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Fine scale data collection on vulnerability metrics is necessary for just policy outcomes. Those most likely to be disproportionately affected by specific climate risks should be identified early so that the needs of vulnerable communities (especially historically marginalized communities) can be addressed and mitigated in accordance with climate justice principles. While there is a growing body of event-specific and place-based studies, systematic studies on coastal populations at risk have typically not applied equity principles and have often ignored attributes such as race and ethnic composition, age structure, urban/rural classification, and housing tenure. Additionally, assumptions about future population trends depend on understanding past spatial patterns of change, as well as demographic and socioeconomic characteristics of the populations at risk, especially considering increasing coastal hazards. Yet, with few exceptions, research on coastal vulnerability has not analyzed changes in exposure over time and has not systematically addressed implications for communities of color over time. This paper seeks to fill these gaps. In this paper, using an equity lens and spatial demographic methods with the finest-resolution data available (census blocks), we estimate the extent of exposure and population change from 1990 to 2020 in the low elevation coastal zone in the continental United States. We find that the population of the LECZ has increased during this period, primarily by the growth of the urban population which has risen from about 22 million to 31 million persons. From 2000 to 2020, the urban population consistently grew at higher rates inside the LECZ than outside of it, reversing the pattern from the decade prior. We also examine changes in the population by race and Hispanic origin, urban and rural status, and a set of more expansive vulnerability themes. Our estimates, tabulated by counties and states, reveal the concentration and characteristics of exposure and changes to it over the past 30 years. Key findings include: residents of the LECZ are much older than average; Black residents are overrepresented in renter-occupied housing units in the urban LECZ; and from 2000 to 2020, Hispanic population growth was much higher in urban LECZ areas than urban areas elsewhere. These systematic insights into the demographic attributes of the populations most at risk of sea-level rise and associated coastal hazards can be used to ensure adaptation, mitigation, and disaster-related policies are tailored to the specific needs of these communities and actors at local, regional, and national scales. It also showcases how spatial methods can be used to understand demographic change and be put in place for future estimates of population in non-traditional units (e.g., coastal zones or other environmentally-vulnerable areas).
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1 INTRODUCTION
Research on population exposure and vulnerability to sea-level rise and related coastal hazards at the global scale has shown that urban residents are at disproportionate risk (McGranahan et al., 2007) and due to population growth and urbanization in the past 25 years, urban residents are increasingly exposed to such hazards (MacManus et al., 2021). Global estimates place about 1:10 persons and 1:7 urban persons living in the low elevation coastal zone (LECZ) (MacManus et al., 2021) and nearly 1 million coastal residents in the US are estimated to be exposed annually to flooding alone (Hauer et al., 2021). The global framework (McGranahan et al., 2007) for understanding populations at risk was novel in that it explicitly aimed to understand the impact on city-dwellers and urbanization processes. It also established a method for understanding future population growth expected to take place largely in the world’s cities and towns in the context of climate adaptation (Revi et al., 2014). Recent studies (MacManus et al., 2021) show that differences in underlying datasets—such as coastal zone and urban-continuum constructs as well as population grids (Zoraghein and Leyk, 2019)—result in different estimates of population or land exposed and argue for multiple ways of estimating exposure. Concomitantly, much placed-based research in the past decade has also made great contributions to understanding local processes in urban and rural areas and has provided a fuller understanding of which subpopulations are at risk or likely to be disproportionately impacted by climate-related hazards (Fussell et al., 2010; Sastry and Gregory, 2014; Curtis et al., 2015; Winkler and Rouleau, 2021), while increasingly using environmental and climate justice frameworks (Schlosberg and Collins, 2014; Harlan et al., 2015; Hauer et al., 2021; Balk et al., 2022), and aiming to forecast change and migration at a local scale (Hauer et al., 2015; Hauer, 2017; McApline and Porter, 2018; Hauer et al., 2019).
Prior studies for the US that estimate or forecast populations at risk of seaward hazards associated with climate change or that will likely be exposed to future sea-level rise or other coastal hazards have typically used county-level data which assumes a uniform distribution of population within counties as a basis for understanding vulnerability (Hauer et al., 2016; Hauer et al., 2022) or understanding out-migration trajectories between counties (Curtis et al., 2015; Hardy and Hauer, 2018). However, estimates of populations at risk at a fine scale provide much more accurate estimation of such populations particularly when the exposure does not conform to the underlying units of analysis and may be irregularly shaped (Balk et al., 2013; Zoraghein and Leyk, 2018); those fine-spatial units can be regrouped by higher-order (e.g., census tracts) and policy-relevant geographies (e.g., counties, states, metropolitan statistical areas). Census blocks—the most granular unit in the US Census—therefore, allow for the best representation of populations at risk. Information reported at the census block level is, however, more limited thematically than other reporting units like census tracts or counties because it reflects the full headcount of the population rather than being derived from the American Community Survey, or prior to 2005, the census long-form (Donnelly, 2022). Yet block-level data include key population and housing variables like those on race and ethnicity that are necessary to assess inequality (Strmic-Pawl et al., 2018).
Understanding rates of urban and rural population growth in coastal communities is important for understanding future change and adaptation planning not only because American rural areas are losing population on average (Johnson and Lichter, 2019), but also because some US cities, in addition to states and federal agencies, have explicit climate action plans (e.g., Rosenzweig and Solecki, 2019). The urban/rural classification is particularly relevant because while the LECZ is disproportionately home to city dwellers in global terms, these differences have not been studied systematically within the American context (though see Bukvic et al., 2018). Further, in the United States, vulnerable communities of color are also disproportionately located in cities. While there is a growing body of local studies that explore racial disparities with respect to flooding using conventional flood-risk zones such as FEMA’s 100-year floodplains maps (e.g., Highfield et al., 2013; Smiley, 2020; Smiley et al., 2022), systematic studies on populations at risk have not typically examined attributes such as race and ethnic composition, age structure, and housing characteristics at a fine spatial scale, and stratifying by urban and rural areas. This paper aims to fill these gaps.
In this paper, using environmental and climate justice frameworks and spatial demographic methods with the finest-resolution data available, we estimate the extent of exposure and population change from 1990 to 2020 in the LECZ in the United States. In order to understand coastal vulnerability more fully, we examine this not only for the total population in the coastal states (of the lower 48 and DC) but also for the population by race and Hispanic origin and by urban and rural status, and a select set of more expansive themes that reflect population vulnerability (i.e., on aging and housing). Our estimates, which we tabulate by counties and states, reveal the concentration and characteristics of exposure and changes to it over the past 30 years. This systematic insight into the demographic and housing attributes of the populations most at risk of sea-level rise and associated coastal hazards can be used to ensure adaptation, mitigation, and disaster-related policies are tailored to the specific needs of these subpopulations and actors at local, regional, and national scales. It will also showcase how spatial methods can be used to understand demographic change and be used for future estimates of population in non-traditional units (e.g., coastal zones rather than states).
This paper is organized as follows: We begin with a review of the key themes in the literature that frame our analysis, then describe the methods and data used in our analysis, continue with a description and analysis of the results, and end with a discussion of our findings and concluding remarks. Supplementary Materials1 contain additional tables and figures.
2 BACKGROUND
The National Oceanic and Atmospheric Administration (NOAA)’s State of the Coastal Report on National Coastal Population from 1970 to 2020 (2013), finds that regardless of how the coast is defined (i.e., coastal shoreline versus coastal watershed counties, with the former being the 452 counties adjacent to open water, including the Great Lakes; and the latter being the 769 counties that intersect a coastal watershed), it is more densely populated than inland areas and these higher densities are expected to continue to increase in the future. In their analysis, 39 percent of the US population in 2010 lived in a coastal shoreline county (which accounts for less than 10 percent of the US land area, omitting Alaska) but they grew more slowly—a 39 percent increase from 1970 in contrast to inland counties which increased by 52 percent over the same period. They establish that persons of color made up 35 percent of the population of coastal counties in 2010, in comparison to 28 percent in inland counties. While the share of households that earn over $100,000 in coastal counties is much greater than inland counties (47% vs. 39%, respectively), coastal and inland counties share the same poverty rate (13%) on average, suggesting that coastal counties have more unequal income distributions. These disparities make evident the need for an equity lens in understanding patterns and trends of socio-demographic change in hazard-prone areas, and thus, the value of making use of such information in climate adaptation and mitigation planning (Foster et al., 2019).
The guiding principles of environmental and climate justice—noting distributive, procedural, recognitional, and intergenerational dimensions of social justice (Newell et al., 2021)—are needed to ensure that climate adaptation and mitigation plans do not augment or reinforce existing inequalities and facilitate more equitable outcomes (Allen et al., 2021). An equity lens should be applied to all aspects of climate planning; from data collection and analysis and stakeholder engagement to the decision-making processes and policy proposals. In the current research, we use a distributive equity lens2 by systematically identifying differential exposures to seaward hazards by race/ethnic origin, housing tenure, and age. Climate-related disasters disproportionately impact vulnerable communities: in the United States, this includes racial and ethnic minorities, low-income residents, renters, older residents, and non-native English speakers (Bjarnadottir et al., 2011; Cutter et al., 2012; Chakraborty et al., 2019; National Academies of Sciences, Engineering, and Medicine, 2019; Allen et al., 2021).
In addition to examining differing exposure to disasters by subpopulations (e.g., Smiley, 2020; Smiley et al., 2022; Grineski et al., 2023), researchers have also analyzed interactions between different vulnerabilities and how they can build on each other. For example, among the racial and ethnic groups studied, Davidson et al. (2013) found that African Americans had the highest likelihood of experiencing PTSD symptoms in the aftermath of Hurricane Ike and found that African Americans had the strongest positive association between disaster-caused property damage and PTSD symptoms. Similarly, Flores et al. (2020) found that non-Hispanic Black persons, older people, and people in households that experienced job loss (post-hurricane) were more likely than non-Hispanic White persons to have post-traumatic stress after Hurricane Harvey. They also found that healthcare access was diminished post-Harvey for persons in households that experienced job loss (post-hurricane) and those with disabilities. Grineski et al. (2022) found that being any race other than White as well as having a disability was positively associated with post-traumatic stress after Winter Storm Uri in Texas.
