (0.012) (21.141) (24.731)
Constant 0.111* 0.124** 0.0931 0.223* 0.233* 0.164* 284.1% 273.3* 141.0%
(0.057) (0.057) (0.056) (0.051) (0.054) (0.036) (94.408) (86.197) (45.687)
Observations 4656 4656 2016 4656 4656 2016 4656 4656 2016
R? 0.705 0.726 0.766 0.558 0.571 0.711 0.405 0.416 0.554
Clustered SEs MSA MSA MSA MSA MSA MSA MSA MSA MSA
Fixed effects Year, Year, Year, Year, Year, Year, Year, Year, Year,
Year x CD, Year x CD, Year x CD, Year x CD, | Yearx CD, Year x CD, Year x CD, | Yearx CD, Year x CD,
MSA MSA MSA MSA MSA MSA MSA MSA MSA

Standard errors in parentheses.

*p<0.10,"" p<0.05* p<0.01.

Notes: Columns 1, 2, 4, 5, 7 and 8 are estimated from the full sample of MSAs with coastal areas inside the 6-foot SLR zone. Columns 3, 6 and 9 focus only on MSAs
with at least one hurricane landfall in our data. Standard errors are clustered at MSA scale and fixed effects include individual year, MSA and individual year x census
division. Thus, the variation in the interaction term primarily comes from within-MSA differences over time. See S2 Table (S1 File) for even more conservative but

supportive estimates.

https://doi.org/10.1371/journal.pone.0269741.t001

hurricane activity is associated with significantly higher rates of building in terms of the pro-
portion built area (Table 1, Col. 2) and structure density (Table 1, Col. 4). In terms of the share
of built-up land, the SLR zone of MSAs tend to be around 8 percentage points more built up
than their respective interior areas (Table 1, Col. 1). Every one-unit increase in the accumula-
tion of storms over time is associated with an increase of 2.3 percentage points in share of built
up land. The positive interaction term and the attenuation of the main storm effect toward
zero indicates that the impact of storms on the built-up share of land is largely concentrated in
the SLR zones of MSAs (Table 1, Col. 2). These estimates closely resemble those based on
structure density (Table 1, Col. 5) and are consistent with the estimates generated from the
more restrictive samples (Table 1, Col. 3; 6).

We find a negative but less precise effect of hurricane activity on structure count (Table 1,
Col. 7-9). Although our estimates show fewer structures in SLR zones and more structures in
storm-prone areas, the within-metropolitan difference estimate is negative but not statistically
significant. It is notable, however, that this interaction term is significant and larger in magni-
tude in the more restrictive sample, implying that storm activity is associated with fewer built
structures among hurricane-hit locations. Taken together with our findings on density and
proportion built, our estimates indicate that hurricane-prone environments may produce
more dense, compact urban landscapes. This finding also identifies the need for further studies
at the local-scale to confirm this national-scale observation.
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Discussion

Development along U.S. coastlines leads to increasingly dense coastal zones

Our settlement trajectories reveal that vast amounts of the United States coastline were devel-
oped during the economic boom after WWII (Fig 3) [50]. With much of the U.S. population,
large urban centers, and industry located along the coast, our findings support the claims of
others that population and building footprints will continue to expand along the coastline [3,
53, 54]. How exactly these development patterns will play out remains to be seen.

Development across the coastlines of the United States has varied temporally and geograph-
ically. Our analysis reveals two different ways how coastal settlements typically develop: expan-
sion (the lateral growth of developed areas) and densification (the addition of structures to
already developed areas). Across time, we show that coastal building tends to expand with
low-density construction in the early phase of development but has transitioned to densifica-
tion from roughly 1980 on. In the modern era, the U.S. coastlines added structures and
increased in density.

All coastal regions follow this general trend, albeit staggered through time with differences
in the onset of expansion and densification. This trend is particularly apparent in New
England, where expansion is high through 1960, at which point it declines as densification
increases (exceeding one), indicating that structures are added to developed land units at a
higher rate than new land developed after 1980 (Fig 4). No regions currently show increasing
expansion, pointing to growing densification (addition of structures) and resulting in increas-
ing built environment exposure along the coast. These observations also might reflect a possi-
ble exhaustion of developable land in the SLR zone in our study areas. In addition, this
saturation effect may be exacerbated by a possible increasing resistance to new land develop-
ment, driving increasing densification of already developed areas.

Regardless of the cause of contemporary growing densification along coastlines, this trend
leads to two relevant outcomes: 1) Increasing exposure through added structures and
increased square footage within SLR zones; and 2) It implies possibly decreasing built environ-
ment vulnerability through less land expansion into hazardous areas and more modern build-
ing codes. The implications of this trend are that if these newer structures are built with more
restrictive building codes than older structures or protected under federal flood insurance,
then they could be more adaptive to coastal hazards than older structures [16, 18, 19]. SLR
zones were developed more intensely and faster than other urban areas around the country,
continuously growing the exposure to natural hazards in these zones.