Given the history of discriminatory policies that have resulted in today’s inequities—disparities in, for example, proximity to pollutants (and life expectancy), amount of tree cover, access to municipal resources, and poverty rates (Pulido, 2000; Elliott et al., 2009; Mohai et al., 2009; Faber, 2015; Rothstein, 2017; Hoffman et al., 2020; McDonald et al., 2021; Redfin News and Katz, 2021), the displacement effects of climate “gentrification” (Keenan et al., 2018; Aune et al., 2020), and the role housing plays in financial stability and intergenerational wealth, housing trends by race and ethnicity and their relationship to the compounding vulnerabilities associated with increased proximity to the coast must be equitably studied and mitigated. Due to the increased number of seniors (persons ages 65+) living in coastal communities (Climate Central, 2021) and the vulnerabilities of older residents (such as, a decreased ability to adjust to changes in temperature, lack of mobility, or stressors and difficulties of evacuating assisted living facilities and nursing homes), the aging trends in coastal communities should also be examined.
In the subsections that follow, we highlight relevant location, event, or population-specific findings, as well as general patterns, on a variety of natural hazards, to situate our empirical analysis which explores three aspects of vulnerability and socio-demographic change (race and Hispanic origin) in coastal zones: (a) the temporal nature of disproportionate exposures; (b) housing precarity; and (c) aging population.
2.1 Impacts of climate hazards must be studied over time
In perhaps the only historical analysis of the built environment of coastal zones, from c. 1900–2015, Braswell et al. (2022) find substantial growth in sea-level rise zones (6-feet zones, based on NOAA) in coastal communities in the continental US as compared to inland areas, especially in the second half of the 20th century. They find these patterns of growth with respect to the density of structures as well as developed land in coastal communities, with growth in hurricane-prone areas being especially prominent. Yet, with the exception of understanding population responses to hurricanes (e.g., Sastry and Gregory, 2014; Curtis et al., 2015; Fussell et al., 2017), analogous research on population vulnerability in coastal zones has largely neglected understanding changes in exposure over time. Further, given the vulnerability of the current groups living in coastal hazard prone areas (Watkins and Hagelman, 2011; Chakraborty et al., 2014; Wang et al., 2014; Maldonado et al., 2016), it is even more important to understand demographic and socioeconomic change throughout the coastal zone.
2.1.1 Implications of change over time among those disproportionately exposed to hazards
Understanding spatial patterns of socio-demographic change in the past can help us develop assumptions about and contextualize future population trends. Calculating changes in population exposure over time, as we demonstrate later in this paper, is one way to document the disproportionate risk experienced by vulnerable communities. Changes in the population composition of areas at-risk may be indicative of mitigation, adaptation, or recovery policies that perpetuate, augment, or exacerbate social inequities. Although not limited to coastal vulnerability, scholars have examined the impact of preventive efforts like government-funded strategic retreat programs for flood-prone areas (Elliot et al., 2020; Elliot and Wang, 2023) and recovery efforts such as FEMA aid after natural disasters on racial inequalities over time (Fussell et al., 2010; Peacock et al., 2015; Howell and Elliott, 2018; Aune et al., 2020). For example, by tracking a representative sample of respondents and analyzing household wealth in counties that suffered varying degrees of hazard damage, Howell and Elliot (2018) examined how racial inequality intersects with hazard damage over time. They found that controlling for disaster costs, “the more FEMA money a county receives, the more Whites’ wealth tends to grow and the more Blacks’ wealth tends to decline, all else equal” (p. 1). Moreover, the authors found that White respondents in counties that experienced a relatively low amount of damage (hazard damage amounting to $100,000), experienced an average wealth decrease from 1999 to 2013 of $26,000, but Blacks, Hispanics, and Asians experienced an average increase of $19,000, $72,000, and $21,000, respectively. That said, White respondents that live in counties with a high amount of damage (hazard damage amounting to $10 billion) increased their wealth by, on average, $126,000, while Blacks, Hispanics, and Asians decreased their wealth, by an average of $27,000, $29,000, and $10,000, respectively. In a longitudinal analysis of tornadoes (that is, not climate-related) disasters from 1980 to 2009, Raker (2020) found that disasters lead to an unequal replacement of socially-vulnerable residents: “Impacted neighborhoods become more socioeconomically advantaged in terms of median income and poverty, and they experience an increase in the White population” (p. 670). Since his study does not follow individuals from the impacted communities, he speculates that disadvantaged residents move away from places after a hazard or disaster, and more so in socioeconomically advantaged neighborhoods and areas with the most severe hazards, irrespective of presidential disaster declarations for the impacted area.
Elliot et al. (2020) analyzed racial inequities stemming from federal buyout assistance in flood-prone areas and found that, all else being equal, the Whiter the census tract in metropolitan areas (compared to the surrounding county), the higher the likelihood of participating in the federal buyout program. Notably, the authors found this pattern to be true over time (from the 1990s to 2015). In terms of the speed in which residents returned to New Orleans after getting displaced by Hurricane Katrina, Fussell et al. (2010) found that Blacks were more likely to live in areas that suffered more flooding and thus experienced more severe housing damage, which delayed their return to the city even after controlling for socioeconomic status and demographic characteristics. Peacock et al. (2015) found similar results in Miami after Hurricane Andrew and Galveston after Hurricane Ike, with race, ethnicity, and income being determinants of slower recovery rates and higher losses in Miami and income being the determinant factor in Galveston of higher damage and slower recovery rates. Disasters can also be used to facilitate “climate gentrification.” Aune et al. (2020) found that after Hurricane Katrina, gentrification was more likely to occur in areas with higher elevation and that gentrified areas became less Black, less unemployed, and more White. Racial patterns can even get perpetuated in voluntary managed retreat programs. For example, Elliot and Wang (2023) found that homeowners in communities that were majority White were more likely to stay in place with a higher flood risk and less likely to relocate to areas that were not also majority White.
2.2 Housing precarity in hazard-prone areas
As the effects of climate change continue and intensify, housing stability will be impacted—this is particularly concerning because housing is often determinative of residents’ financial security (Aspen Institute Financial Security Program and Boyd, 2019; Dundon and Camp, 2021). Households that are already in precarious financial situations are unlikely to have the resources to manage the disruption caused by unexpected housing expenses due to coastal hazards including storms and flooding such as having to move or pay for extensive repairs (Neal and McCaro, 2020). Ma and Smith (2020) examined disparities in the damage caused by Hurricane Maria in Puerto Rico by analyzing FEMA damage-severity classifications (i.e., minor, major, or destroyed), along with housing tenure, and income. They found that renters and lower-income households were more likely to have their home suffer damage classified as “major” or “destroyed” than homeowners and higher income households, respectively. Low-income residents have a higher likelihood of living in areas or buildings with substandard infrastructure. In addition to storms damaging housing structures, flooding can be expected to seriously damage the housing stock. Climate change is augmenting and accelerating the affordable housing crisis (Ortiz et al., 2019)3. By 2050, it is projected that the number of affordable housing units exposed to flooding will more than triple (Buchanan et al., 2020) and storm surges are likely to devastate coastal communities and substantially reduce the available affordable housing stock (Hammett and Worzala, 2018). Minority communities are likely to disproportionately bear the burdens of flooding attributable to climate change. For example, Smiley et al. (2022) found that 30%–50% of the properties that flooded with Hurricane Harvey would not have flooded were it not for climate change. The authors also found that the impacts attributable to climate change were most acutely felt in low-income Hispanic neighborhoods. As explored below, while low-income residents are particularly vulnerable in areas that are prone to flooding or other coastal hazards, low-income homeowners and renters are likely to experience flooding, storms, and sea-level rise differently since homeowners are likely to be less mobile and renters tend to have less equity.
2.2.1 Vulnerability to homeowners: constrained mobility and increasing exposure
Notably, due to their immobility and increasing exposure, homeowners in hazard-prone areas may experience substantial diminishing equity. While not limited to coastal hazards, a real-estate industry study in 2021 found that around a third of the housing stock in the US (around 35 million homes) are at “high risk” of a natural disaster (CoreLogic, 2021). The Census Bureau reported that throughout the US in 2015, home equity and retirement accounts accounted for over 60% of households’ net worth (Eggleston and Hays, 2019). This report also reveals vast disparities in net worth across housing tenure with homeowners having a median net worth that was 80 times larger than renters’ median net worth in 2015. The inequality continues across race and Hispanic origin with non-Hispanic Whites having a median household wealth of $139,300 and Asians having a median household wealth of $156,300 (not statistically significantly different from non-Hispanic Whites) as starkly compared to the median household wealth of Hispanic and Black householders, of $19,990 and $12,780, respectively (Eggleston and Hays, 2019). Black households are less likely to stay as owners of their homes when compared to Whites (Choi et al., 2019). That said, the Black householders that were able to keep owning their home had housing wealth of more than $23,500 at the age of about 60 when compared to those that transitioned to renting (Choi et al., 2019). Due to the increasing exposure to coastal hazards, homeowners in the low elevation coastal zone would face diminishing equity since their home values will eventually depreciate when living in that area is no longer viable. As such, there are important implications for intergenerational wealth for low-and middle-income homeowners.
2.2.2 Vulnerability to renters: constraints on housing and climate-induced financial burdens
While renters are often more mobile than homeowners, renters in hazard-prone areas face diminishing access to affordable housing, increasing exposure, and devastating climate-induced financial shocks. Renters are often overlooked in disaster relief efforts, from buyouts to “managed retreat” actions (Dundon and Camp, 2021) and renters are twice as likely to be residents of color. Low-income renters may be excluded from federal disaster aid due to the relief minimums not covering the loss of their property (Wesseler, 2021). For example, while 40% of damaged homes due to Hurricane Sandy were renter-occupied, renters only received 25% of the assistance (Gauthier and Aspen Institute Financial Security Program, 2021). Similarly, only 18% of the renters whose homes were damaged by Hurricanes Katrina or Rita received federal assistance, while 62% of the homeowners whose homes were damaged by these storms received assistance (Gauthier and Aspen Institute Financial Security Program, 2021). Renter-occupied buildings recover more slowly from storms than owner-occupied buildings (Spader, 2017), and studies on the aftermath of Hurricane Ike in Texas show that multifamily and duplex housing units recover more slowly than single-family residential houses (after controlling for the socio-economic status of the neighborhood and the severity of the damage sustained) (Hamideh et al., 2021). People of color are disproportionately renters and disproportionately low-income renters: while only 6% of White households are extremely low-income renters, the National Low Income Housing Coalition estimated 14% of Hispanic households, 18% of Indigenous households, and 20% of Black households to be extremely low-income renters (Aurand et al., 2019).
In addition to the general precarity of renters, the ramifications of extreme weather events can have compounding effects, often leaving the most vulnerable members of society susceptible to homelessness. For example, Ortiz et al. (2019) describe how the aftereffects of Hurricane Michael in the Florida Panhandle were most acutely felt by renters, since almost 75% of the damaged properties were rental homes and the supply shortage of rental homes then caused rents to increase dramatically. Moreover, a local recovery initiative estimated that Hurricane Michael caused more than 10% of residents of Bay County to experience homelessness. Compounding vulnerabilities may also be reflected in, for example, the duration of power outages. Grineski et al. (2023) studied the disparities in the length of basic service disruptions after Winter Storm Uri and found that longer power outages were associated with being Black, renting, and having children. The authors also found that being Black was associated with longer water outages. The authors highlight the need to ameliorate the discrepancies and their corresponding health risks.
2.2.3 Older individuals and their communities are more vulnerable
Like the rest of the US, communities proximate to seacoast are aging. Several studies have contributed to our understanding of these trends by, for example, examining whether coastal zones have an older baseline (Bukvic et al., 2018) and if so, whether they will become disproportionately older in the coming century (Hauer et al., 2022). Other studies have drawn out implications for housing needs and healthcare services to support older adults (Climate Central, 2021; Molinsky and Forsyth, 2022).
Using county-level data in a study of 258 coastal counties, Hauer et al. (2022) project the median age for coastal counties to be about 2 years greater (at 39.4 years) at mid-century and more than 3 years greater (at 47.9 years) in 2100 in comparison to inland counties. They also project that by 2100, the population over age 65 will more than triple the current population, reaching nearly 52 million people (with upper and lower bounds at 30 and 70 million, respectively), increasing the share of population over age 65 from about 1:6 in coastal counties to more than 1:3. Healthcare services and housing will change to support the needs of aging populations and concentrations of older people on the coast are likely to result in vulnerable infrastructure. For example, a study overlaid current locations of senior-living facilities in five high risk states (Florida, New Jersey, Texas, North Carolina, and South Carolina) with the potential to flood under current conditions and projected sea-level rise and found that Florida is expected to be the most impacted by future hazards (with New Jersey taking second place) and is projected to experience a 67% increase in the number of senior facilities exposed to flooding by 2050 (Climate Central, 2021).
Hurricane Ian, which hit Florida in fall 2022, serves as a reminder of the ways in which older adults are at greater risk of the impacts of coastal storms than younger persons: the death toll appears to have hit adults over 65 the hardest (O’Donnell, 2022). Similarly, although individuals over the age of 60 only represented 15% of the population, they accounted for more than 70% of the deaths caused by Hurricane Katrina (Centers for Disease Control, 2023). Results from a meta-analysis of 10 studies show that older adults are much more likely to experience deterioration in a range of mental health outcomes (Post Traumatic Stress Disorder, anxiety, depression) after disasters when compared to younger adults (Siskind et al., 2016). In their review of the literature, Fothergill et al. (1999) show how race and ethnicity intersect prior to, during, and after disasters with additional vulnerabilities such as community isolation, language barriers, and housing and construction patterns. In terms of psychological impacts, one of the studies Fothergill and others reference is Bolin and Klenow (1988) which found that older Black adults recover much more slowly from psychosocial disruption from a natural hazard than older White adults, even when controlling for housing damage.
Older residents are particularly at risk. In a study of 271 counties classified as coastal by NOAA’s 2010 Coastal Watershed Counties criteria (NOAA, 2017) in the 14 states along the Atlanta seacoast, Bukvic et al. (2018) find that residents aged 65 and older are unevenly distributed in the East Coast, with some areas having a significantly higher percentage of older residents living on the shoreline. The authors also find that many of the areas with large older populations have additional characteristics that add to the vulnerability of this age group including lower income, older housing stock, and increased disabilities and noted that the magnitude of these attributes are often different across urban and rural spaces. Like our study, this analysis used census blocks (and block-groups) as the backbone of their assessment of population exposure, but they then selected the top 10 counties (all with more than 20% of their population ages 65 and older) as a basis for case-studies in a single year (2015). Comparing two rural counties (Mathews County, Virginia, and Pamlico, North Carolina), they find that not only do older residents live closer to the shoreline, but they also live in areas with lower income per capita and in older homes. This increases their vulnerability to flood damages because they may end up with “competing priorities between supporting the growing costs of their healthcare that tends to be higher for this age group and investing resources in structural flood proofing and retrofits to meet present-day flood sensitive building codes” (p. 11). Of note, older homes may also be exempt from newer flood-sensitive building codes (especially if their homes were grandfathered in) or from participating in the National Flood Insurance Program which may also increase their flood risk. Their case study of urban counties (Cape May, New Jersey, and Brevard County, Florida) found that, like rural ones, households with older adults tend to concentrate near open water, placing them at much higher risk of coastal hazards. The authors find that urban areas are particularly vulnerable to coastal flooding because of the population density, proximity of critical infrastructure to the shore, and the interdependencies between built, social, and economic systems. In addition to aging buildings and infrastructure, older residents in urban areas also face challenges specific to the urban setting (including overburdened transportation systems, industrial pollution, and a lack of access to affordable housing). Bukvic et al. (2018) use different data for coastal exposures than we do here, measure exposures at only one point in time, and go in-depth on variables that are available at the block-group level but not race or ethnicity. That said, they make clear that urban and rural population exposures and socioeconomic features need to be identified and teased out with respect to older adults. Similarly, the review by Molinsky and Forsyth (2022) on how residential setting matters in the study of aging and climate change, makes plain the importance of disaggregating urban and rural settings for understanding how location and housing can exacerbate or ameliorate the impacts of climate change on the wellbeing of older residents.
3 METHOD AND DATA
Using spatial demographic methods, we analyze the spatial distribution and demographic characteristics of those at risk in counties with exposed land area. Notably, complementing studies of specific localities or case studies (many of which were reviewed above), systematic studies on populations-at-risk have typically ignored attributes such as urban/rural classification, housing characteristics, race and ethnic composition, and age structure, (notable exceptions include Hauer et al., 2022; Hardy and Hauer, 2018). By using a range of census variables (at the highest spatial resolution that they are available) over several decades, and multiple exposure zones, we estimate who is at risk of seaward hazards such as sea-level rise, coastal flooding, and storms, and, importantly, whether those at risk include disproportionate concentrations of communities of color in exposure zones (both 0–5 m and 0–10 m). In this analysis, exposure, as measured by the LECZ, is a time-invariant proxy measure of proximity to seaward hazards (McGranahan et al., 2007) and because it is derived from time-fixed elevational data (and analytical rules about contiguity and proximity to sea-coast, MacManus et al., 2021), the LECZ exposure zone does not change throughout the study period. That said, census block boundaries change each decade, and thus changes that occur within blocks that make habitation more difficult (e.g., sea-level rise, salt-water intrusion, coastal flooding) would be reflected in the decadal block data (i.e., if the land comprising a census block were fully eroded, it would no longer be present in the data). According to the EPA, between 1996 and 2011 about 20 square miles of dry land and wetland was converted to open water along the Atlantic coast, with at least half of the lost land being tidal wetlands (Environmental Protection Agency EPA, 2014).
While the core-unit of analysis is census blocks, we will summarize those data in more policy-relevant units such as states and counties. County boundaries are largely unchanging during the period of study (and we use equivalency or “crosswalk” files where necessary) and state boundaries are constant during the period of study, making these units useful for aggregation and for temporal comparison. This study is limited to any state in the lower 48 states (and DC) with land in the LECZ, herein “coastal states”. (We recognize that much land area and population in Hawaii, Alaska, Puerto Rico and other unincorporated territories are at risk but defer a close analysis of those localities for another study.) The study uses publicly available datasets (CIESIN and CIDR, 2021; Manson et al., 2022a; Manson et al., 2022b; Manson et al., 2022c; Manson et al., 2022d), as described below.
3.1 Method
To construct estimates of exposure, we use simple spatial overlays: by overlaying data on exposure over the census blocks (for each decade, as they change with each census with [for the entire US] around 7 million blocks in 1990, more than 11 million blocks in 2010, and somewhat more than 8 million blocks again in 2020). Census blocks are not delineated based on population and while many blocks have no population (Rossiter, 2011), the block-groups, the next higher-order geography, in 2010, were designed to contain between 600 and 3,000 persons. In other words, blocks are small both in terms of area and population. Unlike survey-based census data products, such as the American Community Survey which are available for block-groups (which is one unit coarser than blocks) and higher-order spatial units, the block-level data that make up this analysis are census head counts and, therefore, are not subject to margins of error. Because the census block boundaries change every decade, we summarize the block estimates of exposure to the county (and state).
We designate a block as within the LECZ if any land area is located in (i.e., spatially intersects with) the LECZ, a zone of up to 10 m contiguous to seacoast (CIESIN and CIDR, 2021; MacManus et al., 2021). Estimates include blocks with land area only in the 0–5 m LECZ, blocks with land area only in the 5–10 m LECZ, blocks with land area in both the 0–5 m LECZ and 5–10 m LECZ, and blocks with all land area outside the LECZ. The rationale for dividing the LECZ into 0–5 m and 5–10 m zones was to be able address differential exposure within the LECZ. In global studies which use gridded data (and assume even distributions of population across the grid cell), the allocation to an LECZ zone is mutually exclusive (MacManus et al., 2021). Since our study is built on much finer-resolution census blocks, we do not use ancillary data or advanced reallocation methods—a technique commonly used for coarser units as well as gridded population estimates (Zoraghein and Leyk, 2019; Wan et al., 2022)—at the sub-block level to further apportion population within blocks.
Of all the blocks in the coastal states, 3.5% intersect the 0–5 m LECZ, 2.6% intersect the 0–5 m and the 5–10 m LECZ, and 7.6% intersect only the 5–10 m LECZ (for a total of nearly 14% of all blocks)4. We cannot say that exposure is more imminent for blocks in the 0–5 m zone than those that have land area in the 0–5 m and 5–10 m zone, but we can say that both of those types of blocks face higher risk than blocks whose land area is only in the 5–10 m zone; and of course, that blocks with any land area under 10 m face greater exposure than blocks outside of the LECZ (greater than 10m, not contiguous to coast).
In 2020, we estimate that 91.5% of the population living in a census block that intersects the LECZ is classified as urban as compared to the 80.7% of the continental US. In the coastal states, 54% percent of all blocks are classified as urban and about 46% are rural. Yet, the share of urban blocks in the LECZ is much greater than in rural areas: 3.8% intersect the 0–5 m LECZ, 3.0% intersect the 0–5 m and the 5–10 m LECZ and 11.2% intersect only the 5–10 m LECZ (for a total of nearly 18% of all urban blocks). In rural areas, these shares are 3.1%, 2.2%; and 3.2%, respectively, for a total of 8.6% of all rural blocks in coastal states. This decomposition further highlights the need to stratify our analysis by urban and rural.