In assessing where our coastlines developed, our findings indicate increasing convergence
of the density and expansion characteristics of SLR zones across regions [55]. This conver-
gence creates coastal communities with similar exposure, a finding that shows the dense devel-
opment of the United States coastlines regardless of regional likelihood of hazard.
Convergence patterns imply that the effects of the historical conditions that gave rise to dis-
tinctive coastal built environments may have been temporary. We anticipate increasing unifor-
mity in exposure conditions over the years to come. The growth patterns within the Sunbelt
over the last century (including the Southern Pacific, East South Central, West South Central
and South Atlantic Divisions) lead to divisions with development characteristics that became
increasingly similar to the Northeast. The Southeastern coastline is almost at 50% built-up pro-
portion in the SLR zone, and the Pacific even exceeds the coastal density in New England (Fig
4). The advent of air conditioning, military base proliferation, and increasing commonness of
automobile and air travel further drove the development of the Sunbelt with its attractive envi-
ronmental amenities [51, 55-58]. With increasing expansion and density, in the coastal
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communities of the Sunbelt, these trends suggest convergence in the profiles of more recently
developed regions with the older Northeast.

Coastal built environment exposure is highest in areas at elevated risk of
natural disasters due to SLR

The number of structures in the SLR zone is a general indicator of the physical exposure of a
community to impacts from coastal storms and flooding [59]. For example, metropolitan areas
such as Miami, New York, Boston, Houston, Los Angeles, and San Francisco contain high
numbers of structures and high structure density in SLR zones and are thus highly exposed to
coastal hazards. The South Atlantic and Florida continue to add structures at high rates and
have a larger relative exposure than other divisions, despite being at high risk of natural haz-
ards (i.e., hurricanes; Fig 5D) [24, 60]. This result is particularly critical given that there is a
high probability of hurricanes in southern Florida [60, 61] and high susceptibility to flooding
due to low elevation [62]. Built environment expansion and densification corresponds with
previous results about population movement to the Sunbelt and into hurricane prone areas
[51, 63]. With increasing numbers of structures and property at risk in SLR zones, absolute
exposure of structures to natural hazards and flooding is increasing across hazardous
coastlines.

Post-hurricane development is associated with increased built environment
exposure to coastal hazards

The Sunbelt region rapidly developed after WWII. We find that areas within the Sunbelt are
growing and becoming denser despite cumulative hurricane hits and high risk of natural haz-
ards. Recent evidence points to the construction of larger structures after hurricane disasters
along the East and Gulf Coasts [54]. Our results complement this finding, as we identify
increasingly dense SLR zones in areas affected by hurricanes in recent decades, despite the
widespread recognition of coastal hazards. In short, areas at risk of hurricane impacts are
more highly developed than those that are not at risk.

Our findings imply that U.S. coastlines in 2015 look different if they have been hit by even
one hurricane. These coastal communities look even more different if they accumulate more
than one hurricane hit during the study period. Just as multiple hurricanes affect community
processes, such as likelihood of hurricane evacuation [64] or population growth [65], we find
that these disasters also affect the physical structure of the built environment in hurricane-
prone areas. This development effect could be the outcome of rebuilding and adaptation after
impacted, older buildings are damaged or of the impetus for communities to build back after
natural hazard [66]. Other studies find that building footprints increase after hurricane events,
increasing development intensity and building sizes along the coast [56]. In Florida, residential
exposure increased and development did not slow down after coastal development plans and
restrictions were enacted [67], pointing to variations in the effectiveness of building restric-
tions along disaster-prone areas. This finding is relevant for future planning as not only are
coastal hazards associated with increases in exposure, but the densified nature of this develop-
ment will also constrain future adaptation efforts with respect to climate change.

Knowledge of exposed built structures and their characteristics enables new
forms of risk assessment of the built environment

Guided by an interest to identify measures that contribute to the exposure and vulnerability of
the built environment, we highlight the use of additional characteristics of built structures,
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such as age, in hurricane-affected areas (Fig 7). The presence of old structures is a possible
indicator of elevated vulnerability due to the lack of adaptation in building codes and old con-
struction practices [19, 68-70]. Older coastal areas, particularly in the Northeast, were devel-
oped in time periods when housing codes and building techniques were not as advanced or
adaptive as today [18, 19]. This basic metric of building age has the potential to help identify
metropolitan areas along the U.S. coast or even neighborhoods within MSAs that are vulnera-
ble (i.e., highly susceptible to damage) to the impact of natural hazards along the coast (Fig 7).
It also shows that density and development patterns do not illustrate the complete story of
exposure. Building condition and adaptation also drives built environment vulnerability, char-
acteristics we are unable to assess with current datasets.