Using Florida—since we will show that it leads the nation in having both the greatest number and share of its population in the LECZ—as an example to show our input data in Figure 1, we show a spatial overlay of the input data for this study: 1) the LECZ and 2) population (shown as density) as an example of a census variable available at the block-level and 3) county boundaries. The inset of areas around Lake Okeechobee shows an example of the fine-grained block-level boundaries used in this analysis for all census variables. The LECZ data is based on satellite inputs from the Shuttle Radar Topography Mission and subsequently enhanced to address “tree-height” bias (Multi-error Removed Improved Terrain DEM (MERIT)) for a single point in time, 2000; see details on the original data in Yamazaki et al. (2017) and as used to construct the LECZ in MacManus et al. (2021). Also shown in an inset is the urban-rural classification, designated by the Census Bureau at the census block level (Ratcliffe, 2015), which we use to stratify our results. These overlays allow us to tabulate exposures stratified by urban and rural areas and to determine whether patterns of population change are different in urban and rural areas by race and Hispanic origin—notably, to ask whether there has been population loss in coastal rural areas and in contrast, gain in coastal urban areas—and whether such changes are similar in magnitude to urban and rural areas outside the LECZ. (See Supplementary Figure S1 showing population by race and Hispanic origin with the LECZ and urban areas overlaid.) This process is repeated for each variable of interest.
[image: Figure 1]FIGURE 1 | Population Density (based on census blocks) and Low Elevation Coastal Zone (LECZ), Florida (2020); inset maps show detail of input census block units and urban/rural classification.
This study has some known limitations. Census data represents the night-time de jure population on April 1. For coastal communities that may have seasonal residents (for example, “snow-birds” in Florida5), this analysis is likely to omit them6. Additionally, since the LECZ used was measured at one point in time, it does not capture potential fluctuations in exposures to coastal hazards or modifications to the coastline itself though, as noted above, if land area has been lost (Environmental Protection Agency EPA, 2014), it would not be included in the block-level data in a given census year. By using “intersection” as the method for including the population of a block in our zone of interest, our estimates of exposure can be considered somewhat inclusive (i.e., more so that applying a narrow criteria such as requiring a block to be “fully contained within” the LECZ) but these are almost certainly less upwardly biased when compared to estimates based on coarser geographic units such as tracts or counties. That said, it is important to note that the average area of a census block in the LECZ is very small (on average, 0.0134 square mile, for 2010) and much smaller than blocks outside of the LECZ (on average, 0.2422 square mile); and within the LECZ urban blocks, where the overwhelming share of the population lives, are much smaller (0.0039 square mile) compared to rural blocks (0.0368 square mile). Another limitation of this analysis is that not all possible cross-tabulations are made available in the block-level data (for example, we do not know age distributions by race, or housing tenure by age) or fuller permutations that would be available from census microdata samples (which are available only at much coarser spatial units). Use of coarser geographic units would have themselves required an allocation rule (such as areal weighting), and perhaps additional ancillary data, which would bring additional assumptions and possible limitations (Zoraghein and Leyk, 2019).
3.2 Demographic and socio-economic data
This study uses the finest spatial units of the US Census (blocks) from the decennial census from the past four censuses, to describe changes along a range of demographic and housing characteristics, downloaded and publicly available from IPUMS NHGIS (Manson et al., 2022a; Manson et al., 2022b; Manson et al., 2022c; Manson et al., 2022d). As noted above, only a few basic demographic and housing variables are available at the block-level, and the measurement of key variables (or how they are tabulated) change from decade to decade, but no study has yet to use these data to more fully understand patterns and changes in coastal vulnerability. Table 1 indicates the variables we used, indicating where transformations were necessary to make themes consistent across the four decades. Population counts are available, and measured consistently, in all four decennial censuses, but it is the only variable for which that is the case, therefore below, we describe changes in all other variables available and how we harmonize them.
TABLE 1 | Block-level Census variables used in analysis by year.
[image: Table 1]3.2.1 Variables, recodes and harmonization
3.2.1.1 Urban/rural
We use the census designation of urban and rural for each decade, even though the urban definition has changed in each decade (Ratcliffe, 2015; Jones et al., 2020). This designation for the 2020 census adopts a criteria based on housing (2000) or population (5,000) count minima for the 2020 census products (Federal Register, 2022a; Federal Register, 2022b), though the release of these data for blocks was not available as of mid-2023 and therefore was not available for use in this analysis. These definitional changes represent the Census’ best effort to capture the intrinsically dynamic construct of urbanization, given the technical and methodological constraints at each census. Since the urban/rural designation was not provided in the Public Law (PL) release of 2020 block level data, we extrapolated the designation by using the urban/rural designation used in the 2010 U.S. Census at the block level. We converted the 2010 polygons of the Census blocks into point format by estimating each block’s geographic centroid; these features included a designation of U (1) and R (0) status. We then used a spatial join of the 2010 centroids to the 2020 block polygons. The overlay produced the count of all points and the sum of urban points because the rural points have a value of 0. For census block polygons with no overlapping points, we then used a spatial join to calculate the distance to the nearest point. We then created an “urban_fraction” variable for the 2020 polygons. If the count was 1 (meaning only one point overlapped), we coded those 2020 polygons as equal to the 2010 urban/rural status of the centroid, with urban points recorded as 1 and rural points recorded as 0. If the count was 0 (meaning there was no centroid from 2010 that overlapped), we coded those 2020 polygons as equal to the urban/rural status of the closest 2010 centroid, with urban points recorded as 1 and rural points recorded as 0. The remaining 2020 polygons had a count of more than 1 (meaning more than one point overlapped). For these polygons, we calculated the urban fraction (that is, the sum of urban points/count of points). Note that this was possible because rural points count as 0. Finally, we created a dichotomous text field to code the polygon as rural or urban. If the “urban_fraction” was 0, the 2020 polygon was recoded as rural. If the “urban_fraction” was 1, the 2020 polygon was recoded as urban. If the “urban_fraction” was a fraction, it was recoded as rural if it was below 0.5 and as urban if it was greater than or equal to 0.5.
3.2.1.2 Total population
Total population counts are consistent across the four decennial censuses we examine in this paper (ET1001 in 1990, FXS001 in 2000, H7X001 in 2010, and U7B001 in 2020)7.
3.2.1.3 Race and ethnicity
The collection of data on race and ethnicity has changed frequently in the history of the census, complicating comparison over time (Humes and Hogan, 2009; Strmic-Paul et al., 2018). We compare the population for single race, White and Black as well as the Hispanic population (of any race) in 1990 (EUY001, EUY002, EU0001), 2000 (FXW001, FXW002, FXZ001), 2010 (H7X002, H7X003, H7Y002), and 2020 (U7B003, U7B004, U7C002) because they are consistent across the four decennial censuses we examine in this paper. In 1990, the Asian (EUY004) population was combined with the population of Pacific Islanders but starting in 2000, this single variable was split into two: Asian alone (FXW004) and Native Hawaiian and Other Pacific Islander alone (FXW005). While the 1990 census (and subsequent decades have) had a variable for individuals to identify as belonging to some other single race (EUY005), the variable for “two or more races” (FXV002) was only introduced in the 2000 census. Since it was not available in 1990, we must understand the change in population over time for any single race within the broader context of an increasing number of the population identifying as belonging to multiple races (Jones and Bullock, 2013; Alba, 2018). When the variable was introduced in 2000, 2.6% of the population (a little over 4.8 million people) selected this category but by 2020, 11.2% of the population (more than 24 million) identified as belonging to two or more races.
3.2.1.4 Age
The population distribution by age groups is provided in the 1990, 2000, and 2010 censuses. We were able to compare the age distribution of the population over time and subset the data to analyze changes in the spatial distribution of the population over 65 years of age. The age analysis does not extend to 2020 because the 2020 block-level census data do not include information on the distribution of people based on age groups (other than over age 18, that is, the legal age for voting) or even the median age. Median age is reported for 2000 (FYT001) and 2010 (H77001) since the variable was provided for both years, but the 1990 census provided the total population for different age groups (ET3001 to ET3031) and did not provide the median age. Since the most that could be calculated based on this information is an estimated average based on the midpoints of the age groups, we decided not to compute the median age for 1990. We report results for the full age distribution and proportion over age 65 for 1990 (ET3027 to ET3031), 2000 (F15001), and 2010 (H76020 to H766025 and H76044 to H76049) and place results with median ages for 2000 and 2010 in the SM.
3.2.1.5 Housing
We were able to compare owner-occupied and renter-occupied housing units with White, Black, and Hispanic (any race) householders for 1990, 2000, and 2010. Of the decennial censuses examined by this study, the 1990 census was the only census to subdivided owner-occupied and renter-occupied housing units with Hispanic householders by race (i.e., White Hispanic, Black Hispanic, American Indian, Eskimo or Aleut Hispanic, and other race Hispanic householders). For consistency, we aggregated the totals for owner-occupied and renter-occupied housing units with Hispanic householders of any race (i.e., aggregating ESC001 to ESC005 for owner-occupied housing units and aggregating ESC006 to ESC010 for renter-occupied housing units). Both the 2000 and 2010 censuses included single variables for renter-occupied and owner-occupied housing units with a Hispanic householder. The decennial censuses for 1990, 2000, and 2010 each provide single variables for renter-occupied and owner-occupied housing units with White and Black householders. A caveat to this analysis is that the 1990 census only included classifications by a single race. It was only in 2000 that the census began including a classification for two or more races. As such, housing units were not subdivided by householders that identified as having two or more races for 1990 but identified as such in 2000 and 2010. As discussed above, there is an increasing percentage of the population that identifies as belonging to two or more races. The 2020 census did not provide any information on renter-occupied or owner-occupied housing units. That said, the number of total, occupied, and vacant housing units was provided for all decadal censuses and analyzed in this paper. These variables are briefly analyzed in the SM. We do not focus on these variables for our analysis because we seek to highlight the vulnerabilities associated with differing housing tenure across different races and Hispanic origin.
4 RESULTS
We first describe the patterns and change in the exposure for all coastal states with land area in the LECZ. Because we find that population exposure in the LECZ is highly concentrated, we further focus on areas of high exposure and describe patterns and change in urban and rural areas by race and ethnicity, median age, and housing tenure (renter vs. homeowner) by race and Hispanic origin of householder. As noted above, we have the ability to examine population by elevation strata (that is, whether the block falls only in the 0–5, both 0–5 and 5–10 m, only in 5–10 m LECZ, or is fully outside the LECZ); in the body of the paper we report most results for the full LECZ (0–10 m) and place a discussion of the different elevation zones into the SM. Because we restrict this analysis to the lower 48 states and DC, we refer to it interchangeably as the continental US. Of which, as we show below, 22 states and DC have land area in the LECZ, which we refer to as coastal states.
4.1 Concentration of population exposure in the LECZ
As of 2020, over 124 million people live in US counties (in the lower 48 states and DC) with land area in the LECZ. In other words, 37.4% of the continental US population lives in a county that has land area in the LECZ.8 A total of 364 counties of the approximate 3,100 in the lower 48-states have any land area in the LECZ. We estimate that more than 34 million persons (or about 1 out of 10 people in the continental US) live in the LECZ, as shown in Table 2. The population exposed is even more concentrated: In 2020, close to half (48.12%, representing 16.3 million persons) of the total population exposed is concentrated in 25 counties, with over 22% (7.6 million) of the total population exposed concentrated in 5 counties. The county with the highest population exposure, Miami-Dade, FL, contains more than 7.5% of all people exposed, echoing the global phenomena that coastal regions are disproportionately urban, and a point we will investigate further below. As can be seen in Table 2, the total population in the US that lives in the LECZ increased by 8.4 million people in the 30-year period from 1990 to 2020. This increase accounts for almost a quarter (24.9%) of the total population at risk in the US in 2020 (34 million).
TABLE 2 | Concentration of Population Exposure in the 0–10 meter LECZ (1990 and 2020), top 25 counties.
[image: Table 2]Even within the LECZ, states vary in their population in the LECZ. For example, Table 3 shows that in 2020, almost 57% of the total population living in Florida live in the LECZ, 36% of the total population living in the LECZ of the continental US reside in Florida, and 10% of the total population living in coastal states reside in Florida. (Respectively, the 2020 population and share of population within the LECZ by state; the share of each states’ LECZ population when compared to the US LECZ population; and the share of the coastal state as a fraction of the total population of all coastal states. The last column of Table 3 provides some context for evaluating the state shares in the LECZ of the country as a whole, as in the example for Florida.) Twelve states have more than 1:10 persons residing in the LECZ (all of those bordering the Atlantic sea-coast, except New Hampshire, as well as Louisiana).
TABLE 3 | Population counts and shares within the LECZ by state, 2020.
[image: Table 3]Figure 2 identifies the top 25 counties in the US with the highest population exposure in the 0–10 m LECZ. It is noteworthy that these top 25 counties are located in only 9 states and over half (14) of the top counties are in only 2 states (Florida and New York). While Florida has long been recognized as facing considerable seaward hazards and frequent tropical storms in the national discussion (USGCRP, 2018), there is increasing attention to New York and the northeast coast as also having the potential of having such future exposures (Reed et al., 2015; Garner et al., 2017; Solecki and Rosenzweig, 2019; Woodruff et al., 2021). Only two counties that are in the top 25 by population exposure in 2020 decreased in population from 1990 (Jefferson Parish, LA and Orleans Parish LA, making them the second and third most populous counties, respectively, in the state, from the second and first rank). Of the top 25 counties by population exposure in 1990, five decreased in population by 2020 (Jefferson Parish, LA; Orleans Parish, LA; Orange County, CA; Norfolk City, VA; and San Diego County, CA).
[image: Figure 2]FIGURE 2 | Top 25 US counties with highest population exposure in LECZ (2020).
Another important way to view vulnerability is to identify counties where most of the population is exposed. Figure 3 shows the 49 counties in which over 95% of their 2020 population resides in the LECZ: this represents over 8.5 million people and presents a different list of vulnerable counties than those found in Figure 2. Of this highly exposed subset, over one-third are parishes (i.e., counties) in Louisiana. Importantly, many of the Louisiana parishes (including the populous Orleans and Jefferson parishes) have much more than half of their population in the 0–5 m LECZ, in part because Louisiana is situated at the mouth of the Mississippi Delta9. Both perspectives—populations totals and shares at risk—matter for developing adaptation strategies, including in some areas the need to permanently move from the area (Vinke et al., 2020). Notably, more than half of the population of both Florida and Louisiana resides in the LECZ (Table 2). Given the disproportionate exposure in Florida and Louisiana, as well as New York (the second highest state in terms of persons at risk), we disaggregate some of the remaining results for those states in particular.
[image: Figure 3]FIGURE 3 | US counties with over 95% of their population residing in LECZ (2020).
Change over time analysis seeks to identify trends in population exposure in the LECZ. Figure 4 shows the total population living within and outside the LECZ, from 1990 to 2020: panel A shows that the urban population has risen from about 22 million to 31 million persons (also see Supplementary Table S1), representing a small decline proportionately from 18% of all urban residents in coastal states to 17.3%. The rural population in the LECZ remained close to 3.4 million persons in 1990 and 2020 though this represents a decline from 9.8% to 9% of the share of the rural population of coastal states. For context, panel B shows that populations have grown both inside (by close to 50 million persons) and outside of the LECZ (by about 7.5 million persons) in coastal states; and panel C shows the changes by urban (54 million persons) and rural (3.5 million persons) areas, both of which increase in coastal states from 1990 to 2020.
[image: Figure 4]FIGURE 4 | Coastal states population (A) within and outside the LECZ by urban/rural classification, (B) within and outside the LECZ, and (C) by urban/rural classification, 1990–2020.
Importantly, the urban population consistently grew at higher rates inside the LECZ (2.35% for 2000–2010 and 0.88% for 2010–2020) than outside of it from 2000 to 2020, (1.28% for 2000–2010 and 0.57% for 2010–2020), reversing the pattern from the decade prior (in which population grew at 1.52% in the urban LECZ, but 1.86% in urban areas outside of it), as shown in Figure 5. Rural population growth in the LECZ follows the same general pattern as seen outside the LECZ—population decline or little growth from 1990 to 2010 but more than 1.5% annual growth in the period 2010–2020; though from 1990 to 2000, the rate of population loss is greater in the LECZ and from 2010 to 2020, the rate of rural population growth is higher inside the LECZ. This rural pattern is seen in Florida, New York and Louisiana, but with notably higher rates of rural population decline in 1990–2000 and 2000–2010, and of rural population increase in the LECZ in 2010–2020. On net over this 30-year period, the rural population in the LECZ increases in absolute terms in Florida, whereas it declines in Louisiana and New York (Supplementary Table S2). The urban population growth rate is higher in all periods in the LECZ in Louisiana, and in New York in the period 2000–2020. But in Florida, urban annual population growth is somewhat lower in the LECZ than outside of it in 1990–2000 and 2010–2020 but higher in the intervening decade (2000–2010). In absolute terms, urban areas in the LECZ have gained population in all three states over the 20-year period and notably in Florida, by adding another 4 million urban residents to the LECZ (Supplementary Table S2). These overarching patterns set the stage for understanding changes in urban and rural areas by race and Hispanic origin, to which we turn next.
[image: Figure 5]FIGURE 5 | Annual growth rates, 1990–2020, for coastal states population within and outside the LECZ by urban/rural classification for (A) coastal states, (B) Florida, (C) New York and, (D) Louisiana.
4.2 Population exposure by race and Hispanic origin
Extending the analysis of annual population growth to population subgroups, we first consider population composition distribution by race and Hispanic origin10, as background to understanding differential growth (Supplementary Table S1 for 1990 and 2020, and Table 4 for 2020 only). The proportion of the urban White population living in the LECZ is slightly higher than the coastal states urban average (18.3% in 2020 as opposed to 18% in 1990) and declining in absolute numbers (16.6 million in 1990 to 16.4 million in 2020)11. Blacks are disproportionately found in the urban and rural LECZ, but in declining proportions from 1990 to 2020, and those identifying as two or more races (not available in 1990) are disproportionately found in the urban LECZ. The size of the Hispanic population in the urban LECZ grew by about 3.5 million in this period. A much smaller absolute increase was found in the rural LECZ, but this is notable against declining Black (and little change in the White rural LECZ) populations. Hispanics are somewhat underrepresented in both the urban and rural LECZ in 1990 and 2020. It is also notable that the shares of Hispanic and Black population in the rural LECZ are declining more so than those classified as White alone.
TABLE 4 | Urban and Rural population totals (000s), by race and Hispanic origin, and percentages in the 0–10 m LECZ of all coastal states, Florida, New York, Louisiana, Miami-Dade County, New York City, and Orleans Parish, 2020.
[image: Table 4]Turning to the growth rates, Figure 612 shows that the White population largely followed the same pattern as that of the total population from 1990 to 2010. However, while the total population has been increasing in urban areas since 2010, the White population has declined in urban areas (both within and outside the LECZ) but, similar to the trends for the total population, has grown in rural areas with growth in the LECZ outpacing the rural areas outside the LECZ. The Black population also followed a similar pattern to the total population from 1990 to 2010. From 1990 to 2000, the Black population grew in urban areas and decreased in rural areas, increasing fastest outside the urban LECZ and decreasing fastest inside the rural LECZ. While the growth rates remained negative in the rural areas from 2000 to 2010, the rates within the urban areas saw a shift with the growth rate within the urban LECZ outpacing the growth rate outside the urban LECZ. In 2010, there was another shift and the Black population experienced growth in rural areas, with the fastest growth occurring in rural areas outside of the LECZ and, while still positive, the growth within the urban LECZ diminished. While Whites and Blacks have experienced population growth and decline at different times in different places in the past 30 years, Hispanic populations have consistently grown in urban and rural areas and within and outside the LECZ since 1990. From 1990 to 2010, Hispanics experienced more growth within urban areas than in rural areas and from 2000 to 2010, Hispanics experienced the highest growth rate in the urban LECZ at over 7% per annum (more than double that in urban areas outside the LECZ). While urban population growth for the Hispanic population remained higher in the LECZ than outside it from 2010 to 2020 (though at less than half the rate of the decade prior), this recent decade was marked by annual population growth above 5% in rural areas, both within and outside the LECZ.
[image: Figure 6]FIGURE 6 | Annual growth rates, 1990–2020, for coastal states population within and outside the LECZ by urban/rural classification for (A) coastal states, by race and Hispanic origin (B) Whites, (C) Blacks and (D) Hispanics.
There is a good deal of heterogeneity by state in the growth of population, stratified by urban and rural, and race and ethnic subpopulations, in and outside of the LECZ. For example, (as shown in Supplementary Figure S2) within the LECZ in Florida, the Black urban population grew from less than 900,000 in 1990 to 1.7 million in 2020, in comparison to outside the LECZ which grew from around 600,000 to 1.2 million; in contrast, the urban White population, respectively in this time period grew from 5.9 million to 6.3 million in 2020 in the LECZ and 3 million to 4.4 million outside of the LECZ. (Supplementary Figures S2A–H provides these state-specific estimates for changes in the population by race and Hispanic origin from 1990 to 2020.)