Considering age data in fine detail (Fig 7B), we can identify neighborhoods and grid cells in
cities like Tampa that are old and possibly built with less adaptive capacity to SLR. Using HIS-
DAC-US data layers, we can determine built environment characteristics at very fine spatial
and temporal resolution [22] and use a multitude of attributes about the built environment
[28]. Locations, timing of construction and composition of the built environment are all
important factors to assess the vulnerability of those communities. Admittedly, such fine-reso-
lution analysis requires particular care due to the issues of data completeness described above.
Nonetheless, developing new metrics from these layers has the potential to expand our under-
standing of the vulnerability and exposure of the built environment at highly localized scales.

Our findings point to the need for policies and incentives that prioritize adaptation in our
coastal communities. The coastlines of the United States are densely developed and saturated.
In some places, accommodation of rising water levels through structural alterations, such as
piers or sea walls, may be enough for reduction of risk [71]. Nature-based approaches are also
an option for areas where marshes or mangroves are alternatives to grey infrastructure [72]. In
areas where coastal hazards and exposure are very high, retreat from the coastline may be the
only adaptation choice available [71, 73]. All these alternatives rely on capital to create coastal
communities adapted to sea level rise and hazards. Our results imply that investment in adap-
tation along our already saturated coastlines is necessary for future exposure and risk
reduction.
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Conclusions

Exposure of coastal communities has led to staggering losses and damages from natural haz-
ards [18, 19, 69], yet these coastal areas continue to grow in size and number of structures. We
show that coastal communities have denser and more intensely developed built environments
than more inland areas, leading to high exposure, regardless of probability of natural hazards.
These findings have specific implications for the implementation of adaptive building codes
and coastal development policies. The rate of exposure growth has slowed across all divisions,
possibly due to saturation of coastal areas and decreasing availability of developable land. Our
findings imply that protection of developable land, particularly in places that have not experi-
enced expansion (i.e., the Gulf Coast), is critical to minimize exposure across our coastlines. In
addition, these results reinforce the crucial need for adaptation in already saturated and dense
coastal communities.

While these changes could point to a possible policy opportunity to focus on building codes
for new buildings to improve adaptation of coastal areas [74], for many regions the damage is
already done. Planning in major coastal cities will need to focus on retrofitting and protecting
existing structures in densely developed areas. Locations with older houses, such as the coast-
lines of the Northeast, would particularly benefit from adaptive measures and community
infrastructure to decrease built environment vulnerability. Moreover, similar to other studies,
our analysis shows that building size and density has tended to increase after hurricanes hit an
area [54], meaning that coastal exposure to hazards followed compounding trajectories. It is
therefore imperative to avoid “business as usual” coastal development scenarios and use this
new evidence to support more sustainable development, building policies, and coastal retreat
after disaster.

Other regions, particularly along the Gulf Coast (i.e., West and East South Central Divi-
sions), have low density and small proportions of built-up land. Such areas still have much
scope to ring-fence coastal development through building policies and codes that restrict
development of hazardous areas such as SLR zones. These actions would reduce the growth of
exposure to coastal hazards and the costs of protecting or adapting buildings in the future.
Future research should also consider how socio-economic status can affect exposure and vul-
nerability to hazards in combination with development trends. We know that structures alone
do not predict damage outcomes after hazards and understanding the interactions between
the built environment and social system is critical for determining risk.

Our research points to saturation along many parts of our coastline, where expansion has
decreased and structure addition remained steady, thus resulting in high-density built envi-
ronments. Geographic differences in coastlines do play a role in shaping the built environ-
ments of coastal communities. We are creating an environment where the number of people
and the cost of natural disasters continue to grow within constrained areas where biophysical
exposure is increasing. The United States’ aging infrastructure, older buildings, and increasing
density can lead to extremely exposed and vulnerable coastlines in the future. Through capital-
izing on the spatial and temporal resolution of this new settlement data compilation, we begin
to understand the evolution of exposure along the coast, how communities build and where
they build, and how this knowledge can be used for planning ahead for more sustainable and
resilient coastal communities.

Supporting information

S1 File. The supplemental information file contains the following tables and figure. The S1
Table is an analysis of built up properties by a subset of counties. We used the ZTRAX raw
data, 250 meter grid cells from HISDAC-US (BUPL; Uhl and Leyk 2020), and resampled grid
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cells used in the analysis for this paper to compare the number of structures across datasets.
The S2 Table is the results from the built environment and cumulative storm hits regression
analysis from 1900-2015 (with MSA-Year fixed effects). S1 Fig shows the Metro- and Micro-
Statistical Areas (MSA) included in analysis. ZTRAX data is affected by issues of data incom-
pleteness. We exclude states and MSAs from this study that has a significant percentage of grid
cells (more than 50%) with low quality data (grid cell year built missingness < 5%). All data
used in figure available through an open license for U.S. government datasets [30].
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