Given the disproportionate urban nature of the LECZ and the fact that communities of color are more likely to live in cities, in Table 4 we estimate the population by race and Hispanic origin in the LECZ in coastal states in 2020, and the three aforementioned states and one city or county at risk: Florida and Miami-Dade County, Louisiana and Orleans Parish, New York and New York City (i.e., the five boroughs that comprise it: Bronx, Kings, New York, Richmond, and Queens counties)13.
Whites are overrepresented in the rural LECZ of Florida and Louisiana. Blacks are overrepresented in the urban LECZ of New York State and all three city/counties. Hispanics are overrepresented in the urban LECZ of Florida and New York, and Miami-Dade County and Orleans Parish (but not New York City, where 1:4 Hispanics live in the urban LECZ). Asians are underrepresented in both the urban and rural LECZ except in Louisiana where they are overrepresented in both the urban and rural LECZ. Over 4 million urban persons identify as two or more races, making such individuals overrepresented in the urban LECZ of coastal states, as well as in urban areas in Florida and Miami-Dade County, New York, and Louisiana. The racial and ethnic composition of states vary, but this evidence confirms that communities of color are disproportionately residents of the urban LECZ.
4.3 Housing vulnerability: who owns or rents in the LECZ
In 2020, 17.6% (15.7 million) of all housing units in the coastal states were located in the LECZ and more than 25 million new housing units were created from 1990 to 2020 (Supplementary Table S3). While the urban housing growth is faster outside the LECZ, vacant housing units within are on the decline, suggesting competition for housing in the urban LECZ is high and may exclude the poor (Supplementary Figure S3). (See Supplementary Figure S3 for information on total, occupied, and vacant housing units, along with their annual growth rates.) In Figure 714, we look at housing units by tenure (renter-occupied and owner-occupied) and householder race and Hispanic origin and by urban/rural classification in 201015, and show, for example, that 17.7% of urban housing units (panel C) and 8.9% of rural housing units (panel D) are located in the LECZ.
[image: Figure 7]FIGURE 7 | (A–D). Housing Units, 2010, for all coastal states, by race and Hispanic origin, and housing tenure, comparisons organized by (A) within vs. (B) outside LECZ and by (C) urban vs. (D) rural classification.
In the coastal states under study, White householders were much more likely than Black and Hispanic householders to own their own homes (Figures 7A, B). In 2010, almost 70% of White householders owned their home (inside and outside the LECZ), but only around 45%–47% of Black and Hispanic households owned their home (inside and outside the LECZ) (Figures 7A, B). White householders were much more likely to own than Black and Hispanic householders even when disaggregated by urban/rural classification and within and outside the LECZ (as in, this held true for housing units within and outside the LECZ as well as for housing units in urban and rural areas) (Figures 7A–D). Conversely, Black and Hispanic householders were substantially overrepresented in renter-occupied housing units with 55.5% of Black and 53.5% Hispanic households being renters in the LECZ, and 54.3% of Black and 54.1% of Hispanic households being renters outside the LECZ, in comparison to 30.8% of Whites within the LECZ and 30.5% of Whites outside the LECZ (Figures 7A–D). Renting in the LECZ places households in particularly precarious conditions that must be understood in tandem. When the data is disaggregated, we find that, for example, Black (1.96x) and Hispanic (1.83x) householders were almost twice as likely than Whites to live in urban renter-occupied housing units within the LECZ (shown in Supplementary Table S5A).
We have disaggregated the distributions of housing units for Florida (Supplementary Figures S4A–D), New York (Supplementary Figures S4E–H) and Louisiana (Figures 7I–L) to show a sample of the similarities and differences across states. For example, Hispanics are more likely to be homeowners in Florida, both inside and outside the LECZ, than in New York or Louisiana, but within the LECZ in Louisiana, Black householders are more likely to be homeowners than Hispanics householders. That said, with few exceptions, the LECZ in Florida, New York, and Louisiana has a greater share of urban renters regardless of race or Hispanic origin of householder when compared to the housing units outside the LECZ.
To determine patterns of racial disparities in housing within and outside the LECZ, we examine housing unit distributions (Figure 8A) and growth rates (Figure 8B) by housing tenure across race and Hispanic origin in 1990–2010. We find that while White householders outnumber others in terms of total number of units, Hispanic householders, whether inside or outside the LECZ, in rural or urban areas grew faster than Whites and Blacks for both 1990–2000 and 2000–2010 and was the only group that grew in all time periods studied as well as both owner-occupied and renter-occupied housing units for both urban and rural areas.
[image: Figure 8]FIGURE 8 | Housing units (A) and annual growth rates of housing units (B) by housing tenure, within and outside the LECZ, by urban/rural classification, and race and Hispanic origin of householders for coastal states, 1990–2010.
Notably, the urban story is quite different from the rural story. As panel B of Figure 8 shows in 1990–2000, urban owner-occupied housing units were growing at the same pace within and outside the LECZ, and urban renter-occupied housing units were growing faster outside the LECZ. While the growth rate for all rural housing units was negative, the growth rate for both rural owner-occupied housing units and renter-occupied housing units was lower within the LECZ (−0.45, −2.76, respectively) when compared to outside the LECZ (−0.06, −1.44, respectively). Yet in the following decade, from 2000 to 2010, urban housing units in the LECZ grew faster (3.06% for owner-occupied, 1.9% for renter-occupied) than outside the LECZ (1.24% for owner-occupied, 1.38% for renter occupied), while the reverse is true in rural areas, where housing units outside the LECZ (0.17% for owner-occupied, 1.32% for renter-occupied) grew faster than inside the LECZ (−0.46% for owner-occupied, 0.83% for renter-occupied).
There is a good deal of variety in the growth of housing units by state (see Supplementary Figures S5A, B), with no one pattern to fit all. Florida and New York saw a higher increase of urban homeowners outside the LECZ in comparison to within the LECZ. But, in Louisiana urban homeowners within the LECZ experienced faster growth in comparison to outside the LECZ. Starting from a much lower share of homeownership (Figure 8A), Black and Hispanic homeowners experienced faster growth rates than White homeowners in the urban LECZ in Florida, New York, and Louisiana.
While the total owner-occupied housing units in rural areas declined, urban White homeowners in Florida grew around twice as fast outside the LECZ than within the LECZ. However, urban Black homeowners grew about as fast within and outside the LECZ. Urban Hispanic homeowners in Florida outpaced all groups studied both within and outside the LECZ, in part due to growth of the Hispanic population. In rural areas, White and Black homeowners experienced a slight decline, while Hispanic homeowners increased.
New York’s urban homeowners experienced a slight increase both inside and outside the LECZ but rural owner-occupied housing units declined and experienced a greater loss inside the LECZ than outside the LECZ. Urban Black homeowners in the LECZ experienced the fastest growth in New York and rural Black homeowners experienced the highest decline in growth in the time period studied. Hispanic homeowners in New York grew fastest in urban areas but, as stated above, experienced growth all around.
Homeowners in Louisiana grew fastest in the urban LECZ and all homeowners studied declined in the rural LECZ. That said, overall Black homeowners experienced the highest decrease in the rural LECZ. While urban White homeowners experienced more growth within the LECZ than outside, the reverse was true for urban Black homeowners and urban Hispanic homeowners, which experienced greater growth outside the LECZ.
As for renters, Black and Hispanic renters in Florida grew faster in the urban LECZ when compared to Whites but all urban LECZ renters grew less than the urban renters outside the LECZ. Florida, New York, and Louisiana experienced a sharper decline in White and Black renters in the rural LECZ in comparison to rural areas outside the LECZ. Hispanic renters grew in rural Florida, New York, and Louisiana but grew faster outside the LECZ in rural Florida, inside the LECZ in rural New York, and at about the same pace inside and outside rural Louisiana.
Table 5 captures the share of the total housing units for each disaggregated group and provides the overall share within coastal states as a comparison in order to demonstrate which subgroups are over or underrepresented by housing tenure, urban/rural classification, as well as within and outside the LECZ. For example, although Black residents were only 14.6% of the population in coastal states in 2010, Black householders accounted for 23.3% of the renter-occupied housing units in the urban LECZ. Moreover, urban renters have been disproportionately Black or Hispanic since at least 1990. In contrast, Table 5 also shows that Whites have been more likely to be homeowners within and outside the LECZ in urban and rural areas. That said, Whites were also more likely to be renters in rural areas for all the years of our study. Furthermore, in urban areas Whites are even more likely to be home owners in the LECZ than outside of it and, conversely, in rural areas, even more likely to be homeowners outside the LECZ rather than in it. Similarly, in urban areas, Blacks are more likely to live in renter-occupied housing in the LECZ than outside of it. In fact, Blacks and Hispanics are almost twice as likely as Whites to be urban renters in the LECZ. Also notable is that the share of renter-occupied housing units with Black and Hispanic householders is increasing both within and outside the LECZ and in urban and rural areas, which may be indicative of increasing housing costs (Table 5). Despite higher growth rates of the Hispanic population (Figure 6, especially in the urban LECZ since 2000) and among Hispanic homeownership (Figure 8B), in all years Hispanic are underrepresented in all categories of homeownership and overrepresented in terms of urban renters (Table 5). In other words, the growth rate of the Hispanic population has not kept pace with their homeownership rates.
TABLE 5 | Shares of housing units in coastal states by housing tenure, within and outside the LECZ by urban/rural classification and by race and Hispanic origin, 1990–2010.
[image: Table 5]4.4 Aging population at risk
Examining an area’s age structure (such as in a population pyramid, Figure 9) is important for understanding age-related aspects of vulnerability as well as informing future growth. Population aging—the “squaring off” from a more triangular shape of the population pyramid in 1990 (Figure 9A) and 2010 (Figure 9B)—is evident inside and out of the LECZ in urban areas (right-side panels). Rural areas (left-side panels) show a fairly flat distribution of population through working ages in the LECZ (blue bars), but outside the LECZ (gray bars), the population of persons ages 20–35 is particularly low perhaps as a result of lower past fertility and out-migration of these age groups from rural areas in general. The proportionate increase in the population over age 65 (the more rectangular shape of the blue bars relative to the gray ones in 2010, shown in panel B) is more evident inside the LECZ.
[image: Figure 9]FIGURE 9 | Population Pyramid showing the Age Distribution of Coastal States Within and Outside the LECZ, by Urban/Rural Classification, (A) 1990 and (B) 2010.
Residents of the LECZ are much older than average—nearly 3 percentage points greater in the LECZ than outside of it—as shown in Table 6 (which shows the respective shares of residents aged 65 and older, as well as their growth rates from 1990 to 2010). In 1990, 1 out of every 8 persons, averaging across all residents of coastal states, was over age 65. From 1990 to 2010, we see an additional 6 million and a small increase in the proportion 65+ to 12.9% in coastal states, on average. Yet the residents of the LECZ are much older than average (14.6% in 1990 rising to 15.2% in 2010). This is true in urban and rural areas: around 15% of urban residents in the LECZ are over age 65, whereas only about 12% of the population in urban areas outside the LECZ is over age 65; in 1990, 13.6% of the rural dwellers in the LECZ were over age 65 as compared to 12.1% of rural residents outside of the LECZ. By 2010, these shares had risen substantially to 16.9% within the LECZ and nearly 15% outside of it. While there is much variation across states, these patterns are generally found in Florida, Louisiana and New York, and across urban and rural areas (see Supplementary Table S4 and Supplementary Figure S6).
TABLE 6 | Respective Shares of Older Residents (65+) Within and Outside the LECZ, by Urban/Rural Classification for Coastal States, Florida, New York, and Louisiana, and Annual Growth Rate of the population over age 65, 1990–2010.
[image: Table 6]Not surprisingly, Florida has much higher shares of older adults—over 18% statewide in 1990 and, while increasing by nearly 1 million older residents, declining to 17.3% of the state population in 2010. Nevertheless, the annual growth rate of this population (at 1.6% per year) is larger in Florida than elsewhere (1.3% for the coastal states average). In 1990, 1 out of 5 residents of the LECZ in Florida was over age 65, with even slightly higher proportions in the urban LECZ. Like the statewide trend, these fractions declined somewhat by 2010 (while the population itself is rose). Shares of the rural LECZ dwellers over age 65 exceed the Florida state average and the share of urban LECZ dwellers in 2010, rising from about 16% in 1990 to 19% in 2010.
Looking at New York State, in Table 6, which has somewhat greater shares of older adults than the coastal states average, the most notable trend is among rural LECZ dwellers. While the population of older adults in the rural LECZ was small in 1990 (less than 12,000 persons) and declined by 2010, the shares are rising. These represent communities along the seacoast of Long Island, next to New York City, where much of the rural land area is interspersed within suburban and urban settings. The shares of older adults in Louisiana (about 11% in 1990) are smaller than the coastal states average. While these shares have grown in the urban and rural LECZ from 1990 to 2010, they tend to have grown at a faster rate outside of the LECZ, perhaps due to an inability of poor elderly residents to rebuild after repeated storms and explicit policies to move rural communities that happen to be aging away from coastal areas.
5 DISCUSSION AND CONCLUSION
While accounting for 1 out of every 10 persons (34 million persons) in the continental US, population exposure to coastal hazards is highly concentrated to subsets of counties in a small subset of states, where 1:6 persons live in low-lying coastal zones. Exposure is disproportionate to urban dwellers, and to communities of color, who are disproportionately residents of cities. Black residents, in particular, have the highest shares of population in both the urban and rural LECZ, with about 1 out of every 5 urban Black residents living in the LECZ.
A growing body of literature highlights the need for estimates from a range of exposure constructs including the use of the conventional 100-year floodplain data from FEMA (Elliot et al., 2020; Elliot and Wang, 2023) and NOAA’s Sea-level rise modeled data (Hauer et al., 2016; Braswell et al., 2022) and newer flood hazard modeled data such as that from First Street Foundation (Flores et al., 2022) and observed storm-related flood impacts data (Smiley, 2020)—the last of which showing that many of those areas impacted by floods (and particularly with concentrations of communities of color) live outside conventional floodplain data. While some of these datasets are ideal for local application, others, including the LECZ that we use here are intended for systematic study across a large extent such as all coastal areas. As a complement to other studies, our estimates are based on the population living in census blocks that intersect the LECZ rather than the entire population of coastal counties found in prior studies (NOAA, 2013; Bukvic et al., 2018; Hauer et al., 2022), thus producing a smaller total population [about one-third the estimate found by Hauer et al. (2022)]. While estimates of the total county population in coastal areas capture the number of people that are likely to be covered by local adaptation and mitigation policies and disaster preparation, by focusing on the people that live within the LECZ as we have done here, we sought to capture the people most vulnerable to coastal hazards (i.e., those living in 0–10 m contiguous to seacoast).
From 1990 to 2020, we estimate that the population of the LECZ has increased, primarily by the growth of the urban population which has risen from about 22 million to 31 million persons. In the two decades from 2000 to 2020, the urban population consistently grew at higher rates inside the LECZ than outside of it, reversing the pattern from the decade prior. Hispanics represent the fastest growing population in this period, and are the only subpopulation with positive growth in all categories (urban, rural, and inside and outside the LECZ). From 2000 to 2020, the Hispanic population growth was much higher in urban LECZ areas than urban areas elsewhere. Consistent with studies on population change in the context of weather-related hazards, there is little evidence that coastal proximity and its many hazards act to deter population growth (Fussell et al., 2017). Similarly, Braswell et al. (2022) found that coastal areas continue to grow in terms of the size and number of built-structures despite perpetual damage from hazards. Elliot and Wang (2023) found that even homeowners that leave flood zones are likely to move close by, which may not reduce their risk as much as moving to a “safer” region that is further away. As we plan for sea level rise and anticipate heightened coastal hazards, this last point becomes particularly concerning because those that have moved may be vulnerable again since current risks will change and more areas will be considered flood zones in the future. The 5–10 m LECZ of today used in this study may indeed become the 0–5 m LECZ with future sea level rise. Efforts to inform future migration as a component of climate adaptation should weigh these pervasive historical growth patterns when considering scenarios of long-distance moves that are based on increased risk but run counter to lived experiences (Hauer, 2017; Robinson et al., 2020; Hauer et al., 2021). With this in mind, it is necessary to construct effective adaptation plans (Bukvic and Harrald, 2019) and policies that promote sustainable development (Parton and Dundas, 2020).
In terms of housing, we find that while White householders are more likely than Black and Hispanic householders to own their homes within and outside the LECZ, Black and Hispanic householders are more likely to live in renter-occupied housing units in the urban LECZ. (Although from 2000 to 2010, the growth rates of both owner-occupied and renter-occupied urban housing units for Blacks and Hispanics outpaced that of Whites in the LECZ.) Despite these overarching patterns and trends, housing tenure and growth rates in housing display considerable heterogeneity between coastal states, urban/rural classification and location within or outside the LECZ, thus necessitating a nuanced approach to targeted, sustained, and effective adaptation planning (Bierbaum et al., 2013; Nordgren et al., 2016).
These racial inequalities in housing tenure in coastal states are consistent with those observed more generally across the US, for example, in median household wealth across race and housing tenure (Choi et al., 2019; Eggleston and Hays, 2019) and the legacies of discriminatory housing policies, discrimination in mortgage lending, and residential segregation, more generally (Pulido, 2000; Rothstein, 2017). Housing plays a central role in a household’s financial stability over its life-course and in the intergenerational wealth that can be transmitted to ones’ descendants. It is important to note that low-to-middle income renters and homeowners in coastal areas have different needs that should be taken into account: homeowners, for example, may not be able to move easily in response to heightened risk and are likely to have their home account for the majority of their wealth (which may depreciate in value with repeated exposure to or damage from coastal hazards). Whereas renters may be more mobile, and so, can leave in response to a hazardous event, but may not have the resources to obtain new quality housing. Additionally, even if vulnerable residents are able to leave, they may not be in a financial position to return to their original community (Elliot et al., 2009; Fussell et al., 2010; Fussell and Harris, 2014; Sastry and Gregory, 2014).
Like studies that use county-level data rather than blocks (NOAA, 2013; Hauer et al., 2022), we also find that the median age of persons living in the LECZ is higher than that of persons outside the zone. The aging of rural areas in the US is well accepted (Cromartie, 2018), and while urban areas are also aging they tend to be thought of as comparably younger. It is notable in this context that we find that the percent population over age 65 (in 2010, the last time this variable was available at the block level) was 3 percentage points greater in the urban LECZ than in urban areas outside of it (and over 15% of the population) and in rural areas nearly 17% of LECZ dwellers were over 65 as compared to about 15% of rural residents beyond the LECZ. Clear differences also were found by state with Florida having much higher shares of older adults and growth rates of 1.6% per year from 1990 to 2010 in the LECZ. If these trends are due to migration of young persons—since cities tend to receive younger persons and rural areas tend to lose them—there may well be implications for the vibrancy of rural economies and the provision of services from working age adults to older adults in rural areas (Bukvic et al., 2018). The provision of such services may be especially precarious during extreme weather events (Shih et al., 2018).
Our findings point to future policy and related research opportunities. These findings can provide city, county, and regional planners localized data (see Supplemental Materials) that can support equitable adaptation, mitigation, and recovery strategies to address current and future climate challenges. Using fine-scale census data rather than coarser-scale data allows us to identify the communities that are at risk and thus provide the necessary information to ensure the exposure risks of vulnerable communities are mitigated. Using social justice principles (Newell et al., 2021), at a minimum, climate adaptation and mitigation policies should not exacerbate present inequities. Climate policies present an opportunity to create a more equal society, and thereby should focus on equity as a core principle (Foster et al., 2019). Our findings make evident systematic racial disparities in homeownership and renter rates as well as the increased likelihood of exposure of minority communities to coastal hazards simply by being overrepresented in the LECZ. Adaptation planning therefore must be attentive to the needs of communities of color (Schlosberg, 2012; Yang et al., 2021). Since US cities are increasingly incorporating justice principles and elements in their climate plans (Diezmartínez and Short Gianotti, 2022), future studies may cover to what extent local, state, and federal programs have succeeded in eliminating or ameliorating socio-economic disparities. Future studies could also cover policies that are implicated in climate planning but may not be labeled as such, for example, New York City Local Law 78 (2021) requires racial equity reports for certain land use applications which, if implemented correctly, could help diminish the racial disparities in housing.
Our findings further suggest opportunities to mitigate various dimensions of precarity. The disparities highlighted above make evident that for disaster recovery to be equitable, assistance should not merely be based on the appraised value of homes, which only focuses on the restoration of wealth (through private property) and reinforces current social inequities. Instead, disaster relief should seek to minimize precarity. A research analyst from the National Low Income Housing Coalition (NLIHC), suggested a path forward stating that after a disaster, FEMA should activate the Disaster Housing Assistance Program (DHAP) in order to provide longer-term rental assistance directly to affected renters and also made clear that “the disaster housing recovery process generally needs to be rethought from the ground up, to prioritize the needs of the least well-off” (Elliot, 2021). Vulnerability, in all of its facets, should be minimized. For example, since the LECZ dwellers are older than average and increasing, the vulnerability of older residents should be accounted for in resiliency planning (Bukvic et al., 2018), housing policy (Molinsky and Forsyth, 2022) and corresponding emergency care and disaster relief services (Wang and Yarnal, 2012). Efforts tailored to the needs of older adults, sometimes called aging-in-place efforts, can help strengthen the resilience of older adults (Shih et al., 2018) and being able to monitor and analyze such changes will be necessary as the population continues to age under intensifying climate conditions and new climate regimes. Finally, in line with other studies that find differential risks along the urban-rural continuum (e.g., Bukvic and Harrald, 2019; Flores et al., 2022), this research has highlighted the importance of addressing differential urban and rural exposures and vulnerability in their own right in further analysis and planning. And while a simple urban-rural dichotomy was used in this study given the structure of the underlying data, a continuum of urban-rural forms should be incorporated, where possible, into vulnerability and equity analyses (Balk et al., 2018).
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FOOTNOTES
1For ease of reference, all supplemental tables and figures referenced in this paper begin with S (e.g., Supplementary Figure S1).
2Distributive climate justice focuses on how social costs/ills and benefits/goods are allocated, as well as temporarily and spatially distributed within a society (Newell et al., 2021).
3While it is beyond the scope of this paper, housing precarity has multiple dimensions and the relationship between housing instability, homelessness and climate change should also be addressed and mitigated in any plans for climate mitigation and adaptation (Bezgrebelna et al., 2021).
4It is worth noting that the number of counties that form the basis of our analysis is greater than used in recent studies by Hauer et al. (2022) or Bukvic et al. (2018) by about 100 counties, but given that our study defines the coastal zone as the land area in census blocks that intersect the LECZ rather than the entire county, we anticipate a smaller population estimate of exposure.
5While there are no estimates available of this population, county-level estimates of second-home ownership for 2020 can be found (Zhao and National Association of Home Builders, 2022). Because Florida is the state with the highest share (and number) of second homes, we assume our estimates for Florida (and other coastal communities that may have temporary winter-residents) would be underestimated. The degree to which this is the case cannot be quantified in our research and remains an open question (using information on vacant housing stock rather than residences) for future research.
6Though Florida is a special case, because of its lack of state income-tax, many “snow-birds” may prefer to consider their usual residence in Florida rather than their income-tax extracting state of origin; thus perhaps minimizing the potential for undercounting.
7Parenthetical variable names conform to those in the raw data downloaded from NHGIS.
8Our estimate of the population of counties with any exposure is similar to that of NOAA (2013) even though we use a more narrow construction of coastal exposure (i.e., within the LECZ) than that of NOAA, which uses entire counties proximate to open ocean, Great Lakes, or in a connected watershed. Similarly, the LECZ we use expands in some locations beyond those found in the NOAA analysis, yet our analysis is restricted to seacoast and NOAA’s also includes proximity to Great Lakes.
9Deltaic regions have disproportionate exposure in the LECZ globally (McGranahan et al., 2007) particularly in population exposure in the 0–5 m LECZ (McGranahan et al. forthcoming).
10Note that individuals of Hispanic origin can belong to any racial group.
11The inclusion of the two or more races option in the 2020 census, in comparison to 1990, complicates inferences over time.
12Panel A of Figure 6 contains the same information shown in panel A of Figure 5 but is organized for comparison by race and Hispanic origin.
13All three counties selected have nearly no rural population, and the population of Orleans Parish is essentially entirely in the LECZ.
14While the distribution of total housing units in Figure 7 captures the full universe of occupied housing units in 2010, Figure 7 does not include disaggregated distributions of housing units with householders that identify as Asian alone, Native Hawaiian and other Pacific Islander alone, American Indian and Alaska Native alone, some other single race alone, or two or more races. Additionally, it is important to note that Hispanic householders can identify as belonging to any racial category.
15These variables are not available in the block-level data for the 2020 census.
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Mississippi a9 2961279 90 08 14
7 Pennsylvania 25180 13002700 19 07| 6.1
Maine 218,543 1,362,351 160 06 06
*Rhode Island 181709 | 1,097,379 | 166 | 05 05
Oregon Issos0 | 4297234 37 05 20
Alabama 141,760 [ 5,024,279 2 04 23
New Hampshire sugs | 137 w0 02 06
District of 48,811 689,440 7.1 01 03
Columbia | |
Coastal States 34002362 214529490 159 1000 100.0
Total

NB: State totals shown here may differ from official state totals du to rounding of block-level estimates. Table is ordered by size of population in the LECZ. Blue font identifies states that are
Hiekdiohinet bii:thie aiaadand et
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eb 010
pulatio % pulatio % atio %,
All Coastal States Total 19,626,508 125 22,114,044 124 25559,676 129 1.32%
Urban 15,433,292 18,098,900 123 20,758,389 125
Rural 4193216 122 4,015,144 4,801,287 0.68%
LECZ | 0-10m (in) 3,736,582 - 4,218,830 4,682,897 1.13%
>10 m (out) 15,889,926 121 17,895.214 119 20,876,779 125
0-10m 3,277,366 - 3,805,352 - 4,214,191 126%
>10m 12,155,926 121 14,293,548 18 16,544,198 120
0-10m 459216 - 413478 - 468,706 0.10%
>10m 3,734,000 121 3,601,666 126 4,332,581 074%
Florida Total 2,369,431 183 2,807,597 17.6 3,259,602 17.3 1.59%
Urban 2,041,227 2,541,806 2,975,632
Rural 328,204 167 265,791 155 283,970 171 -0.72%
LECZ | 0-10 m (in) 1,557,444 - 1,813,989 - 2,027,625
>10m (out) 811,987 158 993,608 154 1,231,977
0-10m 1,454,499 - 1,722,071 - 1,929,276
>10m 586,728 154 819,735 155 1,046,356
0-10m 102,945 163 91918 166 98,349
>10m 225,259 168 173,873 150 185,621 162 -0.97%
New York Total 2,363,722 13.1 2,448,352 | 129 [ 2,617,943 135 0.51%
Urban 2,033,046 2,148471 129 2,265,369 133
Rural 330,676 299,881 126 352,574 032%
LECZ | 0-10m (in) 420,094 428,752 - 443,505 027%
>10 m (out) 1,943,628 130 2,019,600 128 2,174,438 135
0-10m 408,778 420,781 - 435,778 0.32%
>10m 1,624,268 1,727,690 129 1,829,591 132
0-10m 11316 7,971 - 7,727 -191%
>10m 319,360 116 291,910 125 344,847 0.38%
Louisiana Total 468,991 111 516,929 116 557,857 123 0.87%
Urban 328,281 378,548 397,120 120
Rural 140,710 104 138,381 13 160,737 067%
LECZ | 0-10 m (in) 223,834 104 251,388 109 264,702 17 084%
>10 m (out) 245,157 - 265,541 - 293,155
0-10m 179,198 109 210,156 12 219,235
>10m 149,083 - 168,392 - 177,885
0-10m 44,636 8.6 41232 9.6 45,467 116 0.09%
>10m 96,074 - 97,149 - 115,270 _

NB: Yellow highlight represents  share of the population that s 65 and older that s higher than the overall percentage of the population that is 65 and older for all coastal tates, FL, NY, and LA

(overall percentages are noted in gray cells).
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Race/ Coastal states Owner-occupied housing units Renter-occupied housing units
Hispanic population
origin distribution (%) Urban Urban

1990
White 768 866 849 89.0 911 702 693 829 842
Black 141 97 93 96 73 218 193 s 118
Hispanic 17 68 68 18 21 145 143 46 54
2000
White 711 828 805 870 89.1 633 617 795 817
Black 143 107 101 103 81 230 201 142 18
Hispanic 157 92 00 | 2 26 17.7 183 66 7.1
2010
White 683 806 775 87.1 888 613 58.7 776 796
Black 146 113 107 9.7 7.8 233 214 148 128
Hispanic 199 123 122 31 37 220 221 85 89

NB: Each cell represents a respective share. For example, the first cell highlighted in yellow (86.6%) was calculated as follows: total number of owner-occupied housing units with White
householders in the urban LECZ, in 1990 divided by the total number of housing units in the urban LECZ, in 1990 times 100). The yellow highlighting above indicates that the population is
overrepresented within that specific combination of crteria. For example, o the owner-occupied housing units i the urban LECZ, in 2010, White householders were overrepresented since they
accounted for 80.6% of these units, while only comprising 68.3% of the population of all coastal states. Population for every year, in each respective column, may exceed 100% because Hispanics
s et st vah
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Population counts and (% of total population) exposed Counties (and % of coastal

counties) exposed

1990 2020
Top 25 Counties 12,107,343 (47.43%) 16360424 | (48.12%) 25 (6.87%)
Top 10 Counties 7,612,822 (29.82%) 10,982,818 [ (32.30%) 10 (275%)
Top 5 Counties 5,262,485 (20.62%) 7684711 | (22.60%) 5 (137%)
Top 3 Counties 3,918,885 [ (15.35%) 5940736 | (17.47%) | 3 | (0.82%)
Top County 1,834,726 | (7.19%) 2,552,903 | (7.51%) 1 (027%)
Total Exposed Population 25,525,739 [ (100%) 34,002,362 (100%) [ 364 | (100%)
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Variable available in year of decadal census Harmonization or processing

notes
2000 2010
Population x x x x
Race and Hispanic origin
White alone x x x x
Black or African American x x x x
alone
Asian alone N/A x x x Asian alone was added as a standalone
variable in 2000
Asian and Pacific Islander x N/A N/A N/A
alone
Other one race x x x x
Two or more races N/A x x x Changes over time in the distribution of
population are likely to be impacted by
the fact that the population in 1990 did
not have two or more races as a
dlassification option
Hispanic or Latino x x x x Note that White Non-Hispanic was only
added as a variable in 2000; see text
Age age groups median age, various  median age, various overl8 ‘We omit 2020 from this analysis because
(various) age groups (by sex) age groups (by sex) 5-year age groups or information on
those over age 65+ was not available
Housing units, occupied or x x x x Not a focus of the paper, see SM
vacant
Housing tenure (owner- x x x N/A We aggregated the owner-occupied and
occupied and renter- renter-occupied housing units of
occupied by race and Hispanic householders by race for 1990,
Hispanic origin of see details in text
householder)
Urban/Rural designation Criteria based on | Criteria based on Criteria based on 2,000 housing units or a  Census designation of whethera block is
population counts | population counts | population counts and | population of at least  urban or rural has changed each decade;
and density and density, and | density, proximity and 5,000 (data forthcoming) since designation for 2020 was not
proximity land-use available at time of writing, we inferred
status based on 2010, see details in text
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